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This experimental study examines 2-0 efsects on long plate drying due to heat and 
moisture transfer through boundary layers and porous medium interaction. Many inno- 
vative techniques are used to measure accurately boundary layers (velocity, temperature, 
moisture), the wall surface (infrared sensors for temperature and moisture), and the 
medium (water content). Gradual decrease in surface saturation measured for several 
kinds of materials shows that their behavior is more complex than described by the 
Suzuki- Maeda model, which does not predict the mass exchange sufficiently. Based on 
the analysis of the transfer between the surrounding air and the porous medium at the 
scale of the pore on a rough surface, a flow classification is defined and other character- 
istics are proposed. The drying rate depends on the mass-transfer coefficient, which 
varies along the plate with the air flow. The study of boundary layers gives the corre- 
sponding profiles with an acceptable accuracy. The laminar-to-turbulent transition in- 
creases mass-transfer rates resulting in two drying fronts. The difsusive model proposed 
here predicts a gradual change in the drying rate along the plate similar to the experi- 
mental one. 

Introduction 
In convective industrial driers the products in question are 

generally stacked, allowing the free circulation of hot air (Ro- 
sen, 1987). In this kind of drying, the manufacturer has to 
regulate the air properties to limit the deformation of the 
material, such as warping, and to take into account the dry- 
ing rate along the stack. The properties of exchange between 
the air and the material are determined from the internal 
state of the porous medium and the constitutive boundary 
layers around the pieces. In many driers, flat objects such as 
wood planks, tiles, clay, and plaster plates are laid along the 
flow and stacked on one or several levels. In this study, we 
will examine such a case of a porous plate along which an air 
stream is directed. The drying rate during the time is related 
to gradients across the plate (moisture, temperature, etc.) that 
depend on boundary layers (velocity, temperature, concentra- 
tion) above the plate caused by viscosity effect and heat and 
mass-transfer diffusion. 

Most of the drying studies, simulation models, or experi- 
mental drying rates are relative to one-dimensional transfer. 
The transfer coefficients at the plate surface are taken as 

constant. Some articles examine two-dimensional (2-D) plank 
drying induced by wood heterogeneity with constant transfer 
coefficients (Ouelhazi et al., 1992; Perre and Moyne, 1991) 
and less often a 2-D effect caused by variable transfer coeffi- 
cients (Prat, 1991; Langrisch et al., 1992). 

Many drying simulation models express all the physical 
properties of the medium: capillarity, vapor diffusion, ad- 
sorption, pressure effects, the simultaneous flowing of gas and 
liquid (Whitaker, 1980; Stanish et al., 1986; Ben Nasrallah 
and PerrC, 1988; Ilic and Turner, 1989; PerrC and Degio- 
vanni, 1990). These models need some physical parameters, 
which are either difficult to obtain or acquired from ques- 
tionable experiments. One can quote, for example, the rela- 
tive permeabilities and the capillary pressure as functions of 
saturation (Da’ian, 1992). These exhaustive simulation models 
are valuable tools for understanding this type of phe- 
nomenon, but they are too complex to optimize the per- 
formance of a drier. Other models, however, such as the 
diffusive ones (Crank, 1975; Toei’, 1980), are more suitable 
for this purpose. All the simulations, obtained with constant 
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transfer coefficients at the external surface, show a strictly 
constant rate during the funicular capillary period, at which 
time the liquid flow rises to the free surface through a porous 
net. This is followed by a second period (the pendular pe- 
riod), which occurs after a sharp transition called the critical 
point. Some authors (Van Brakel, 1980; Kaviany and Mittal, 
1987) suggest a transition period between the funicular pe- 
riod of constant drying rate (PCDR) and the pendular period 
of decreasing drying rate (PDDR), defined by a decreasing of 
the wet surface area. The surface state, not well known dur- 
ing the first period, determines the mass-transfer coefficients. 
It depends on the distribution of wet patches and boundary 
layers. 

To better understand the surface phenomenon between 
these two characteristic periods, an experimental drying study 
on a porous plate in an environment of controlled air flow 
was carried out. In this investigation, we have used many 
innovative techniques to obtain very detailed measurements 
of the boundary layers, the porous medium, and most im- 
portantly the characteristics of the surface state. The chosen 
material as a representative of capillary-porous medium, 
nonhygroscopic or baraly, was a special light brick that offers 
a very good established PCDR. 

Partially Wetted Surface Model 
Suzuki - Maeda model 

Suzuki-Maeda (S.M.) (1968) studied the mass transfer from 
an ideal smooth surface wetted in discontinuous periodic 
patches. The model consists of a 2-D diffusion equation in a 
boundary layer, which when fully developed leads to an ana- 
lytic solution, assuming a linear velocity profile. The dimen- 
sionless number which governs the problem is N = 

Dd/ [  S2u( S)], where u( 8) is the velocity at the distance 8 of 
the wall, which is the thickness of the mass boundary layer. 

The relative mass-transfer coefficient k/k,  ( k ,  for contin- 
uous wetting) is a function of this number N and the percent- 
age of the wetted surface 0 (Figure 1). When N <( 1 (or d/S 
<< 11, the wet patch distribution has no influence at all on 
the mass transfer, nor does it have an influence on the drying 
rate. 

