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Abstract.  In the modelling of heat, mass and momentum transfer phenomena which occur in a capil- 
lary porous medium during drying, the liquid and gas flows are usually described by the generalised 
Darcy laws. Nevertheless, the question of how to determine experimentally the relative permeability 
relations remains unanswered for most materials that consist of water and humid air, and as a result, 
arbitrary functions are used in the drying codes. In this paper, the emphasis is on deducing from 
both numerical and experimental studies a method for estimating pertinent relations for these key 
parameters. In the first part, the sensitivity of liquid velocity and, consequently, of drying kinetics 
in the variation of the relative permeabilities is investigated numerically by testing various forms. 
It is concluded that in order to predict a realistic liquid velocity behaviour, relative permeabiIities 
can be linked to a measurable quantity: the capillary pressure. An estimation technique, based on 
simulations coupled with experimental measurements of capillary pressure, together with moisture 
content kinetics obtained for low or middle temperature convective drying, is deduced. In the second 
part, the proposed methodology is applied to pine wood. It is shown that the obtained relations provide 
closer representation of physical reality than those commonly used. 
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averaging volume 
j phase volume within the averaging volume AV 
water activity 
resistance factor in the effective diffusitivity coefficient of vapour in the medium 
mass fraction of the vapour in the gaseous phase 
constant pressure heat capacity [J kg - 1 K -  1] 
diffusivity [m 2 s -1] 
convective drying condition assumed to remain constant during the overall process 
total moisture mass flux [kg m -2 s -1] 
gravity vector [m s -2] 
intrinsic averaged enthalpy of dry air [J kg-X]: h~ = C p ~ ( T  - T~) 
specific averaged enthalpy of bound water [J kg-1]: hb = ht - Hb 

intrinsic averaged enthalpy of bound water [J kg-l] :  

hb = hz - p-~ jo  Hbd(pb) 
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intrinsic averaged enthalpy of free water [J kg- l ] :  hz = CpL(7" -- Tr) 
intrinsic averagedenthalpy of solid [J kg-1]: h~ = Cp~IT - T~) 
intrinsic averaged enthalpy of vapour [J kg-1]: h~ = Hv 4- Cp,  (T - T~) 
heat of desorption [J kg -~] 
latent heat of vaporisation at the reference temperature T~ [J kg -1 ] 
Initial conditions of the medium 
flux 
intrinsic permeability [m 2] 
volumetric mass rate of evaporation [kg m -3 s -1] 
relative permeability 
thickness of the medium [m] 
exterior normal unit vector 
pressure [Pa] 
source term 
total heat flux [W m -2] 
external relative humidity [%] 
temperature [K or ~ C] 
wet bulb temperature [K or ~ 
reference temperature [K]: Tr = 273.16 K 
time [s] 
saturation 
conserved quantity 
velocity [ms -11 
moisture content (in dry basis) 
space variable [m] 

Greek Symbols 
6z space step [m] 
e porosity 
ej volume fraction for the phase j :  ej = (AV)s/AV 

heat source [W m -3] 
), effective thermal conductivity [W m -1 K -1] 
# dynamic viscosity [kg m -1 s -1] 
p density [kg m -3] 
rm mass transfer coefficient [m s -1] 
TT heat transfer coefficient [W m -2 K -~] 
cr surface tension [N m -  1 ] 

Subscrip~ 
a dry air 
atm atmospheric 
b bound water 
c capillary 
eq equilibrium 
g gas 
inf drying air 
ini initial 
irr irreducible 
l liquid 
m macroscopic mean value 
s solid 
ssp solid saturation point 
v vapour 
vsat saturate vapour 
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Mathematical Operators 
- average value of a quantity ~: 

- j  intrinsic average over the phase j of a quantity g~: 

~j 1 [ 
~d(AV) 

-- (AV)j Jav 
V gradient operator 
V. divergence operator 

1. I n t r o d u c t i o n  

The mathematical description of the physics involved during the drying of a hygro- 
scopic capillary porous medium has been discussed by numerous authors. Most of 
them adopt a continuum approach based on Whitaker's theory (1977), where the 
macroscopic partial differential equations are achieved by volume averaging the 
microscopic conservation laws. The value of any physical quantity at a point in 
space is given by its average value on the averaging volume (AV) centred on this 
point. 

Within each AV (circle in Figure 1), the porous medium consists of: 

�9 a continuous solid phase which contains incompressible solid structure as- 
sumed rigid together with hygroscopically held bound water (bound water is 
negligible for nonhygroscopic media), 

�9 a liquid phase (free water) assumed incompressible, 
�9 a continuous gas phase supposed to be a perfect mixture of vapour and dry air, 

considered as ideal gases. 

The total moisture (free water + bound water + vapour) is usually represented by 
the moisture content W, defined in dry basis reference by 

W = (fi~ + fi~ + Pb)/P~, (1) 

with the notations listed at the beginning of the paper. A relevant parameter is 
associated with each moisture type 

�9 for the bound water, the bound moisture content Wb, 

Wb = P~,/Ps; (2) 

�9 for the free water, the saturation S, 

s - - ( 3 )  
e I - ' 
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Figure 1. Components of hygroscopic capillary porous medium, averaging volume and drying 
configuration considered in this work. 

where e is the porosity and el the volume fraction for the liquid phase within 
the AV; 

�9 for the vapour, the mass fraction in the gas phase C, 

C = fsv//~g. (4) 

The successive stages in the removal of moisture at a point of the medium 
during the overall drying process are schematised in Figure 2. There are two main 
regions depending on the state (free or bound) of the water present in the AV. 

�9 Region I: in this region, called the nonhygroscopic region, free water exists 
within the AV (1 > S > 0) and the solid phase is fully saturated with bound 
water. The transition point between the regions I and II is reached when all 
free water has been removed from the AV and the solid phase remains ful- 
ly saturated with bound water. This point is known as the solid saturation 
point (ssp) (S = 0 or W = Wssp). Some authors divide the nonhygroscopic 
region into two parts by using the concept of the irreducible saturation point 
(S =Sirr or W = Wirr) with the view that above that level the liquid phase 
is continuous (region Ia called funicular region) and discontinuous below it 
(region Ib called pendular region) (Spolek and Plumb, 1981; Whitaker and 
Chou, 1983-84; Kaviany and Mittal, 1987; Perr6 and Moyne, 1991; Puiggali 
and Quintard, 1992). Nevertheless and especially for hygroscopic media, oth- 
ers prefer to assume that free water exists in only the funicular state above 
the solid saturation point (Perr6 and Degiovanni, 1990; Ferguson and Turner, 
1994). 

