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Abstract-The latest developments in high temperature convective drying are presented. The process has 
been investigated experimentally and theoretically for two drying fluids : moist air and superheated steam, 
and for two materials: light concrete and softwood. The experimental investigation was made in an 
aerodynamic return flow wind-tunnel, using a new type of sensor which enables measurement of both 
temperature and pressure at the same point. The numerical model of heat and mass transfer developed 
over several years has been used to simulate the experimental test, in 1-D for concrete and in 2-D for 
softwood. Good agreement is obtained between the calculations and experiments. An analytical model 
taking into account the transfer mechanisms between the exchange surface and an assumed drying-front 
has also been developed, and enables the explanation of most of the phenomena observed, both in the 
experiments and the simulation. The main purpose of the present work was not only to determine the 
differences on the pressure and temperature fields, but also to give a physical explanation for the moisture 
migration at temperatures when the wet bulb is other than the boiling point. Finally, it is shown that the 
process can be divided into three domains: (a) an initial drying period, where the medium is at the wet 
bulb temperature; (b) a second phase with a stage more or less pronounced, at a temperature which 
depends on the air flow and on the material; and (c) a final stage, during which all the temperatures 

approach the dry bulb temperature. 

1. INTRODUCTION 

DRYERS are used to remove water from porous solid 
materials by evaporation. They are designed in many 
different ways in order to fulfil various requirements, 
such as high or low temperature drying at normal 
pressure, or under vacuum, with air or superheated 
steam as drying fluid. The heat necessary to evaporate 
the moisture may be supplied by conduction, by radi- 
ation, by convection through the drying fluid or by 
microwaves. 

In practice, several different techniques are used : 
natural drying, vacuum drying (either continuous, by 
contact conduction, or ~s~ontinuous, by periodic 
convection), conventional convective drying at low 
temperature, dehumidification or heat pump drying 
systems; high temperature convective drying and more 
recently, microwave drying. 

The selection of drying conditions is usually a 
compromise, resulting from the requirement to opti- 
mize product quality, while at the same time minimizing 
the size of the drying equipment or reducing the drying 
time. 

The use of fast convective drying at high tempera- 
ture, which has been investigated experimentally and 
theoreti~lly for ten years in the authors’ laboratory, 
requires a detailed analysis of moisture migration 
within the porous material to understand the mech- 
anisms involved, and particularly the influence of the 
geometry or structure of the porous medium and the 

~rothe~al conditions (velocity, dry and wet bulb 
temperatures). 

To widen the scope of the investigation, two 
materials were tested : a slab of light concrete, and a 
softwood board, together with two drying fluids: 
moist air and superheated steam. The main interest 
of these two fluids is to be able to differentiate, or not, 
the wet bulb temperature and the boiling temperature, 
fixed at 100°C. 

2. EXPERIMENTAL STUDY 

2. I. General description of the wind tunnel 

An aerodynamic wind tunnel (Fig. 1) was built in 
1979 when work was first begun on high temperature 
convective drying [ 1,2]. Since then, many improve- 
ments have been made. 

The present configuration is shown of: 

l a radial fan generating an adjustable fluid velo- 
city in the range 2 < U < 15 m s- ‘, controlled by an 
anemometer located in the test section ; 

l a long insulated cylindrical return tube of 250 mm 
diameter, equipped with a diaphragm for measuring 
the mass flow rate ; 

l a preheating chamber, containing the electric 
heating unit, composed of four 22 kW resistances. A 
resistance thermometer, together with a PID con- 
troller connected to the heating element supply, ensure 
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molar concentration [moi rn--‘J 
specific heat [J kg- ’ K-- ‘1 
diffusivity [m’ s- ‘1 
specific enthalpy [J kg ‘1 or heat transfer 
coefficient [W m ’ K-- ‘1 
latent heat of evaporation [J kg ‘1 
intrinsic permeability [m.‘] 
relative permeabilities or mass transfer 

coefficient [m s- ‘1 
molar mass [kg mol- ‘1 
pressure [Pa] 
drying rate [kg mm ’ s ‘1 
evaporation rate [kg m ’ s ‘] 
universal gas constant [J mol- ’ K ‘1 
surface [m ‘1 
temperature [ C or K] 
time [s] 
velocity [m s-- ‘1 
moisture content [kg of water/kg of solid] 
molar fraction 
distance [ml. 

Greek symbols 
E volumic fraction 
i. thermal conductivity [W m- ’ K- ‘1 

I* dynamic viscosity [kg m ’ se. ‘1 

K 

kinematic viscosity [m’ se- ‘1 
porosity 

P density [kg m- ‘1 

pII apparent density [kg m ‘1 
CT surface tension [N mm- ‘J 
(1, mass fraction. 

Subscripts 
a 
atm 
b 
c 

cr 
cff 

eq 
f 

g 
ini 
irr 
I 

ssp 

S 

sat 
v 

VS 

,P 

air 
atmospheric 
bound water 
capillary or cellulose 
critical 
effective 
equilibrium 
front 

gas 
initial 
irreducible 
liquid 
fibre saturation point 
solid 
saturated 
vapour 
saturated vapour 
ambient. 

Superscripts 

g intrinsic average over the gaseous phase 
1 intrinsic average over the liquid phase 
- average value 
2 order 2 tensor. 

that the dry air temperature is accurate to one degree 
Celsius in the range 40-200’C : 

l an aerodynamic convergent, just before the test 
section ; 

l a test section where the slab or the board is 

situated ; 
o an expansion tube, to counteract the rotational 

flow at the fan intake ; 
l an external boiler generating the low pressure 

steam injected into the preheating chamber. 

Regulation of the moisture content of the air is 
based on measurement of the wet bulb temperature. 
An increase in the wet bulb temperature is obtained 
by increasing the boiler power and a decrease is pro- 
duced by condensing the moist air at the surface of 
a water-cooled coil. The accuracy depends on the 
difference between the wet bulb and the dry bulb 
temperatures. It is of the order of one degree for small 
differences and can reach five degrees in extreme cases. 

1.2. Tesf section 
The test section dimensions are: 0.25 x0.25x 

1.20 m. 
The samples (either slabs of light concrete or soft- 

i 

wood boards) are placed in the horizontal plane of 
symmetry of the test section. 

Since analysis of drying requires an accurate 
measurement of the water lost during the process, the 
weight is measured by using three rods attached to 
the sample and passing through the bottom of the test 
section, where they are supported by an electronic 
balance. 

The different data concerning the slab or board 
(pressure, temperatures, weight, etc.) and the fluid 
flow (wet and dry butb temperatures, velocity. etc.) 
are recorded through an acquisition power station 
connected to a computer. 

2.3. Insfrumentation of the slab (or board) 
The main advantage of high temperature convective 

drying is to reduce the drying time. The acceleration 
of internal moisture transfer within the tnaterial is due 
to the development of an overpressure in the gaseous 
phase inside the slab (or board). This phenomenon 
explains why’the temperature and pressure measure- 
ments are so important, requiring a careful choice 
of measurement techniques. In particular, since the 
overpressure can exceed one bar, a large error in tem- 
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FIG. I. Wind tunnel. 

perature or pressure can result from a leak. To avoid simulation tests. The water and gas-tight measure- 

this phenomenon, a new method was adopted. In ment device is illustrated in Fig. 3. 
addition, it allows temperature and pressure measure- For both materials, a hole was made at each 
ments sim~taneously and at the same point [3]. measurement location. In the case of wood, the hole 

Figure 2 shows the location of the chosen measure- was smaller than the diameter of the sensor, so that 
ment points and the numerical 2-D domain. The sur- the latter was forced into the board with the aid of a 
face temperatures TO and T6 are available only in the hammer. For concrete, only temperature measure- 

#2mm 

Computed zone 

Thickness: 
wood: #28 mm 
light concrete:#30 mm 

If 
Length: 

y 

sofiwoodz #1 RI 
light eoxrete: #0,6 m 

FIG. 2. Location of the measurement points and numerical 2-D domain. 
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tube (0 = 2 mm) 

to the 
pressure captor 

FIG. 3. Combined temperature and pressure sensor. 

ments were carried out. The 3 mm wide hole was filled 
with silicon glue. Then, after the glue had been dried, 
the medium was saturated and the thermocouples 
were inserted in the glue. 

Note that the technique adopted for concrete is a 
standard procedure [4,5], which cannot be applied in 
the case of wood, since the latter is never dry before 
the test. A completely new type of sensor was 
developed for wood. 

In order to avoid severe temperature and humidity 
conditions, the pressure captor is placed outside of 
the test section. The temperature difference between 
the measurement device and the pressure captor thus 
induces a convective movement of the stream, which 
condenses into the pressure captor. To prevent local 
evaporation, the pressure captor and the connecting 
tube were filled with oil, taking care to ensure an oil-- 
gas interface inside the test section (that means over 
the boiling point). 

2.4. Light concrete 
The material used is a building material which has 

the advantage of being homogeneous, isotropic and 
reproducible. It has also a high permeability, of 
the order of 10. I3 mz and a low hygroscopic range 

(Xhygro = 0.07). The dimensions of the slab are: 
0.030 x 0.15 x 0.625 m. Before each test the slab is 
saturated with water by several vacuum cycles. 

2.5. Sojiwood 
This material was chosen in order to study the 

influence of anisotropy, especially for the perme- 
abilities, on the transfer mechanisms. 

Wood is a living material which has a typical and 
very complex structure, depending on the species. 

Softwood was chosen for its well defined structure. 
which is simpler than that for hardwood. 

The mechanism of sap rise is due to capillary forces 
in the liquid phase. The liquid flows from one tracheid 
to another through the bordered pits, comprising a 
membrane (‘torus’) which can move under the effect 
of the pressure and which can obstruct the passage of 
the fluid, thus preventing a break in the liquid column. 
This architecture is vital for the life of the trees and 
plays an important role during the drying process. 

It is a hygroscopic material; the moisture content 
for which the cell walls are saturated, with no free 
water in the cell cavities, is called the fibre saturation 
point. This point is 30% of the ovendry weight, 
emphasising the large amount of water which can be 
absorbed. 

Three directions of anisotropy are taken into con- 
sideration : longitudinal, radial and tangential. For 
softwood, the ratio of longitudinal to radial per- 
meability is approximately in the range lOO&lO 000. 

Heterogeneity is evident at all scales of observation. 
It is easy to distinguish earlywood from latewood, 
but the difference which exists between sapwood and 
duramen is very important too : in sapwood the moist- 
ure content can be twice as great and the permeability 
100 times greater! 

All these points emphasise the need to take great 
care in sampling. It was decided to experiment from 
a forest which belongs to the forest school of Nancy 
(ENGREF) to select a tree, and to chop it down just 
before the test. The cut-up plan was designed so that 
the board was taken from within the sapwood, ensur- 
ing good homogeneity and a high moisture content 
(up 200%). 
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3. EXPERIMENTAL RESULTS 

3.1. Light concrete experiments 
Among the 20 tests performed, the results of the 

three most representative ones are discussed here. 

l The first test involved a superheated steam flow 
in the following conditions : velocity U = 6 m s- ’ and 
dry bulb temperature Tdv = 140°C. 

l The second and third tests used a moist air flow 
U = 6 m s- ‘, with two different temperature gaps 
AT,, = T,, - T,,, where : T,,, is the dry bulb tem- 
perature and T,,, is the wet bulb temperature. In the 
following text, the conditions of test 2 (ATdw = 30°C) 
will be denoted as ‘soft’ and those of test 3 
(AT,, = 90°C) as ‘hard’. 

The aim of these two tests was to analyse the inter- 
actions between the internal and external moisture 
transfers. 

Superheated steam (Test 1) : Tdw = 140°C. Figure 4 
shows the variation with time of the average moisture 
content and of the different temperatures within the 
slab. 

It can be seen that the main effect of high tem- 
perature convective drying is a significant reduction 
in the drying time. In effect, when Tdry = 140°C and 
U = 6 m s- ’ seven hours are sufficient to reduce the 
moisture content of a slab of light concrete from 90% 
to about 2%. 

The temperature versus time curves show a long 
plateau region at the boiling temperature (Tboiang = 
lOO”C), followed by an increase up to the tempera- 
ture of the steam flow. The deeper the location of the 
thermocouple, the greater is the duration of the 
plateau. 

With superheated steam, the transition between the 
first drying period (evaporation from the exchange 
surface) and the second drying period (internal evapor- 
ation) has no discernible effect on the internal tem- 

Time (mn) Time (mn) 
FIG. 4. Experimental drying of light concrete with super- 
heated steam : Kinetic and temperatures (Tl, T3, T4, T5, 

T8): U = 6 m s-‘, Tdv = 140°C. 

FIG. 5. Experimental drying of light concrete with moist air : 
Kinetic and temperatures (T3, T4, TS, wet-bulb): 

Tdry = 1 lS”C, T,,, = 85°C. 

peratures. In effect, the wet bulb temperature is equal 
to the boiling temperature, which remains constant at 
100°C as long as the pressure remains equal to the 
atmospheric one. 

Moist air ‘soft conditions’ (Test 2): AT,, = 30°C. 
Figure 5 represents the variation with time of the wet 
bulb temperature, the temperatures within the slab at 
points 3, 4 and 5, and the average moisture content 
of the sample. 

It can be seen that good control of T,,, enables 
‘noise-free’ curves to be obtained. 

In these ‘soft’ aerothermal conditions, the drying 
process is much longer (13 h instead of 7 h). 

The form of the temperature curves indicates three 
different phases : 

l during the first two hours, the temperature curves 
show a plateau region at the wet bulb temperature 
(85°C). The temperatures in the slab being uniform 
and equal to T,,, = 85”C, the behaviour of the porous 
medium shows the existence of a period of constant 
drying rate (first drying period), which continues 
as long as the capillary suction drives water from 
the centre of the slab to the interface, where it is 
evaporated ; 

l above T,,,, the curves present a second plateau 
or a horizontal inflexion in the range 85-90°C ; 

l finally the temperatures continue to increase and 
reach the final flow temperature without any pro- 
nounced plateau at the boiling temperature Tboiling . 

Moist air ‘hard conditions’ (Test 3) : ATdw = 90°C. It 
can be seen in Fig. 6 that, owing to the large difference 
Tdry - T,,, , the temperature regulation is not as accur- 
ate as in the previous test, number 2. 

The essential point to notice is the very fast drying 
process, which lasts only five hours, with the tempera- 
ture variations being the same as in test 2. The tem- 
peratures go through a slight plateau at T,,, = 70°C 

- 5 6 5’ 

. 1 __--_____-f__-,-_,-. lm-+i.L_$20 



2730 f’. PERRE rl al. 

40 

FIG. 6. Experimental drying of light concrete with moist air : 
Kinetic and temperatures (Tl, T3. T4, 7’5, 7%. wet-bulb): 

T,,, = 160°C. T,.,,, = 7o’C. 

then increase up to a second plateau in the range 
85-90°C beyond which they rise steeply through the 
boiling temperature until they attain the dry bulb 
temperature of the moist air flow. 

3.2. softwood experiments 
Although about 20 tests were performed, because 

of the good reproducibility resulting from very careful 
sampling, only certain significant results are presented 
here. 

Superheated steam (Test 4) : T,, = 160°C. Figure 
7 shows on the same graph, the variation with time of 
the average moisture content of the board and the 
temperatures in the wood at points 1, 3,4, 5 and 8. 