�9 Region H: in this region, called hygroscopic region, only bound water remains 
in the AV. 

The process ends when the value of the equilibrium moisture content Wen, dictated 
by the drying conditions, is reached throughout the medium. 
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The hypothesis and the way to obtain the governing equations for heat and mass 
transports during drying have been well established and are not discussed here. 
As the reader can find the finer developments in the previous references, only the 
relevant set of macroscopic partial differential equations is summarised below, all 
the necessary notations being given in the nomenclature. Within the framework 
of this paper, only a one-dimensional modelling is used. The complete differential 
form of the conservation laws for the mass of each component of the medium and 
for energy is summarised as follows: 

OU 
- - + V - J = q ,  
Ot 

with for solid: U = fs,  

for dry air: U = f~, 

for vapour : U = fi~, 

for free water: U = fit, 

for bound water: U = fib 

for energy : U = 

J =  

J = o, q = O, 

J -= fgfr q = 0, 

J - g -  Kl  + = p~Vv, q = tQ,  

J = flgrl, q = - I ( l ,  

J = pbVb, q = - K b ,  

fishs + fi~h~ + fvh~ + fizht + fb[zb, 

+ pbV~hb- A" V2?, q = f f .  

(5) 

The mass flux expressions are indicated in Figure 2 together with the classi- 
cal migration mechanisms. In the funicular region, the convective liquid flow 
which arises due to capillarity, an internal gaseous pressure gradient and gravity 
is described by the generalised Darcy's law. In the hygroscopic region, a diffusive 
mechanism driven by a bound moisture content gradient allows the bound water 
migration. For vapour and dry air, the phenomena are the same during the overall 
drying process: convection by gas flow defined by Darcy's law and diffusion in 
the medium given by Fick's law. In writing the energy conservation equation, the 
following hypothesis are made: 

�9 according to Turner and Bremhorst (1994), an enthalpy formulation over a 
complete energy formulation is sufficient; 

�9 a local thermal equilibrium exists between the solid, the gas and the liquid 
phases, i.e. the temperatures for the three phases are the same (Whitaker, 
1991; Quintard and Whitaker, 1993). 

The mathematical modelling is closed by the commonly used assumption that the 
partial pressure of vapour is equal to its equilibrium value 

Pvsat if W >/Wssp, 

P~ = awPvsat if W < Wssp, (6) 
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Figure 2. Successive stages in the removal of moisture during drying and corresponding mass 
flux models. The parameters marked by UP remain unknown. 

where a~v is the water activity and Pvsat the saturation vapour pressure. 
At this stage two main difficulties are encountered to pass from the modelling 

to realistic simulations. The first concerns the problems involved in the numerical 
resolution of a highly nonlinear and strongly coupled set of equations. This point 
is dealt with in numerous works: for example, one-dimensional codes can be 
found in (Plumb et al., 1985; Stanish et al., 1986; Puiggali and Quintard, 1986, 
1992; Perr6, 1987a; Moyne, 1987; Tumer and Ilic, 1990; Rogers and Kaviany, 
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Table I. Measurable parameters of a complete drying modelling. 
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Parameters Examples of experimental methods 

Porosity (e) High pressure mercury porosimeter 
(Tsakiroglou et al. 1990) 

Densitometric analysis, (Kanowsky 1985) 
Flow rate by pressure difference (Pert6, 1987b) 
Salt saturated solutions (Bizot et aL, 1987) 
Steady-state method (Choong, 1965) 
Flash method (Gobb6 and Gounot, 1991) 
High pressure mercury porosimeter 

(Spolek and Plumb, 1981) 

Dry solid density (t~) 
Intrinsic permeability (k) 
Water activity (a~) 
Bound water diffusivity (Db) 
Effective thermal conductivity (A) 
Capillary pressure (Pc) 

1992) and more recently, two-dimensional resolutions have been implemented by 
Perr6 and Degiovanni (1990), Ouelhazi et al. (1992), Fyhr and Rasmuson (1994), 
Turner (1994), Boukadida and Ben Nasrallah (1995) or Couture (1995). The second 
difficulty is linked to the knowledge of the physical parameters needed for the 
simulation of a complex hygroscopic capillary porous medium drying. Although 
a relatively large number of these parameters are obtained with some confidence 
by experiments in which a 'single' phenomenon can be identified (see Table I), the 
question of how to determine experimentally the effective diffusivity coefficient 
of vapour in the medium (D eff) and the relative permeabilities (kTt and k~g) for 
two coexistent fluids such as water liquid and humid air still remains unanswered. 
Thus, except for some ideal materials for which geometrical considerations can 
be made, the correlating functions used for these three quantities result from an 
arbitrary choice. To highlight the importance of this choice, unknown parameters 
are marked by (UP) in Figure 2: it should be noted that these parameters can 
influence substantially the total moisture transport in the nonhygroscopic region. 

In this paper the emphasis is on deducing from both numerical and experimental 
studies, a method for determining pertinent relations for the relative permeabilities. 
The effective diffusivity coefficient of vapour is taken as a valid datum and is not 
discussed here. 

The form of the relative permeability relations depends on the existence, or not, 
of a pendular region. The irreducible saturation concept is first analysed from works 
available in the literature and, finally is ruled out. This leads to the assumption that 
the liquid phase remains continuous during the overall nonhygroscopic region, so 
that the relevant physical behaviour for the liquid flux is to decrease to a null value 
as the moisture content reaches the solid saturation point. In order to provide kT 
relations which ensure this behaviour, the sensitivity of liquid velocity and moisture 
content profiles in relative permeabilities is investigated numerically. The physical 
configuration considered is low or middle temperature convective drying of pine 
wood (see Figure 1). Both the process and the material have been chosen for the 
following two main reasons. 
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�9 For pine wood, the measurable parameters which are listed in Table I have 
been well identified in the past for temperatures in the range of 0 and 100~ 
(Lartigue and Puiggali, 1987; Bonneau, 1991). 

�9 For convective drying, closure of the system by boundary conditions can be 
obtained accurately by using the boundary-layer theory and the classical Lewis 
analogy: 

Pff = Patna, (7) 

(8) 

(p~Vah, + p v V v h ~  -g - + f i l f ( lhl  + pbV~hb -- A . VT) �9 n 

= ( f i ~ C ~ h ~ ) .  n + F m h ~  + Q,  (9) 

where the total moisture mass flux Fm and the total heat flux Q are defined by 

Fm = 7-m(fi~ - P~inf), (10) 

Q --~ T T ( T  -- Tinf), (11) 

the quantities 7"m and rT being the mass transfer and heat transfer coefficients, 
respectively. 

In order to assist with the vocabulary used throughout this text, it could be useful to 
remember succinctly the mean characteristics of the successive convective drying 
periods. 

�9 Ini t ia l  t rans ien t  period:  during this short period, the temperature quickly rises 
until it reaches the wet bulb temperature, which is determined by the external 
air conditions, throughout the medium. 

�9 Cons tan t  rate  period:  this period is defined by a constant drying rate. All the 
medium is in the funicular region, so that internal capillary forces provide the 
continuous supply of liquid to the surfaces where all the energy transferred 
is used directly for evaporation. The temperature remains at the wet bulb 
temperature. 

�9 Fal l ing  rate period:  under the assumption that a pendular region does not exist, 
the drying rate begins to fall as the surfaces reach the hygroscopic region. An 
evaporation zone recedes inwards through the material and as a result, the 
temperature increases toward the external temperature. 

The simulations are performed by employing the one-dimensional code which has 
been developed from system (5) in previous work (Couture et al., 1995). The 
interested reader is referred to that paper for details concerning the resolution. 

It is concluded from the numerical study carried out in this paper that the 
relative permeabilities, which are unknown key model parameters, can be linked 
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to a measurable quantity: the capillary pressure. Finally, a method for predicting 
these parameters using both simulations and experiments is proposed and applied 
to pine wood. 

2. Methodology for Estimating Relative Permeabilities 

In many disciplines, the modelling of coupled two phase flow in porous media is 
derived from the extension of Darcy's law to multiphase flow by introducing the 
relative permeability concept: 

f f j  = k.kr_______~j. (V/5 ~ _ pig),  (12) 
#j  

where j designates the j th  phase, krj being the relative permeability of phase j .  
Although a consensus does not exist concerning the impact of the flow situation 
on the relative permeability (for example, countercurrent-flow or cocurrent-flow), 
krj is commonly specified as a function of saturation alone. In this work, given the 
existing knowledge, this hypothesis is accepted. 

Due to the difficulties in measuring relative permeability, techniques for obtain- 
ing the constitutive relations for this quantity have been examined extensively in 
soil science and petroleum engineering. Many methods for estimating krj as a 
function of saturation have been proposed and can be divided into two groups: 
those based on capillary pressure measurements and those whose functional form 
is a power function of saturation. A review of these methods can be found in 
(Hornapour et al., 1986). However, the circumstances encountered in drying total- 
ly differ from those covered by soil science or petroleum engineering, so that the 
available techniques cannot be applied within the framework of classical drying 
problems. Indeed, the saturation to which the relative permeability corresponds 
must be measured and one of the important assumptions on which the approaches 
are based is that no mass transfer between the phases occurs during the experiment. 
Although well verified for two coexistent immiscible fluids such as oil-water, oil- 
gas or water-gas, with the gas being non humid air in the last case, this assumption 
is not valid for the two phases considered in drying: water and humid air. The 
measured saturation, essentially at low humidity levels, depends on the thermo- 
dynamical equilibrium between the two fluids. To highlight the difficulties raised 
by the coexistent phases of water and humid air, one can note that the only exper- 
imental data concerning the relative permeabilities of wood, which is a porous 
material broadly discussed in the drying literature, are available for water-oil or 
water-nitrogen systems (Tesoro et al., 1972, 1974). 

Due to this problem, for most of the porous media that consist of water and humid 
air, the relative permeabilities remain unknown experimentally, and consequently 
arbitrary functions must be used within the infrastructure of the drying codes. 
The first part of this paper focuses on proposing an estimation technique, based 
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on experimental measurements of both moisture content (related to saturation by 
Equation (3)) during convective drying and capillary pressure. 

2.1. THE IRREDUCIBLE SATURATION CONCEPT 

A review of the drying literature indicates that two types of functions of saturation 
S, depending on a pendular region existing, or not (region Ib in Figure 2), are 
commonly used for the relative permeabilities k~l and k~g. The range of variation 
of the capillary pressure Pc, defined by 

Pc = p ; -  (13) 

changes accordingly. In all cases, this parameter is obtained by either correlating 
measured data (Whitaker, 1984; Bonneau, 1991; Puiggali and Quintard, 1992) 
or using geometrical models such as Comstok model (Plumb et al., 1985; Perr6, 
1987a). It is assumed to depend on saturation and temperature as follows: 

e c ( s , t )  = (14) 

By taking into account an irreducible saturation level Sirr, the liquid phase 
continuity is disrupted when the saturation falls below Sift, so that liquid flow is 
no longer possible. This behaviour is described by introducing a k~ model which 
can be represented as follows (Spolek and Plumb, 1981; Whitaker and Chou, 
1983-84; Kaviany and Mittal, 1987; Perr6 and Moyne, 1991; Puiggali and 
Quintard, 1992) 

for S > Sirr 

for S ~< Sin- 

(1 si.) 
kr l  = 0 

(_h_-S) 
krg = {(1 - Sirr) J ; 

kra = 1, 

(15) 

where a and fl are constants. The capillary pressure Pc theoretically tends toward 
infinity at Sirr. 

Other authors prefer to assume that the liquid phase remains continuous (funic- 
ular state) during the overall nonhygroscopic region, especially for hygroscopic 
media (Perr6 and Degiovanni, 1990 for fir; Ferguson and Turner, 1994 for spruce). 
Then, the liquid flow is extended up to the solid saturation point by using the 
following form for relative permeabilities 

whatever S k~t = S ~ krg = (1 - S) ~. (16) 

The capillary pressure Pc theoretically tends toward infinity at the zero value 
of S. 
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Figure 3. Moisture movements and corresponding driving gradients during the overall drying 
process with and without the irreducible saturation concept. Arrows directed toward the right 
indicate a flow toward the surface of the medium. 