While the drying times for a slab of light concrete 
and a board of softwood can be seen to be similar, 
the situation is quite different as regards the variation 
of temperature with time. 

--_) 5 6 J’ 

-+ 
. 

*: 
----I -_______-_- 

I i 3 7 8 

2orJ 

Time (mn) 

FIG. 7. Experimental drying of softwood with superheated 
steam: Kinetic and temperatures (Tl, T3, T4, T5, 2%): 

U = 10 m s-‘, Tdrv = 160°C. 

In effect, Fig. 7 reveals that not all of the tem- 
peratures in the board show a long plateau at the 
boiling temperature, contrary to the case for a slab of 
light concrete. Only a slight effect at about 1OO’C is 
observable during the first 50 min of drying. 

The temperatures T3, T4 and T5 then cross the 
boiling point without levelling off. and continue to 
increase up to the temperature of the superheated 
steam flow. Note that T3 seems to remain close to 
1 IS-C for a short time before a quick rise towards 
the dry bulb temperature. Simultaneously. the tem- 
peratures measured by thermocouples Tl and 7%. 
located at the front end and at the rear end of the 
board, present a long plateau at the boiling tempera- 
ture. They then increase very rapidly (due to the close 
proximity of several exchange surfaces). overtaking 
T3, T4 and TS, and attain the temperature of the 
steam flow. 

This phenomenon can be explained by the com- 
bination of the pressure which develops inside the 
board and the high longit~ldinal permeability 

of softwood (100 to ~0000 times the transverse 
permeability). 

To illustrate this remark, Fig. 8 shows the variation 
with time of the pressure and temperature measured 
at the same point in the board (2 and 7). 

The correlation between the increase of temperature 
and the overpressure can be clearly seen. The two 
curves differ only at the end of the drying process 
when the board is in the hygroscopic range. 

Figure 9 represents the variation with time of the 
moisture content of the board and of the pressure 
measured at different thicknesses (points 3.4 and Sf. 

At the beginning of the process, the pressure 
increase can be seen to start close to the surface and 
to move progressively towards the centre of the board. 
Such a pressure variation indicates clearly that the 
surface of the board enters the hygroscopic range 
before the centre. 

---+ j 6 5 
3 . 4: ___-_;___; .-...-_.....-..-... a 

I 5 
1.50, ” I- 

Time (mn) 

FIG. 8. Experimental drying of softwood with superheated 
steam: temperatures (T2, T7) and overpressures (PZ. P’7) : 

U = 10 m s-‘, T,, = 160°C. 
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Time (mn) 

FIG. 9. Experimental drying of softwood with superheated 
steam: Kinetic and overpressures (P3, P4, P5): U = 

10 m s-‘, Tdry = 160°C. 

In fact, the pressure follows the temperature vari- 
ations in the thickness of the board. 

The overpressure is strongly dependent on the 
values of the permeability, the drying rate and the 
distance between the evaporation front and the 
surface. It is maximum at the centre of the board. 

Moist air ‘soft conditions’ (Test 5): ATdw = 33°C. 
Figure 10 gives the principal results. It can be seen that 
the choice of the following aerothermal conditions, 
Tdry = 1 lS’C, T,,, = 82°C and U = 5 m SK’, leads to 
a large increase in the drying time (20 h) and to a 
characteristic temperature variation. 

The temperatures T3, T4 and T.5, measured respec- 
tively at the centre, mid-thickness and at the surface, 
show a plateau near T,,, = 82”C, followed by a rapid 
rise up to 105-l 10°C before reaching the dry bulb 
temperature. As was observed for light concrete, soft- 
wood presents an initial constant rate period. Never- 

FIG. 10. Experimental drying of softwood with moist air: 
Kinetic and temperatures (Tl, T3, T4, T5, T5’, T5” and 

wet bulb) : Tdry = 115°C T,, = 82°C. 

theless, no plateau is observed at the boiling 
temperature. 

The variations of temperatures T5’, T5 and T5” 
are identical. A slight shift occurs between the three 
temperatures, owing to the localization of the 
measurement points. The closer the measurement 
points are to the leading edge of the board, the faster 
the rise in temperature. The temperature Tl increases 
slower than the previous ones till 12 h. Then it reaches 
very quickly the dry bulb temperature. 

Moist air ‘hard conditions’ (Test 6) : ATdw = 58°C. 

The variation with time of the moisture content and 
the temperatures are represented in Fig. 11. 

The aerothermal conditions imposed on the 
material, namely Tdry = 14O”C, T,,, = 82°C and 
U = 7 m s-‘, significantly modify the drying time 
(9 h) and also the temperature fields. 

Indeed, no plateaus are observed, either at T,,, (no 
constant rate period) or at Tboiling. The temperatures 
increase progressively to reach the dry bulb tem- 
perature of the moist air flow. 

3.3. Discussion 
For light concrete, in the case of superheated steam 

drying, a long plateau at the boiling point is observ- 
able on the internal temperatures. Consequently, the 
observation of only the centre temperature suggests a 
mechanism involving too long a period of constant 
drying rate. 

The two tests involving a moist air flow facilitate 
the interpretation, and clearly demonstrate : 

l the existence of a constant drying rate period ; 
l the presence of a plateau in the temperature curves 

in the range 85-90°C. 

Nevertheless, some differences can be seen : 

l for low values of ATdW, the temperature variations 
show a long constant rate period, followed by a pla- 
teau close to 90°C ; 

l for high values of ATdW the drying process is faster 

FIG. 11. Experimental drying of softwood with moist air : 
Kinetic and temperatures (Tl, T3, T8, wet-bulb): 

T,, = 140°C and T,,, = 82°C. 
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and the constant rate period still exists, but the plateau 
at 85”-90’ C is more pronounced. 

For softwood. there are generally fewer plateaus 
than for light concrete. 

With a superheated steam flow, only the tem- 
peratures close to the leading and trailing edges of the 
board show a iarge plateau at Tboilinp. This phenom- 
enon is due to the high lon~tud~nal permeability of 
softwood. In many papers, all the temperatures usu- 
ally show a long stage at the boiling point f i,2,4-71. 

With a moist air flow, a plateau at T,,, is observable 
when the drying conditions are ‘soft’. Such a period 
at the wet bulb temperature never appears in the litera- 
ture [b-7]. On the contrary, most authors report a 

long period at the boiling temperature. 
In the present experiments. the period rw,, dis- 

appears for ‘hard’ conditions and the period at Thollinp 
never appears. 

4. DRYlNG SIMULATIONS 

4.1. The numerical code ‘TRA NSPO RE’ 

Over a number of years, a numerical code has been 
developed and improved in order to simulate heat and 
mass transfers in porous media [S-IO]. The formu- 
lation, which is derived from the work of Whitaker 
[I 11, has been reviewed and adapted to cover all prac- 
tically encountered configurations (non-uniform press- 
ure for the gaseous phase, effect of pit aspiration on 
permeabilities, bound water migration, difYerentia1 
heat of sorption, etc.. .). 

The code was first developed for softwood and for 
one dimension in space. It is presently available in 
2-D geometries for softwoods, granular porous 
media and light concrete. 

The elementary breakdown is based on the notion 
of control domain [ 121. This numerical method, which 
respects the conservation balances with great 
accuracy, treats the gaseous phase both below and 
above the boiling point [13]. All intensive processes 
can be simulated (vacuum, contact, and microwaves 
drying, internal vaporization, etc. .) while it is 
naturally adapted to high temperature convective 
drying [14]. 

In the following description. this code will be 
referred to as ‘TRANSPORE’ (Coupled TRANSfers 
in POROUS mEdia). 