~ z L 

Figure 4. Predicted moisture concent  profiles for hear twood o f  pine by taking into account  
the irreducible saturation concept.  Relative permeabilit ies are given by Equations (15) with 
c~ = /3 = 3. The other  parameters are listed in Appendices  A and B. L = 2 .5cm.  D.C.: 
Tine = 60~ RH = 30%; rT = 12W m -2  K - l ;  Pinf = Patm. I.C.: W = 1; T = 25~ 
P = Patm. 

For the two approaches (with irreducible saturation concept, Equations (15) 
and without irreducible saturation concept, Equations (16)), Figure 3 shows, in a 
simplified manner, directions of theoretical moisture flows together with the driving 
gradient which enable these migrations during convective drying. 
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2.1.1. With Irreducible Saturation Concept, Equations (15) 

It obviously results from generalised Darcy's law (12) and Equations (15) that there 
is no liquid phase transport of moisture in the pendular region [0-Sin]. Moreover, 
the gas phase diffusive transport of moisture is from the region of high temperature 
to the region of low temperature. For a classical convective process, this migra- 
tion is thus directed away from the drying surfaces (~7C in Figure 3). Whitaker 
(1984) has shown that the gas phase convective transport (VP  in Figure 3) is not 
enough to overcome the diffusive transport. The author concludes that, in the cur- 
rent theoretical formulation, there are no mechanisms which allow the moisture 
transport toward the drying surfaces for saturation between Sirr and the solid sat- 
uration point. As a result, the set of equations produces a mathematical singularity 
(Puiggali and Quintard, 1992): the pendular zone must be replaced by a jump in 
the saturation on the order of SilT. A steep front in the predicted moisture profiles 
recedes inwards through the material. 

After examining several drying experiments which have been carried out for 
nonhygroscopic media (Cunningham and Kelly, 1978 for glass beads and Recan, 
1982 for a sand layer), Moyne (1987) confirmed that the solution resides in a 
pendular zone reduced to a jump. A 'drying front' modelling was proposed and 
implemented by the author, but only in the simplified case of a description based 
on a single diffusion equation for saturation. Moreover, the physical reality of a 
jump is not accepted unanimously. 

2.1.2. Without Irreducible Saturation Concept, Equations (16) 

The experimental data of Ceaglske and Hougen (1937) for a sand layer illustrate 
the existence of a continuous moisture flux toward the surfaces between Sirr and 
zero. On the basis of these results and in order to remove the inconsistency of 
the theory, Whitaker (1984) puts forward the following assumption: some liquid 
phase mass transport occurs in this region. Thus, capillary pressure and relative 
permeability are extended to a saturation point near zero by introducing a new 
value for 5'irr. However, in order to match computed and measured values, the film 
heat transfer coefficient is adjusted in such a way that the traditional heat and mass 
transfer analogy is not verified. 

The use of Equations (16) for the relative permeabilities leads to the same 
hypothesis as that made by Whitaker: the pendular zone does not exist and moisture 
transport toward the surfaces is ensured by capillarity until the solid saturation point 
is reached (~TPc in Figure 3). 

2.1.3. Theory Adopted in this Work 

The mathematical singularity induced by the irreducible saturation point appears to 
a slight extent physically unrealistic. For example, concerning oak and heartwood 
of pine (two hygroscopic materials), values of about 0.5 and 0.25 respectively for 
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Figure 5. Relative permeabilities versus saturation given by Equations (27), (28a) and 
(28b) with f (S)  = 1 for a representative set of experimental capillary pressure curves (see 
Appendix A). The media are sapwood (a), heartwood (b), (d) and late wood (c) of pine. 

Sirr are reported (Hernandez, 1991; Bonneau, 1991), so that the numerical code 
produces moisture content profiles displaying a jump which seems excessively 
large, as illustrated for heartwood of  pine in Figure 4. To our knowledge, there 
are no experimental studies undertaken on hygroscopic media which has shown 
the existence of  a front between Wirr('l:~ Sift) and Wssp(eee S = 0). This fact is 
accentuated by the measurements on sapwood of pine (Sift = 0.07 r Wirr = 0.4; 
Wssp = 0.3) proposed in the last part of the paper. Although experiment does not 
provided indisputable proof, in so far as measure gives necessarily averaged values 
and it is possible for local heterogeneities or three-dimensional transports to cause 
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Figure 6. Relat ive  permeabi l i t ies  versus saturation for the six test  cases of  the numer ica l  
study. T h e  shaded  area indicates  the l iquid relat ive permeabi l i ty  values which  ensure  a realistic 
behav iou r  for the l iquid velocity. 

real one-dimensional jumps to flatten, it remains the only available representation 
of the physical reality. Since the purpose of any modelling work must be to describe 
this reality (i.e. the experimental behaviour), we assume that the pendular region 
[0-Eirr] cannot be reduced to a front. 

Under this assumption, two possibilities can be considered. 

�9 A pendular region exists. In this region, the mathematical formulation given 
in the introduction is not able to correctly describe the physics: a new 
modelling is needed in order to ensure moisture migration toward the drying 
surfaces. 

�9 The current modelling based on the generalised Darcy's law is accepted. In 
order to remove the failure of the theory raised by Whitaker (1984), a liquid 
flow must occur in the region [0-Sirr]. To achieve this behaviour, the liquid 
relative permeability function must induce flow until the solid saturation point 
(S = 0) is reached, in a similar manner as those represented by Equations 
(16). The only available theoretical basis is that the liquid phase is continuous 
during the overall non-hygroscopic zone, i.e. the pendular region does not 
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Figure 7. Predicted liquid velocity versus moisture content curves by using the six relative 
permeability relations given in Figure 6: (a) at the quarter point (z = 3L/4) and (b) near the 
centre (z = L/2 + ~z/2) of the medium. L = 2.5cm. D.C.: %nf = 60~ RH = 30%; 
rT = 12W m -2 K- l ;  Pine = Patm. I.C.: W = 1; T = 25~ P = Patm. 

exist. A l t h o u g h  this pos tu la te  is current ly  used  (see Equa t ions  (16)),  it mus t  be  
under l ined  that  it r ema ins  an hypo thes i s  which  is unver i f ied  exper imenta l ly .  
H o w e v e r ,  for  h y g r o s c o p i c  media ,  one  can  imag ine  that  a thin f i lm o f  wa te r  
b o u n d  to the i n t ema l  wal ls  could  ensure  the continuity.  

Here ,  the  s tudy  o f  re la t ive  permeabi l i t i e s  is under taken  wi th in  the f r a m e w o r k  
o f  the c o m m o n  m o d e l l i n g  descr ibed  previous ly ,  so that  the second  poss ib i l i ty  is 
adopted .  Subsequent ly ,  re la t ions  based  on the fo l lowing  proper t ies  are inves t iga ted .  
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Figure 8. Predicted mois tu re  con ten t  profiles every  two hours  by u s ing  the  six relat ive pe rme-  
ability relat ions g iven  in Figure  6. L - -  2 .5  cm.  D.C.: Tira = 60~ R H  = 30%; rT  = 12 W 
m -2  K - l ;  Pinf = Patm. I.C.: W = 1; T = 25~ P = Patna. 

p1 Liquid and gas phase relative permeabilities: a- are expressed as functions of 
saturation alone; b- decrease and increase, respectively, as S decreases; e- verify: 

lim k~l(S) = 1; l i m  k~t(S) = 0; ( 1 7 a , b )  
S-+ 1 S-+  0 

lim k~.~(S) = O; l i m  krg(S) = 1. 
S--~ 1 " S--+O 

(18a,b) 

p2 Capillary pressure: a- depends on S as indicated by Equation (14); b- 
increases indefinitely as S tends toward zero: 

lim = 

S--+0 
(19) 

p3 By ruling out the irreducible saturation concept, the relevant physical be- 
haviour for the liquid flux during a classical convective drying process is, a- except 
during a short initial transient period, to decrease with S within the overall non- 
hygroscopic region; b- to tend toward zero as the moisture content reaches the 
solid saturation point (S : 0): 

lim ~rl : 0 .  ( 2 0 )  
S---+ 0 
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Figure 9. Experimental set-up. 

2.2. A LINK TO THE CAPILLARY PRESSURE 

For low or middle temperature convective drying, except during the initial transient 
period, the most important part of the liquid flow results from capillary forces. As 
a result, the evolutions of liquid velocity are directly linked to the variations of 
the capillary pressure gradient. By introducing Equations (13) into the generalised 
Darcy's law (12) and by neglecting the liquid transport owing to total gas phase 
pressure gradients and temperature gradients, this link can be described by the 
following approximation: 

k OG 
(21) 

The limit as S tends toward zero is given by 

k 
lim fCl ~ x lim k~z(S) x lim =-~(S, T) x lim VS. 
S--+O ~ S-+O S--+O OS' S-+O 

(22) 

As previously mentioned, a jump in the saturation profiles is prohibited so that the 
absolute value of VS  remains lower than a finite value. Let VS0 be the finite limit 
of VS  as S approaches 0. According to Equations (17b) and (19) associated with 
properties Pie and p2b, respectively, Equation (22) gives 

k 
lim Vt ~ x (0) • (-~x~) x ( - F V  ~< VSo ~< FV) 
S--+O 

with FV representing some finite value. (23) 

In order to ensure property p3b (Equation (20)), the indeterminate raised by the 
product (0) • ( -c~)  must be removed. This can be achieved by relating the relative 
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Figure 10. Adjustment of f (S )  from Exp. 1: comparison of experimental and predicted drying 
kinetics. L = 7 cm. D.C.: Zinf = 70~ RH = 20%; rT = 9.8 W m -2 K-a ;  Pinf = Patm. I.C.: 
W = experimental profile at t = 00:00:00 (see Figure 11); T = Tinfh = 39.7~ P = Patm. 

permeability of the liquid phase to the partial derivative of the capillary pressure 
with respect to the saturation as follows 

k~t(S) = f(S) ( min k,S<s<l [-~-(~% T)- / -~ff-( S, T)I ) (24) 
OPt OP~ 

Indeed, by substituting for k~t from this relation into Equation (21), it may be seen 
that it is sufficient to impose that 

lim f ( S )  = O, 
S--+O 

to obtain property p3b: 
k 

lim ~r ~ x lim f(S) • 
S ~ O  ~ S--+O 

= lim f(S) = O. 
S--.O 

(25) 

OP~ sT~ 
min -0--if- ( , ) x ( t 1 ) •  

S < s < l  

(26) 

This leads us to propose the following functions of the saturation for relative 
permeabilities, those given for gas phase being deduced from the liquid phase 
relation by symmetrical considerations 

k~t(S) = f(S) ( min OPt / OPc ) 
kS<~<]--~ff-(s) -~-ff-(S) ; (27) 

rains<s<1 os (s) 
k~g(S) = f ( 1 -  S) ]~-'~(t~ .Smin - o r  
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mins<s<l os (s) 
k~g(S) = f ( 1 -  S) ~ \ mmk'(1-k~l(S)))' 

f(S) being positive and Smin being defined by 

0P~ 
(Smin) = S<s<lmin ~-f f - (s )  . 

(28a,b) 

It should be noted that in the partial derivative of Pc with respect to S, temperature 
has been omitted, willingly, in order to show that the proposed expressions depend 
only on saturation (pla) .  Indeed, by developing (OPc/OS) from Equation (14) 
(P2a) in Equation (24), surface tension cr appears in both the numerator and the 
denominator, so that terms due to temperature vanish. 

In the above relations, the factor f(S) is expected to be an intrinsic parameter 
which is adjustable in the range defined by properties p1 to p3 in such a way that 
modelling provides a close representation of physical reality. The next section deals 
with the conditions required for f(S), together with its estimation. 

2.3. PROPERTIES AND ESTIMATION OF f ( S )  

As a starting point, consider the case f(S) = 1. The resulting forms of krl(S) 
and krv (S) are shown in Figure 5 for three correlating functions of capillary pres- 
sure, experimentally determined by Bonneau (1991)�9 These three cases have been 
selected to cover the different capillary pressure shapes commonly reported in the 
literature, the two main differences being the existence of an inflection point Stain 
due to a steep slope at S = 1 (Figure 5(c) as compared with Figures 5(a) and 
5(b)), and the saturation level where the slope of the curves rises drastically�9 In fact 
this level, which is represented as a thin dotted line, corresponds to the irreducible 
saturation point Sirr when it is taken into account. Note that although the capillary 
pressure curves are truncated in order to allow the graphical representations, the 
functions given by Bonneau tend toward infinity as the saturation approaches zero 
according to property P2b (see Appendix A). Analysis of the graphs indicates that 
the overall trends of the relative permeability curves are in good agreement with 
the usual forms encountered in the literature, and satisfy property p1. Moreover, for 
saturations lower than the 'old irreducible point', the liquid relative permeability is 
difficult to distinguish from zero (Figure 5(b)) but remains nonzero (Figure 5(d)), 
as recommended by Whitaker (1984) in order to ensure the liquid flux continuity 
previously discussed. 