It is not intended here to describe the model again : 
only the set of mathematical equations and the physi- 
cal parameters are reproduced in the present paper 
(see Appendices 1 and 2). For more details concerning 
the code, the reader is invited to consult previous 
publications [8-IO]. 

All the experiments presented in Section 3 have been 
simulated. The key point is a very close agreement 
between theory and experiment. Another important 
result is the ability of such an effective model to 
explain all the ex~rimental observations. 

4.2. Light concrete 
Light concrete is an isotropic medium. Conse- 

quently, keeping the geometrical configuration in 
mind, it is sufficient to perform the calculations for 
unidirectional transfers. The three runs presented 
below have been computed with a regular grid com- 
prising 8 1 nodes. 

S~pe~lte~ted steam (Run I): T,,, = IJO~C. For this 
fluid, the wet bulb tempe~ture equals the boiling 
point. The simulation shows that the long period at 
100 C observed in the experiments is in fact divided 
into two parts (Fig. 12). 

The first part is a real constant drying rate period. 
with liquid migration up to the surface, evaporation 
and vapour flux in the boundary layer. In the numeri- 
cal code, the surface temperature (T6) is available : the 
departure of the latter from the wet bulb temperature. 
which in this case, equals the boiling point, marks the 
end of the constant drying rate period. 

In the second part. a drying front appears in the 
medium. Evaporation occurs inside the medium. 
Nevertheless. the gaseous permeability is high enough 
to evacuate the vapour flux by a slight overpressure. 
The temperature which can produce this overpressurc 
according to the saturated vapour curve is very close 
to 1001C. The temperature increases only in the dry 
zone, where a thermal gradient is required in order to 
transport the energy of vaporisation towards the front 
position. 

The inward advance of the front inside the medium 
can be followed by the successive breakaways of the 
different internal temperatures (T5 and T4). When the 
centre temperature (T3) increases beyond lOO’~C, the 
first drying period has been finished for a long time. 
At this stage. the whole medium is in the hygroscopic 
range and the process is coming to an end. The drying 
rate decreases sharply and temperatures increase 
rapidly. 

Moist uir (RUFU 1 und 3) : AT,,, = 30 C and 
AT,,, = 9O.C. Due to the separation between the wet 

FIG. 12. Theoretical drying of light concrete with superheated 
steam : Kinetic and temperatures (T3. T4. T5, T6): II = 

6 m s’ ‘, r,, = 140°C. 
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Time fmn) 

FIG. 13. Theoretical drying of light concrete with moist air: 
Kinetic and temneratures (T3. 7’4. 2’5. T6): T,, = 115°C. 

bulb temperature and the boiling point, the case of 

moist air is more interesting to analyse. 
In both runs, the numericai curves show a first 

drying period for which all the temperatures remain 
close to the wet bulb temperature. However, this 
period is much shorter (a20 min compared to 
200) in the case of severe drying conditions (Figs. 13 
and 14). 

A period of decreasing drying rate then appears. 
From the successive departures of the temperatures 
from the value at the centre, it is obvious that a drying 
front moves within the medium. Up to this point, the 
process remains similar to the previous one (run 1). 

What is new here is the variation of the centre 
temperature. At the end of the constant drying rate 
period, the value increases slowly from the wet bulb 
temperature up to about 90°C (i.e. 10°C below the 
boiling point!). It is to be noted that this evolution is 
the same for the two tests {low and severe drying 
conditions). This stage at about 90°C can be explained 
by an analytical model (see Section 5). 

When the front reaches the centre of the slab, all 

FIG. 14. Theoretical drying of light concrete with moist air: 
Kinetic and temperatures (T3, 7’4, T5, T6): Tdry = 16O”C, 

T,,, = 70°C. 

the temperatures increase rapidly up to the dry bulb 
temperature. This final period resembies that observed 
in the test with saturated vapour. 

In conclusion, for this medium, the numerical 
results can be seen to be in perfect accordance with 
all the experimental observations. Not only the shape 
of the curves but also the absolute values of the tem- 
peratures, average moisture content and the durations 
of each drying period are in excellent agreement with 
the experimental measurements. 

4.3. Softwood 
Softwood is a strongly anisotropic medium. In cases 

where the internal pressure plays an important role, 
only 2-D simulations are able to reveal the true trans- 
fer mechanisms. The geometrical configuration used 
for softwoods is shown in Fig. 2. All the results have 
been computed with a 21 x 41 grid, uniform through 
the thickness (Ax = 0.75 mm) and non-uniform along 
the length (Ay = 2 mm close to the extremity and 
increases continuously up to 20 mm at the mid-point). 

The three runs presented here (46) simulate respec- 
tively the tests 4-6. For each case, the order of mag- 
nitude of the heat transfer coefficient was determined 
from the maximum drying rate obtained during the 
experiment. Insufficient information was available to 
be able to take account of end effects and the develop- 
ment of a boundary layer: the code therefore 
assumes a constant exchange coefficient over all of the 
exchange surfaces. 

Superheated steam (Run 4): Tdv = 160°C. Figure 
15 shows the variation of the average moisture content 
(MC), temperatures and overpressures at different 
points. The shapes of these curves are identical to the 
experimental results (Figs. 7 and 8). The length of the 
constant drying rate period (all temperatures close to 
the wet bulb temperature) is about 80 min in both 
cases. 

At the end of this period, the numerical tem- 
peratures increase more quickly than in the exper- 
iment. Moreover, in the case of the surface tem- 
perature (T6), which is available only for the simu- 
lations, the latter effect is even more marked. 

The value of the transverse permeability (none of 
the parameters were adjusted) has an important effect 
during this drying period. Any slight underestimation 
of this parameter leads to a higher temperature, lower 
drying rate and longer total drying time (500 min 
against 300 min). Note that the description is not 
too bad: all the orders of magnitude agree with the 
experiment. In particular, it is to be noted that the 
2-D version of the ‘TRANSPORE’ code is capable of 
predicting the end effects : in perfect agreement with 
the experiment, the end temperature (TO and Tl are 
nearly the same for this run) shows a plateau close to 
the boiling point during the second drying period and 
then increases rapidly, overtaking all the mid-point 
temperatures, and is the first to reach the dry bulb 
temperature. At this point, the temperature T3 can be 
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FIG. 15. Theoretical drying of softwood with superheated steam: Kinetic. temperatures and pressures. 
U = 10 m s- ‘. r,,, = 160’ C. 

seen to decrease slightly, which is surprising during a 
drying process. In fact, the extremities have just 
become completely dry, leading to an increase in the 
relative longitudinal permeability to the gaseous 
phase, allowing a greater longitudinal vapour flux for 
the same overpressure. The latent heat required is 
momentary greater than the thermal flux and reduces 
the temperature. 

It is interesting to compare the evolution of the 
temperature and the pressure at the same position 
(points 3 and 4): for the initial transient period, the 
temperature, and thus the pressure, increases. During 
the constant drying rate period. the temperature 
remains constant within the medium but the liquid 
extraction increases the volume of the gaseous phase 
and decreases the partial pressure of dry air. Conse- 
quently, it is quite normal to observe a slight decrease 
in the total pressure. At the beginning of the second 
drying period, temperature and pressure change in a 
closely similar manner. The temperature increases as 
long as the resulting overpressure is great enough to 
evacuate the vapour evaporated by the thermal flux. 

This mechanism continues as long as the moisture 
content remains above the fibre saturation point 
(about 500 min for point 3 and 200 min for point 4). 
The temperature subsequently increases towards the 
dry bulb value, whereas the pressure decreases. There- 
Sore the evolutions of P3. P4, P5 point out the devel- 
opment of a dried zone from the exchange surface 
towards the centre. 