The parameter f(S) is required to preserve the general shapes displayed in 
Figure 5, so that now some conditions related to property p1 could be put forward. 
Nevertheless, before any definite conclusions can be draw, an investigation of 
property p3 associated with the liquid velocity behaviour is needed, especially 
concerning p3a because p3b were discussed in section 2.2 (Equation (25)). 
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Figure 11. Adjustment of f(S) from Exp. ] : comparison of experimental and predicted mois- 
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Figure 12. Comparison of the proposed relative permeability relations for sapwood of pine 
(case 1) to classical relations (cases 2 and 3). 

This study is achieved by examining the sensitivity of liquid velocity and 
moisture content distributions in the variation of the relative permeabilities. In 
addition to the relations given by Equations {(27); (28a); f ( S )  = 1) and {(27); 
(28b); f ( S )  = 1}, four other forms are chosen according to the functional forms 
described by Equations (16) to simulate the convective drying of the sapwood 
of pine (i.e. the example (a) in Figure 5). The six relations (krz(S), kTg(S)) are 
listed and graphically represented in Figure 6. The other transport parameters and 
correlating functions are taken from (Bonneau, 1991) (see Appendixes A and B). 
The one-dimensional code used in this work (Couture et al., 1995) is based on 
the relevant description given by Equation (5). The restrictive assumptions for the 
liquid velocity made in the above section, in order to explain the approach which 
leads us to link relative permeabilities to capillary pressure, are not adopted for this 
investigation. For the six test cases, the liquid velocity is calculated as indicated in 
Appendix C for two locations in the medium. Comparisons of the liquid velocity- 
moisture content curves at the quarter point (z --- 3L/4)  and near the centre 
(z = L/2  + ~z/2) are reported in Figure 7 and comparison of the moisture content 
profiles in distance at equivalent times (every two hours) in Figure 8. 

First of all, except in the initial transient period of the drying, the predicted liquid 
velocity and moisture content values for case 3 are similar to that of case 4. Since 
these two cases differ only by the choice of the gas phase relative permeability 
(see Figure 6) and because the criterion 1)3 focuses the discussion after the initial 
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Figure 13. From Exp. 2, comparison of experimental and predicted moisture content profiles by 
using the relative permeability relations determined from Exp. 1 (case 1) and classical relations 
(cases 2 and 3). Relations are given in Figure 12. L = 7 cm. D.C.: T~nf = 60~ RH ---- 30%; 
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Figure 14. From Exp. 2, comparison of experimental and predicted drying kinetics by using 
the relative permeability relations determined from Exp. 1 (case 1) and classical relations 
(cases2 and 3). Relations are given in Figure 12. L = 7cm. D.C.: Tiff = 60~ RH = 30%; 
rT = 16.52W m -2 K - l ;  Piaf = Patm. I.C.: W = experimental profile at t = 00:00:00; 
T = Tin~ = 41.6~ P = Patm. 

period, one can conclude that within the framework of this study, only the k~t 
relations have a substantial effect on the behaviour of the liquid velocity. The 
curves obtained for cases 1 and 2 display similar characteristics. Inconsistent with 
property p3, the liquid velocity increases as the latter stages of the nonhygroscopic 
region are reached and the moisture content profiles are flattening in an unrealistic 
way for pine wood with increasing time during the constant rate period. One 
can note that these behaviours are more pronounced for case 1 than for case 2, 
i.e. for the highest values of the liquid relative permeability (Figure 6). On the 
other hand the results for cases 5 and 6 are nearly as expected, with the liquid 
velocity decreasing with decreasing moisture content and the profiles showing 
a parabolic shape which increases in magnitude during the overall constant rate 
period. However, the following uncharacteristic phenomena can be observed from 
Figure 7(a): 

�9 for case 5, a smooth rise of the liquid velocity appears for moisture contents 
between 0.75-0.45; 

�9 for case 6, a change in slope at the end of the nonhygroscopic region leads to 
a non-zero value for the liquid velocity. 

For cases 3 and 4, the liquid velocity either remains constant during the overall 
nonhygroscopic region (Figure 7(a)) or at least flattens out in the latter stages of 
this region (Figure 7(b)). Moreover, the profiles evolve throughout the constant 
rate period with a constant curvature (Figure 6). Hence, these cases appear to 
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Figure 15. Predicted pressure kinetics for various locations in the medium by using the 
proposed relative permeability relations for sapwood of pine. L = 7 cm. D.C.: Tinf = 7 0 ~  
RH = 20%; rT = 9.8W m -2 K-I; Pine = Patm. I.C.: W = 1.2; T = 25~ P = Patm. 

be a limit between the two types of behaviour described above (cases 1, 2 and 
cases 5, 6). 

As a result of the previous observations, it can be concluded that in order to 
numerically predict an evolution of the liquid velocity within acceptable physical 
limits (property p3a), the relation introduced in the model for krt should provide 
values less than those given by relation (27) and f(S) = 1 (shaded area in Figure 6). 
This can be achieved by imposing the constraint that for whatever the value of 
S, f(S) remains lower than one. This condition preserves property p1 previously 
observed in the relative permeability curves obtained with f(S) = 1 (see Figure 5), 
except that f(S) must tend toward one as S approaches one to ensure that at this 
level, one and zero are the limits of krl and k~g, respectively (Equations (17b) and 
(18b) of property p1 c). Finally, by adding Equation (25) concerning property p3b, 
Equations (17a) and (18a) of property p i e  are strengthened. Thus, if a factor f(S) 
which satisfies 

0 < f(S) < 1; limof(S ) = O; S-+llim f(S) = 1, (29) 

is used in Equations (27) and (28), relative permeability relations consistent with 
properties p1 and p3 under the hypothesis p2 result. 
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Figure 16. Predicted liquid and gas velocities versus moisture content curves at the quarter 
(z = 3L/4)  of the medium by using the proposed relative permeability relations for sapwood 
of pine. L = 7cm. D.C.: Tine = 70~ RH ---- 20%; rT = 9 .8W m -2 K - l ;  Pinf = e a t m .  I.C.: 
W = 1.2; T = 25~ P = Patm. 

At this stage, it remains to determine experimentally f(S). Given the depen- 
dence of the moisture content distribution on kTl shown in Figure 8, one way to 
determine the function f (S)  is by calibrating the prediction of the drying model 
against experimental results, since the moisture content profiles can be produced 
experimentally with some confidence. 

2.4. PROPOSED METHODOLOGY 

To sum up, the following methodology is proposed to estimate the relative perme- 
ability relations. 

Experimental component 

(a) Measure the capillary pressure-saturation curve. 
(b) Measure the moisture content (or saturation) profiles during low or middle 

temperature convective drying. 

Numerical component 

(c) Compute the moisture content (or saturation) profiles by using Equations (27) 
and {(28a) or (28b)} for the relative permeabilities. Compare these numerical 
results to the measured values in order to calibrate f (S)  in the range defined 
by Equations (29). 
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In the last part of this paper, the above method is applied to sapwood of pine. 

3. Application 

The goal of this application is to show that by fitting f (S ) ,  a general evolution of the 
moisture distribution similar to the one determined experimentally can be predicted 
numerically. The material studied is sapwood of pine. As capillary pressure has 
been measured in the past by Bonneau (1991), only the moisture content profiles 
had to be obtained for this work. 

3.1. MEASURES OF THE MOISTURE CONTENT PROFILES: 

EXPERIMENTAL SET-UP 

The experimental set-up which is illustrated in Figure 9(a), consists of a heated 
wind tunnel supplying hot air to a sample of pine wood. During the overall drying, 
local moisture contents are measured using gamma attenuation (Plumb et al., 1985; 
Collignan, 1988; Bonneau, 1991). A 450 mCi 241 Am-source and a NaI scintillating 
crystal mounted to a photo multiplier tube are placed either side of the tunnel. The 
source and the detector are mounted on a common bidimensional moving frame 
(see Figure 9(b)). By allowing measures in several vertical sections of the porous 
slab and at regular time intervals which can be short, this system is well-adapted 
for determining a good estimate of the factor f ( o  c). Moreover, the wood is weighed 
throughout the drying process so that the global drying kinetic (evolution in time 
of the total moisture content removed from the sample) can be produced. 

For the experiments presented here, samples come from the same plank, their 
thickness is 7 cm, their length and their width being 25 cm and 8 cm respectively. 
In order to ensure one-dimensional mass transfer, only the up and down surfaces 
are exposed to the drying air, the other being isolated by an adequate glue. The 
local moisture content has been measured for five vertical sections, with nine points 
regularly spaced by sections. In order to avoid end-piece effects, the considered 
results are those obtained for the section located at the centre (one profile every 30 
minutes). 

3.2. ESTIMATION OF f (S)  

In order to run the numerical program with initial conditions corresponding as 
closely as possible to experimental conditions, a measured moisture content profile 
in distance is used to initialise the code. As the local temperatures have not been 
measured, this profile is chosen during the constant rate period so that the initial 
numerical temperature is assumed constant throughout at the wet bulb temperature. 
The mass transfer and heat transfer coefficients rm and 7"T are determined from the 
constant rate period identified on the drying kinetics. 

The simulations are performed by using relations (27) and (28a) for the liquid 
and gas phase relative permeabilities, respectively. The factor f (S)  is based on a 
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simple power law form according to the constraints imposed by Equations (29) as 
follows 

f ( g ) = S  ~ with 0 < 7 ~ <  1. (30) 

The exponent 3/is adjusted from a first experiment which will be called Exp. 1. Dif- 
ferent values have been tested and the best agreement with experimental moisture 
content profiles (see Figure 11) together with global drying kinetics (see Figure 10) 
is obtained by using 3' = 0.3. Nevertheless, Figure 11 indicates clearly that although 
a good match is provided during the overall constant rate period, it begins to decay 
slowly once the surfaces reach the hygroscopic region: moisture contents are over- 
estimated below the solid saturation point. This fact is certainly not due to relative 
permeabilities which are constant at this stage (k~l = 0, k~g = 1), but can be 
attributed rather to the following points. 

�9 As previously mentioned, the effective diffusivity coefficient of vapour in the 
medium depends on an arbitrary factor Bf. The choice of this factor can have 
a substantial effect in the hygroscopic region. 

�9 The correlating function used for the effective mass diffusivity coefficient of 
the bound water Db is deduced from experimental data obtained for mois- 
ture contents between 0 and 0.15. However, because the solid saturation 
point is about 0.3, the relation is extended arbitrarily to this value for the 
simulations. 

�9 The uncertainty in moisture content measurements using gamma attenuation 
becomes greater for low values (Plumb et al., 1985). Moreover, Collignan 
(1988) compared cutting and gamma methods. The same results are obtained 
at high humidity levels. However, gamma attenuation leads to underestimated 
values in the hygroscopic region. The author explains this by a change of 
the absorption coefficient of the water around and below the solid saturation 
point. 

3.3. DISCUSSION 

The validity of the above determined expressions for the relative permeabilities is 
analysed for a second experiment. Call it Exp. 2. The only difference from Exp. 1 
is the drying conditions. The experimental curves are compared with the curves 
calculated numerically by using three couples (k~l(S), k~g(S)): 

Case 1: proposed relations with f ( S )  = S~ 
Case 2: relations used by Bonneau (1991) for the same material and which take 

into account the irreducible saturation concept; 
Case 3: extension of case 2 by ruling out the irreducible saturation concept. 

The graphical representations of these relations are provided in Figure 12. Compar- 
ison of experimental and predicted drying kinetics for the three cases is shown in 
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Figure 14. Concerning profiles in distance, only the more interesting period, i.e. for 
experimental moisture content varying around the range [Wirr ~ 0.4, Wssp ~ 0.3], 
is reported in Figure 13. The Figures 13 and 14 show that the lower liquid relative 
permeabilities (cases 2 and 3) predict a slower drying rate than those measured, 
because they induce liquid velocity which is too small. On the other hand, although 
drying conditions have changed, a good match with experiment remains for case 1. 
The important conclusion which can be drawn is that the factor f ( S )  seems to be 
an intrinsic parameter of the medium. 