All the phenomena described here can be seen in 

the experlmental results (Fig. 8). Pressures measured 
at different thicknesses indicate the corresponding 
start of the hygroscopic domain. Once again, these 
curves show good agreement with the experimental 
observations (Fig. 9). 

A more severe test is to represent the locus of a 
given point in the board in the graph of pressure vs 
temperature. It is of great interest to notice that the 
experimental curve (Fig. 16(a)) is tangential to the 
saturated vapour pressure curve. 

Because of the partial pressure of dry air, which is 
never equal to zero. the computed pressure (Fig. 
16(b)) is always greater than the saturated vapour 
pressure. for the part of the curve concerning the 
free water domain. Comparison with the experimental 
results suggests that the sensors arc not perfectly air- 
tight. Note that the air cannot be renewed inside the 
wood : a very slight gas hzdk is sufficient to nullify the 
partial pressure of dry air. 

Moist air ‘sqfi condition.\ (Run 5) : A7;, = 33 C. 
In this case, the experiment indicated a real first drying 
period. with a board temperature very close to the wet 
bulb temperature. This period can also be seen on the 
computed curves (Fig. 17). Moreover, its duration 
agrees with that observed experimentally (about 200 
tnin). 

At the end of this constant drying rate period, all 
the mid-length temperatures increase together rapidly. 
This point does not agree with the experiment. Once 
again, the relative permeability to the gaseous phase 
seems to be too low. The dried zone moves very slowly 
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FIG. 16. Experimental (a) and theoretical (b) overpressures representation in the pressure-temperature 
plane. 

towards the centre. About 750 min are required before 
the temperature near the surface (T5) pulls away from 
the other temperatures. This difference is confirmed 
by the slow variation of the global moisture content. 

It is clear from both calculation and experiment 
that no specific behaviour is observed on passing 
through the boiling point. 

We can notice for this case that the evolutions of 
temperatures TO and Tl are quite different. At the 
end of the constant drying period the temperature 

TO remains at the wet bulb temperature for 500 min 
whereas Tl increases slowly during the same time. 
The last one shows an evolution similar to the cor- 
responding experimental point (Fig. 10). 

Moist air ‘hard conditions’ (Run 6) : AT,, = 58°C. 
In this case, the board experiences very severe drying 
conditions (large difference between the dry and wet 
bulb temperatures and high air velocity). The stage at 
the wet bulb temperature is just perceptible (Fig. 18). 
In accordance with the experiment, and although the 
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FIG. 17. Theoretical drying of softwood with moist air : Kinetic, temperatures and pressures. TdV = 1 15"C, 
T,,, = 82°C. 
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FIG. 18. Theoretical drying of softwood with moist air : Kinetic, temperatures and pressures 
T,,,, = 82 ‘C. 

initial moisture content was high, the first drying 
period disappears. 

Only the end temperature (73) remains stationary 
at the boiling point. The others increase directly up 
to about 110..120 C, the value required in order to 
ensure the drying rate corresponding to the heat 
supplied. 

Before reaching the hygroscopic domain, the centre 
temperature (7’3) decreases slightly : this phenomenon 
has been explained in the comments on run 4. 

The many analogies with superheated steam drying 
(run 4) should be noted. The greater difference during 
the first drying period must be attributed to the over- 
pressure effect. Indeed, with superheated steam, the 
temperature within the board attains the boiling point 
during the first drying period : large overpressure acts 
on the liquid from the start of the drying. With moist 
air drying, as long as the surface is above the fibre 
saturation point, the board tends towards the wet 
bulb temperature, i.e. below the boiling point. During 
this period, no significant overpressure is observed : 
the process resembles low tem~rature drying [9] and 
only the capillary action is able to drive the liquid 
towards the surface. 

The numerical code is able to provide much more 
information than simply the variation in temperature, 
moisture and pressure at certain chosen points of the 
board. 3-D surfaces are presented here to illustrate 
how the coupled transfers occur at high temperature 

and in a 2-D geometry. The numerical domain is 
represented on Fig. 2. the visible faces {the axis) arc 
the exchange surfaces and the hidden ones are the 
planes of symmetry. The model has now become a 
real tool which can be used to understand the process. 

The three runs analysed here are the first involving 
saturated vapour (run 4 : elapsed times : 1, 2. 5, 6 h) 
and the two following ones with low and high severity 
drying in moist air (run 5 and run 6). The different 
variabIe fields illustrated by temperature-moisture 
content-pressure surfaces for different drying times 
must be connected together in order to reconstruct 
the process (effect of temperature on pressure, effect of 
pressure on gas and liquid transport, effect of mo~stLlre 
content on partial vapour pressure, etc.). While all the 
comments made in the previous sections remain valid. 
some particular effects are illustrated by these 3-D 
surfaces. 

Figures 19.-21 concerning run 4. are given as an 
example of the evolutions on the main parameters. 

We note : 

l the overpressure throughout the process ; 
l the effect of this overpressure on the mass trans- 

port in the longitudinal direction : 
o the dificulty of transport in the hygroscopic 

range ; 
l the stationary end temperature at the boiling 

point ; 
a the effect of iongitudi~al gaseous diffusion, at the 

end of the process, even far from the extremity of the 
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board. This effect must be connected with the decrease 
of T3. 

For ‘soft conditions’ in moist air (run 5, 
AT,, = 33°C) we would be able to observe on the 
Corresponding figures : 

l the initial drying period at the wet bulb 
temperature ; 

l the low pressure during this period ; 
l the increase of pressure and, in consequence, the 

longitudinal liquid transport when the medium passes 
through the boiling point (at 7 h). This transport feeds 
the end of the board which remains above the fsp and 
close to the wet bulb temperature ; 

o the attainment of the dry bulb temperature on all 
exchange surfaces when the extremity finally reaches 

h). 

the hygroscopic range. At this point, the liquid 
remaining in the centre of the board disappears by 
both transverse and longitudinal transfers; 

l the similarity of the process to the previous run 
after the end of the initial drying period. 

For ‘hard conditions’ in moist air (run 6, 
ATdW = 58°C) we notice that the first drying period 
disappears. Consequently the effects are similar to the 
ones observed in run 4. 

5. ANALYTIC MODEL 

5.1. Presentation of the model 
The aim of this section is to explain the existence of 

a temperature plateau close to 86°C observed dur- 
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FIG. 20. Theoretical drying of softwood with superheated steam : temperatures at different drying times 

(I. 2, 5. 7 h). 

ing moist air drying of light concrete, using a one- 
dimensional analysis incorporating certain sim- 
plifying assumptions. 

The analytical model developed makes it possible 
to study low or high temperature drying as well as 
the transition between the convective and diffusive 
transfer modes. 

in which the mass fluxes of vapour q\ and air q;, are 
given by : 

During the convective drying of a slab of light con- 
crete, a drying front propagates from the surface to 
the centre; the porous medium being divided into 
two zones: a liquid zone and a vapour zone, where 
transport occurs only in the gaseous phase (Fig. 22). 

In the vapour zone, where ii, and i& are equal to 
zero, an arrangement of equations (Ad)-(A7) leads 
to : 

if the probiem is considered to be quasi stationary 
(without accumulating terms) the mass fluxes qa and 
q,, are constant in the vapour zone : 

q, = const. and qv = const. 

With a Liquid-gas interface, the non-miscibility of 
air in the liquid implies qa = 0. However, inside a 
porous material, this hypothesis is not so obvious, 
since it is necessary to consider what happens through- 
out the thickness of the liquid phase. If, firstly, the 
phenomenon is quasi-stationa~ and, secondly, the 
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FIG. 21. Theoretical drying of softwood with superheated steam: pressure at different drying times (1, 2, 
5, 7 h). 

temperatures and pressures are uniform, the mass flux 
of air is still equal to zero at the front position (see 

equations (A8), (A12) and (A15)). 
The general expression of the mass flux of vapour : 

4” = @” (48 + 4”) - &&VW” 

can be simplified and written as : 

(3) 

- ~g!ed’a 
qv=- l-w, 

in which DeR is the effective diffusivity and w, the mass 
fraction of vapour. 