The last point examined in this work concerns how liquid and gas velocities 
behave by using the relative permeabilities which have been proposed for sapwood 
of pine. In order to illustrate these behaviours during a complete drying process, 
i.e. including the initial transient thermal regime, the numerical code is run under 
the external drying conditions of Exp. 1, but with new initial conditions. Figure 15 
provides some confidence in the relation proposed for the gas relative permeabi- 
lity. Indeed, it is obvious from the pressure profiles in time for various locations 
in the medium that the agreement with the classical results obtained for pine 
wood convective drying is highly satisfactory. The resulting gas velocity, together 
with the liquid velocity, are exhibited in Figure 16. The liquid velocity is, as 
expected, decreasing constantly toward zero during the overall nonhygroscopic 
region (property p3 introduced in part 2.1.). Moreover, according with the results 
obtained by Quintard and Puiggali (1986), liquid and gas velocities have unlike 
signs and the same amplitude during the constant rate period. 

4. Conclusions 

For most capillary porous media, relative permeabilities associated with two coex- 
istent immiscible fluids such as water and humid air are not measurable directly. 
The numerical investigation, undertaken within the framework of a commonly used 
drying model, has shown the substantial effects that these parameters can have on 
the simulations. From this study, an approach to obtain pertinent relations has been 
proposed. Relative permeabilities of the liquid phase (kr/) and of the gas phase 
(k~g) were investigated using the following form: 

o r  

mins<~<l ss  (s) 
= / ( 1  - s )  r e .  

OS k~-'mln - -  S )  
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mlns<~<l as (s) 
f ( 1  s )  os (Smi,,(1 - 

with 0 < f ( S )  < 1; l ims~o f ( S )  = 0; lims--+l f ( S )  = 1, Smin being defined by 

~( Smin) = m i n  O-~-(s) 
S < s < l  

and the intrinsic parameter f ( S )  calibrated by matching calculated and experimen- 
tal moisture content (or saturation) distributions. In the previous formula, S is the 
saturation and Pc the capillary pressure. 

The main advantages of  this approach are summarised as follows: 

�9 relative permeabilities are linked to the capillary pressure which is a well 
measurable quantity, 

�9 the relations obtained ensure a valid behaviour for the liquid velocity, 

�9 the irreducible saturation concept is overcome in so far as the relations which 
are produced provide a close representation of reality. 

However, although first applications of this technique seem promising (pine 
wood), it would be useful to validate the method by using a more ideal medium 
(e.g. glass beds or sand layer): 

�9 numerical and experimental problems due to heterogeneous and hygroscopic 
properties of a medium such as pine wood should be avoided, 

�9 the relations obtained could be compared with those given by classical geo- 
metrical considerations. 

Appendix A. Capillary Pressure Functions for Various Types of Pine Wood 

Heartwood Sapwood 

Pc = (aSexp( -bS)  + e(1 - S)s-d)(1 - 2 . 7 9 . 1 0 - 3 ( T  - 273.16)) .  105 Pa 

a = 12.12 b = 5.939 a = 1.937 b = 3.785 

e = 0.046 d = 3.700 c = 0.093 d = 1.400 

Late wood 

Pc = a(1 - S)(exp(bS) + es-d)(1 -- 2.79- 10-3(2P -- 273.16)) .  l0  s Pa 

a = 0.236 b = 3.159 c = 1.147 d = 0.620 
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Correlating Functions for Heartwood and Sapwood of 
Pine used in the Simulations 

Hear twood Sapwood 

C 

P8 
k 

Sirr 

Cp~ 

Wssp 

aw 

D~ ~ 

Db 

A 

0.5 0.615 

600 476 

2 x 10 -16 4 • 10 -16 

0.25(r W~ ~ 0.5) 0.07(r162 Wi~ ~ 0.4) 

1400 

0.32-0.001(2P- 273.16) 

if W > Wssp, 1; else exp( -AB l~176 + C) with: 

A = -2.86 • 10-52~ 2 - 1.07 x 10-22 ~ + 10.24; 

B = -5.41 • 10-4T q- 1.01; 

C = 4.97 x 1 0 - 6 T  2 - 2.67 x 1 0 - 2 T  q- 0.35 

Bf(8.92 • 10-STl'81//3ff) with By = g6 

if W > Wspp, 0; 

else exp[ ( l l .954-  2590 .1 /T)W-  1046.63/T-  12.35]//~s 

6 x 10-4fi,(1 + W)/(1 + rv) - 0.166 with: 

if W > Wssp, rV = 0.15; else rv  = 0.44W 

Appendix C. Estimate of the Liquid and Gas Velocities at the Centre 
of the Cell [i,i+ 1] 

As the space discretisation is performed by a finite element method, the code 
provides the values of the unknown variables at the nodes of the grid. However, 
in order to accurately take into account the influence of the driving gradients, the 
liquid velocity is evaluated at the centre of the cells. The space step is noted 5z. 
The value of any physical quantity 9~ at the grid point i is named ~i. It results from 
Darcy's laws 

gel = z Op,~ l O W  O f  I 
% 0--7- + v~~ O----z- + v~-~z + ~ with 

, kk t(OPc OPt). kk t(OPc OPt) 
vp - at \ 0 ~  0 ~  ' *'~' = m \ ~ - o w  ; 
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- kk , (oP  _ kk ,, Ig. 
#l \OH 021J ' va #t 
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~z  vg O W vg 021 V g=v~  + w 0---7- + h ~ + V ~  with 

kk g kkT  Oi'  
v{ = -  ,--7 o--T' v ,  : -  ,~ oW; 

vi kk~. OP~ kk~. 
- -  #a OH; v ~ -  7,.g fiaag" 

The liquid and gas velocities at the centre of the cell [i, i + 1] are given by 

Vli+l/2 = Vlpi+12 + vIpi fiai+l(sz-- fiai q_ Vlwi+l q- Vlwi W i + l  - W i  _~_ 
2 5z 

vl + Vlhi /)-/+1 21i l l - -  Vgi+  1 + V g  i . + hi+l + 

2 5z 2 ' 

vg + Vgpl Pai+l -- Pal vg + vg Wi+l  - W i  "Wgi+ 1/2 --~ pi+l wi 2 5z  _~ Wi+l .~_ 
2 az 

V g -~- V g - 7[_ hi+l hi Hi+] -- ff[i Vg "JU V~i "Jl- gi+ t 
2 ~z 2 
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