By using the perfect gas law, and developing the 
gradient of mass fraction of vapour, we can then write : 

A convective term generated from the total pressure 
gradient induced by diffusion is therefore observed. 

In order to analyse this complex mechanism, it is 
necessary to study the variation of the pressure of the 
vapour within the slab and to examine the influence 
of permeability. 

The mass flux of vapour qv can be expressed by 
using a development of o, and VW, and introducing 
the Darcy law, in which Kg and vg are the intrinsic 
permeability and the gaseous viscosity : 

4” = - >VP,. 
“g 

By substituting new parameters : 

4 D&f” K* =< and D* = RT (7) 

q” can be written as follows : 

D*VP, 
4” = - 03) 
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FIG. 22. Schematization of the drying front hypothesis. 

A short discussion of the effect of the total pressure 
on the mass flux of vapour q” is of great interest. 

If K* >> f)* and qvz cc K*P,,, (this assumption 
depends on the order of magnitude of the thickness 
of the gaseous zone). This means that the mechanism 
is a pure diffusive one at constant pressure P,,,,, 

In this case, the mass flux of vapour q> given by 
equation (8) equals 4un defined as : the total pressure 
gradient vanishes in equation (5) and, the pressure 
equals the atmospheric one all over the medium 

DTP, 
4 “0 = 

] - ;+ 
‘ltm 

If K* >> D* only, we can suppose to a first ap- 
proximation that the local pressure gradient VP, is 
negligible without assuming that P, is constant 
everywhere. 

in the most general case, the value of the ratio, 

(I;i4vo, is then : 

P, 

q,,/q,,,, -c 1 is the consequence of the resistance to the 
barycentric movement of the gas through the vapour 
zone. 

of -the 

5.2. Integration in the gaseous zone 
To analyse the spatial variations of pressure P, in 

the thickness and to discuss the hypothesis made 
above, a model is developed based on the integration 
of the Darcy equation (6) for a fixed mass flux q, given 
by equation (8). 

The physical properties are assumed constant and 
calculated at a reference temperature of IW’C. 

The integration of (6), from the interface z = 0 

where P, = PL,,, to the front located at Z, gives : 

By substituting in equation (8) it becomes : 

D* .._ vp, + 1 + (D* _ K*) 

cl+ (p,,,~--y,J = O. (12) --... -* . 

The analytic solution of the differential equation 
can be written as : 

p, = Pm 

5.3. I~~ue~~~ @-the per~eab~~it~ on the transfer nwdes 
The integration makes it possible to calculate the 

pressure of vapour needed to evacuate a given mass 
flux of vapour. 
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Fto. 23. Vapour pressure profIles between the exchange 
surface and the drying front. (K = to-l3 m*, r,, = 7O”C, 
9” = 1 g met s-‘.) Curve C represents the total gaseous 
pressure. These curves do not apply beyond the drying front. 

The following figures (Figs. 23 and 24) show the 
variation of the vapour pressure with the position of 
the evaporation front for three values of the perme- 
ability: K, = lo-l3 m* and lo-l6 m2 and a mass 
flux of vapour qv = 10T3 kg mP2 s-l. 

The wet bulb temperature is constant and equal to 
70°C. 

The analytic model, marked (M) and represented 
by a continuous line, is compared to : 

l the pure diffusive model (marked (A)) for which 
K* >> D* and qvz cc K*P,,,; 

l the approximate model (marked (B)) for which 
K* >> D*. 

In this case, account is taken of the spatial variation 
on the total pressure through the thickness of the 
vapour zone, but the local total pressure is not con- 
sidered in the expression for the diffusive flux, 

l the variation of the total pressure according to 
Darcy’s law (marked (C)). 

Permeability $ = lo-I3 m2 (Fig. 23). At small 
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and front positlon rf (mm) 
e 

FIG. 24. Vapour pressure profiles between the exchange 
surface and the drying front. (K = 10ei6 rn’, T,,, = 7O”C, 
9- = 1 g m-* s-‘.J Curve C represents the total gaseous 
pressure. These curves do not apply beyond the drying front. 

front depths the curve (A) relating to a pure diffusive 
mode shows a steep increase. Then, as the vapour 
pressure draws nearer to the total pressure (straight 
line (C)), the pressure gradient decreases to finally 
become zero and reach a horizontal asymptote. This 
is a consequence of Fick’s law, not taking into account 
the fluid viscosity. 

With the help of the previous model, it can be seen 
that : 

l close to the interface, i.e. for total pressures in the 
vicinity of the atmospheric pressure, the curve (M) 
resulting from the model is identical to the pure 
diffusive curve (A). In this region, the vapour pressure 
gradient is higher than the total pressure gradient ; 

l for larger front depths, the effect of the total pres- 
sure gradient on the vapour pressure becomes more 
marked. The vapour pressure therefore draws closer 
to the total pressure and finally reaches it. 

At this moment, only pure vapour is present and 
the transfer mode is purely convective. It is interesting 
to note that the vapour pressure approaches the total 
pressure, due to the factor (P,VP,-P,VP,) which 
tends towards zero (equation (5)). 

Curve (B) indicates that the vapour pressure, given 
by the approximate model, is always below the total 
pressure. 

Permeub~~i~y rCr, = lo- I’m’. In this case the general 
shapes of the curves are completely different (Fig. 24). 
Near the interface, the vapour pressure gradient is 
lower than the total pressure gradient. Then, when the 
front moves inside the material, the partial pressure 
of air increases and the transfer mechanism is not 
modified. 

Permeability Kg = lo-l4 m2. It is interesting to 
follow the changes in the curves for intermediate per- 
meability, i.e. when the convection resistance increases 
fromK,= 10-‘3m2toK,=10-‘6m2. 

For Kg = IO-l4 m2, the pure diffusive mechanism, 
represented by curve (A), is unchanged, but the super- 
position of curves (M) and (A) occurs for smaller 
thicknesses than in case Kg = lo-l3 m2, owing to the 
very sharp increase of the total pressure. The decrease 
in permeability induces an increased resistance to the 
convective transport of vapour through the porous 
media. The vapour pressure reaches the total pressure 
for a larger front depth. A wider separation is also 
observed between curves (M) and (B). 

5.4. Dimensionless graphs 
The previous results can be presented in a dimen- 

sionless form, which involves drawing a synthetic 
graph. The dimensionless variables are as follows : 

of total pressure 

atmospheric pressure 

diffusive resistance 

Consequently the analytic model takes the form : 
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P, = P:,t,(z*+t)-P:,r (Z*+l)’ H (14) 

and the Darcy law can be written as : 

Pg = P,,,(z* + 1). (15) 

Figure 25 represents the variation of vapour press- 
ure within the material as a function of the reduced 
depth Z*, for ditrerent values of the coefficient B. 

It can be seen that the pressure variations obey 
Darcy’s linear law more rapidly when B is high. The 
main interest of the graph is to provide a set of curves 
enabling the phenomena to be studied for different 
values of the parameters. 

5.5 Comparison between cxperimmts and theory 

For a given value of the mass flux of vapour y, the 
analytical model enables calculation of the vapour 
pressure at the front (PYi-) vs its position 3,. 

Since the high permeability of the porous media 
used (light concrete Kg = IO- ” m’) prevented press- 
ure measurements, only temperature values can be 
considered. 

Assuming lOed thermodynamic equilibrium at the 
front, it is possible to link the vapour pressure at the 
front Phi- to the temperature at the same point using 
the following relation : 

P,, = exp 
i 

X5058- :?2$!! 
t > 

(16) 

Therefore, for a given value of mass flux of vapour 
yy, the analytical model expressed by equations (13) 
and ( 16) relates the front temperature T!. to its location I,.. 

On the other hand, a simpIi~ed enthalpy balance 
(sensible heat requirements being neglected) gives a 
second relation between TV and zl.. 

This balance takes the form : 

in which h and ,? are experimentally evaluated in ref. 

USI. 
For a given value of the mass flux of vapour A. the 

solution of the two equations (( IS>-f 16) and ( 17)) 
permits the determmation of the two unknown vari- 
ables : Tr and +. 

Assuming the variation of the mass flux of vapour 
with time during drying to be known. the variation 
with time of T&t) and zr(t) can be deduced and com- 
pared to the experimental results. The variation with 
time of y, is obtained by derivation of the curve rcprc- 
senting the weight loss of the slab vs time. 

The curves T,.(t) are plotted in Fig. 26 which shows 
the variation with time of the tcnlp~~dtur~s of five 
thermocouples: three located in the median plan of 
the slab and at different depths (TS - ? mm. T4 = 7.5 
mm and T3 = I5 mm) and two located at 10 mm from 
the front (Tl) and the rear (TX) ends of the slab. 

Excellent overall agreement can be seen between 
the calculated and experimental temperatures of the 
front. In both cases a marked plateau at 86 C is first 
o bservcd 

However, certain differences are observed with 
respect to the variations with time. 

Thus. 220 min after the beginning of the drying 
process, a sharp increase in temperature is recorded 
on thermocouple (T3) at the centrc of the slab. appar- 
ently indicating that at this moment the front depth 
is 15 mm from the surface. the whole materiat being 
in the hygroscopic range, 

In contrast. the calculated temperature does not 
show the same variations as the experimental values. 
In effect. the analytical relation assumes the existence 
of a front whose position zV tends towards infinity 
when the mass flux of vapour approaches zero. 

From equations (14). (16) and (I 7) it can be demon- 
strated that the front temperature reaches a finite 
limit when the position zr tends towards infinity. This 
limit explains the asymptote observed on the tem- 
perature calculated from the analytical model. 

Assuming that the sharp temperature increase cor- 
responds to the passage of the front. Table 1 has been 
drawn up comparing the experimental positions of 
the front to those calculated from the model based on 
the experimental mass flux of vapour. 

FIG. 25. Dimensionless graph of combined diffusive and 
convective vapour transport. 

7” -1 t 
0 25 -50 75 iw 

Front posrtion zf imm) 

Fro. 26. Comparison between calculated and experimental 
temperatures. 



Advances in transport phenomena during convective drying 2743 

Table 1. 

Time 
(min) 

Position given 
Experimental front position by the model 

(zr) (Zf) 

95 2 11 
160 1.5 23 
220 15 43 

It can be seen that the positions are very different. 
This is due to the distributions of moisture content 
within the slab during the drying process. As shown 
by the tem~ratur~time curves, the ends of the slab 
(Tl and TX) dry faster than the middle part. This is 
the consequence of a higher heat transfer coefficient 
at the extremities, together with two-dimensional 
transfer at the periphery of the slab. 

Thus, at the end of drying, only the central region 
of the slab is wet. By assuming the total mass flux of 
vapour to be distributed over the whole exchange 
surface, an overestimated local mass ffux is therefore 
introduced into the analytical model. 

Figure 27 shows the variations in temperature with 
front position, on which the results deduced from the 
enthalpy balance have been su~rimpos~. 

The figure clearly shows that the limiting tem- 
perature is due to the decrease of the mass flux of 
vapour when the front moves towards the centre of 
the slab. 

6. CONCLUSION 

High temperature convective drying has been anal- 
ysed in three different ways, for two kinds of fluid 
(superheated steam and moist air) and two different 
materials (light concrete and softwood). 

First, the experimental investigation used a wind 
tunnel and a new type of sensor which enables airtight 
measurements of both temperature and pressure at 
the same point within the medium. 

Next, each experiment was simulated with the aid 
of a numerical model based on a very comprehensive 
formulation of heat and mass transfer in porous 

6 

FIG. 27. Centre temperature vs front position. Note the 
decrease of drying rate as the front position increases. 

media. The model ran in 1-D for concrete and in 2-D 
for softwood, a strongly anisotropic medium. 

Thirdly, a simplified analytic model, based on the 
concept of a drying front, points out how the vapour 
migration varies (diffusive, convective or both) vs the 
temperature and the properties of the medium. 

As these three different approaches are in good 
agreement, very general conclusions can be drawn 
from this work. As a main result, we note that, gener- 
ally, the process can be divided into three periods : 

l an initial period, where the medium is at the wet 
bulb temperature ; 

l a second phase, with a stage more or less pro- 
nounced at a temperature which depends on the 
material. It is of course between the wet and the dry 
bulb temperatures ; 

l a final stage, during which all temperatures 
approach the dry bulb temperature. 

Finally, an important point emerges from this 
study: the boiling point of water is rarely a tem- 
perature which results from an equilibrium between 
heat and mass transfers within the porous medium. 

Indeed, for low permeable media, the temperature 
during the second period is greater than lOO”C, while 
for media with a high vapour diffusivity, the latter is 
below 100°C (about 85°C for light concrete). 

Nevertheless, large stages at the boiling point have 
often been observed in the literature. 

Explanations for this do exist : 

l for superheated steam, the wet bulb temperature 
equals the boiling point and the first drying period 
occurs at 100°C. Moreover, the temperature at the 
centre remains at this level during all the second drying 
period for media with high vapour diffusivity. In this 
case, the temperature which would result from the 
properties of the medium is actually hidden by a too 
high value of the wet bulb temperature ; 

l when the permeability of the medium is low and 
when there is a leak from the sensor, there will be local 
boiling and an artificial stage at the boiling point 
appears during the second drying period. This 
phenomenon occurs for both superheated steam and 
moist air. 
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APPENDIX 1: FORMULATION AND 
BOUNDARY CONDITIONS 

The set of equations governing heat, mass and momentum 
transfers in granular or hygroscopic porous media has been 
derived elsewhere [lo. 11, 131. Details of the developments 
and assumptions are available in these papers. The aim of 
this appendix is to describe precisely the physics simulated 
by the numerical code. 

All the quantities used in the equations are averaged over 
the REV (Representative Elementary Volume, ye). The aver- 
aged quantities are defined as : 

d I _ for the spatial average (Al) 

and 

$‘=+.I $ d? for the intrinsic phase average. (A?) 

The porous medium is made up of three or four phases 
(s = solid. 1 = liquid, g = gaseous and, eventually, b = 
bound water). In the following equations, a bold letter 
denotes a vector and a sign = denotes an order 2 tensor. The 
apparent density of the porous media p. is defined by : 

I’(, = Pq. 

Mass conservation equutions : 

liquid phase 

c?e, ‘\ ,), mFt +v . (p,u,) = - (??I,~ 

gaseous phase 

CP, 
or +V.(p:U,) = (tiji(t%) 

vapour only 

a/?, 
~~~+v~(p,pu,) = (ti)+(&) 

bound water (case of wood) 

ClPh 
;!;m +v* (&Iii) = -(&i. 

Transport rquutions : 

Generalized Darcy’s law 

(Ai) 

rA4) 

(AS) 

(A61 

(A7) 

9 e 

fi, = _ K,.k!v(I’;) 
PI 

with 

P,’ =&P, 

bound water diffusion 

(A9) 

(AlO) 

&$;: --$o”V 9 E h 
0 

(??\I 1) 
P< 

gaseous diffusion 

p:u, = /?:ti,-&,,v ;g 
ij 

(Al21 

Energy consert~ation : 
The enthalpy balance 

~$&)+V.(puh) = V*(x<,rVT) (Al3) 

gives the equation governing the temperature : 

i,(.,~~+A/f,ccri~)+(lilh))+/2,(lil~)-jihllLV(h~) 
c 

+ 
I 

(p,ii,+p,u,)C,,+ c (P,gU,C‘pr) .vr 
,=,1\, 1 

=: V~&,VT). (A14) 

Boundary conditions : 
On a plane of symmetry. the fluxes of energy, moisture and 
dry sir. equal zero : 

[,?cffvp+mha + (p&i, + j?hU;)Ah,] *n = 0 

[p,ii,+/i$ii, +PhUh]*n = 0 

ii, *n = 0. (Al5) 

On a convective surface, the total pressure of the gaseous 
phase equals the atmospheric pressure and heat and mass 
transfer come from exchange coefficients : 

Pi = P,, n, 

(As) 

2.2 

(Al6) 

A corrective factor appears in the expression of mass flux. 
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This term, which comes from the film theory, tends to infinity 
in the case of pure vapour : at this moment, the resistance to 
external moisture transfer equals zero. In the simulation, the 
corrective factor has been limited to 11. This is enough to 
obtain with great accuracy the real boundary condition that 
undergoes in this case : 

F_! = Pam. (A17) 

APPENDIX 2 : PHYSICAL CHARACTERISTICS 
USED IN THE SIMULATION 

The set of equations described in Appendix 1, the perfect 
gases law and the ~sumption of local the~odyn~ic equi- 
librium leads to a description of the porous medium by three 
state variables and three coupled and non-linear differential 
equations. The numerical method is described in other papers 
[&lo, 131. The physical characteristics used in the simu- 
lations are listed below : 

T is the local temperature (“C) : T = p (Tk is the tem- 
perature in K) ; 

Xis the moisture content : X = 
&IPl+bv+Pb. 

P is the pressure of the gaseous pha$Pa) : P = FE. 

1. Light concrete 
Remark: for this medium, use is made of results con- 

cerning liquid migration for steady state experiments [16]. 
The liquid migration coefficient, named Q, defined in this 
way is connected to the capillary pressure by the following 
equation: 

6.6 Q 
po’& = PI------ --z 

fll ax’ 

Porosity : II = 0.80. 
Density of the solid matrix: p. = 500 (kg mv3). 
Instrinsic permeability : K = IO- ” (mm*). 
Irreducible moisture content : Xi,, = 0.30. 
Heat capacity: pC, = p&340+4185X) (J kg-’ Y--I). 

Vapour pressure : 

P” = P”, when X >, 0.07 

pv x X 
P=-x 2-- ys 0.07 [ I 0.07 

when X < 0.07. 

Relative permeabilities : 

k,,=X3 withX=2 
SB, ITT 

k, = 1+(2X*-3)X*‘. 

Liquid migration coefficient: log&, *a,,) = 2 a,x’ 
i=o 

a0 = -10.5; a, = 30.54; a2 = -70.75; a3 = 83.97; 

a4 = -49.92; a, = 11.88. 

Gaseous diffusion : II,, = 0.2 x D, 
(0” is the mass diffusivity of vapour in air). 
Thermal conductivity : 2 = 0.142+0.46X (W m- ’ “C- ‘). 

2. Softwood 
All the experiments have been carried out with a light 

softwood (Abies grandis). Its density is lower than Spruce : 
the permeabilities chosen here are higher than those used in 
the previous paper [IO]. Moreover, some problems on relative 
permeabilities were pointed out in the same paper. Conse- 
quently, the relative permeability curves are quite different 
too (Fig. Al) : 

In the transverse direction, they have to be lower in the 
domain of low moisture content. 

In the longitudinal direction, most of the liquid flux comes 
from the effect of gaseous pressure rather than from the 
capillary action. This is very close to the experiments of 
relative permeabilities carried out by Teroso et al. [Ii’]. The 
new curves have been chosen in order to fit the experimental 
results available in the domain of high moisture content. 

Porosity : ll = 0.733. 
Density of the solid matrix : p. = 400 (kg m- ‘). 
Heat capacity : 

pC, = p,,(ll13+4.85T+4185X)(Jkg-‘°C-‘). 

Vapour pressure : 

P, = P,, exp [(-3.3527-0.01328T+23.63~ IO-’ T*) 

x(0.8487-67.4x 10-s T)‘=]. 

Bound and free water : X = X,+X, 
where X, = min(X,, X) and X,, = 0.325 -0.001 T (at full 
saturatton, X,, = X,,+ X&. 
Capillary pressure: PC = 1.364 x 10sa(X,+ 1.2 x 10e4). 

Transverse direction (T) : 
Intrinsic permeability : 

l for liquid: K = 5 x lo-l6 (m’); 
l for gas (with pits aspiration) : K = lo-l6 (m”). 

RELATIVE PEAMBABILR’Y 

t,oo 
Liquid permeabilities 

fatter TESORO et al.) 

0,~ 
0,oo 0,50 l,oo 

SATURATION 

Fro. Al. Relative permeability curves used for softwood in the simulation. 
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Relative permeabilities : k,, = X* ’ with X* = p-- 
liil, 

k,, = 1+(2x*-3)X*‘. 

Gaseous diffusion : D,, = IO-- ’ x D, 
(D, is the mass diffusivity of vapour in air). 
Thermal conductivity (W m I ‘C I) : 

x 2 0.4, Am = (0.65~1~~+0.0932) 

x (I + 3.65 x 10 ~~)(0.986~2.69~~~) 

.r < 0.4, i”& = (0.129-0.049X)(1 +(2.05+4X)x lo- ‘T) 

x (0.986-+2.695X). 

Bound water diffusion : 

& = exp 
[ 

-9.9+9.8X-F (T,inKelvin). 1 
~Qngitudi~ai direction (L) : 
Intrinsic ~~eability : 

e for hquid : K = 5 x IO- ” (m’) : 
l for gas (with pits aspiration): K = iO-13 (ml). 

Relative permeabilities: X-,, = X*” with .Y* = $l- 
1,211 

li, = I +(4X*-5)X*?. 

Gaseous diffusion : D,,(L) = 20 x D,,(T) 
(D, is the mass diffusivity of vapour in air). 
Thermal conductivity (W mm ’ ‘C- ‘) : i.,,(L) = 2 x j&T). 
Bound water diffusion : D,(L) = DJT). 

APPENDIX 3: SUMMARY OF ALL TESTS 
AND RUNS 

_-~ -..... 

Experimental tests 

Dry-bulb Wet-bulb Air tlow .Y,,,! 
Medium Test ( 0 (‘C-1 Ims ‘) r?,b) 

1 140 % 100 6 YO 
Light concrete 2 11s X5 4 100 

3 160 70 I 0 108 

4 160 2100 10 165 
Softwood 5 11s X3 5 180 

6 140 X:! 7 I40 

Numerical runs 

Dry-bulb Wet-bulb transfer ,\,,,, 
Medium Run (’ C) (‘Cl (Wm-:“C ‘) (%I) 

1 140 9X 30 YO 
Light concrete 2 11.5 85 2s IO0 

3 I60 70 35 110 

4 160 YX 30 170 
Softwood 5 li5 X2 20 18U 

6 140 82 25 140 
__. ___. _-_-_- ..--.... ~~_ _ _ _-- 

Remark: With the aid of an enthulpy balance, the heat 
transfer coefficient is deduced from the maximal drying rate 
obtained during the experiment. For a similar velocity, the 
latter is a little smaller for softwood than for aerated 
concrete. In fact, the slabs ofconcrete (0.6 m long) are smaller 
than the boards (1 m long): the decrease of the transfer 
coefficient along the air flux causes the average exchange to 
be smaller for longer geometries. 