Medium porosity and surface roughness 
The S.M. model is simplified in regard to the real transfers 

between a porous medium and the surrounding boundary 
layers. The surface state of industrial materials that undergo 
drying are rarely smooth, and the surface roughness is a fac- 
tor that produces an increase in the transfers. Industrial heat 
and mass exchangers are designed with regular turbulence 
promoters as ribs or steaks (fillets) (Krukreja et al., 1993), 
and for such cases the surface roughness can be defined by 
the geometry of these surface shapes. Materials for building, 
such as brick and perpend, do not offer similar obvious char- 
acteristics, and as a result some lengths have to be defined 
using statistical properties of the surface. The statistical anal- 
ysis of the surface, that is, the roughness distribution, allows 
us to define a “representative surface cavity” of diameter a 
and deepness E (Figure 2). For the glass beads frequently 
used in laboratories the roughness can be defined by a single 
parameter (a = E )  equal to the diameter of the mean bead. 

Figure 1. Suzuki-Maeda model. 
Relative mass-transfer coefficient k/k,, vs. percentage of 
wetted surface. N = D d / ( d z u ( d ) ) ,  parameter. 

The relation between the medium porosity and the surface 
roughness depends upon the manufacturing process. For ex- 
ample, ceramic burning creates glazed surfaces when the 
interior of the material remains porous. The porosity of a 
material is described by its pore distribution, measured with 
instruments such as a mercury porosimeter, from which we 
can define a representative diameter d or a range of diarne- 
ters d,,  d,  of pores. Finally, all of these lengths have to be 
compared with the thickness of the boundary layer in vapor 
concentration 8,. 

Dimensionless numbers that govern the mass transfer 
Let us consider the general case of convective transfers 

above industrial capillary porous material with a rough sur- 
face. During the drying, at the end of the PCDR, the surface 
is not completely wetted and we have to consider a wet sur- 
face area decreasing when the capillary forces draw liquid 
toward the surface through the most narrow pores of the 
medium. 

The mass transfer is determined from the boundary layers 
(velocity and vapor concentration), the pore distribution of 
the porous medium, and the state of the rough surface. We 
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Figure 2. General surface state. 
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will now attempt to define mathematical criteria to classify 
these phenomena using transfer equations. 

As local flow over a surface cavity can be three-dimen- 
sional and time-dependent, the constituent equations of con- 
servation of mass, movement, and concentration are 

at ax ay az 

au au au 
- + u - ~ + - + w -  

ac ac ac ac 
at ax a y  az 

-4-u- + v- i- w- 

These equations can be the model of laminar or turbulent 
boundary layers, with appropriate coefficients p and D, 
molecular or equivalent for the turbulence. 

The scaling method (Bejan, 1984) consists of using refer- 
ence parameters to compare the order of magnitude of each 
term in the equations. Following S.M., if we consider only 
the steady terms, the scales are u(S,), for u, 8, for y ,  d pore 
or wet patch diameter for x ,  Cref = C ( y  = 0)-C(y = 6,) for 
c. 

Equation 1 leads to (u/d)  - (+/a,) and Eq. 3 shows the or- 
der of the convective term (first member): (u/d)Cref and of 
the diffusive term (second member) D(Cre f /8~) .  

The ratio of the diffusive/convective fluxes leads to the first 
number of the problem: 

When the diffusive flux is negligible in relation to the convec- 
tive flux ( N  << 11, the wet patch discontinuity has no influ- 
ence on the mass transfer. According to experimental data, 
this number is stated as the ratio d/S,. Van Brake1 (1980) 
uses X-rays to measure the moisture of a glass-bead layer, 
and shows that the water content of the surface decreases 
regularly during the first period of constant drying rate, but 
when u(8,) is fixed very high, 8, decreases, and the drying 
rate becomes a sloped straight line. 

The effect of the surface roughness must be examined at 
the scale of the microscopic cavities. The nature of the local 
flow is a function of a characteristic Reynolds number, Re. 
For example, following the wake evolution behind a cylinder, 
one can write: 

For Re < 1, the streamlines of the laminar flow follow 
the surface geometry. 

For Re > Recr, the flow is established in a pseudoturbu- 
lent manner, and a turbulent diffusivity operates instead of 
the molecular diffusivity. Determination of the value of the 
critical number Recr needs special experimental studies 
(Puzach, 1992). 

For 1 < Re < Recr, the time-dependent eddy governs the 
transfer. A swirl sweeps the cavity and is periodically ejected 
into the boundary layer (Townes and Sabersky, 1966). This 
flow structure improves the mass transfer, and consequently 
a time-dependent convective transfer occurs instead of a 
steady diffusive one. 

First we need to define a characteristic velocity for the cav- 
ity flow of depth E << 8,. The velocity of the sublayer can be 
expressed from the wall shear stress T,,, = p( au/dy), as uref 
= T , , ( E / ~ ) .  This velocity is linked to the shear flow velocity 
u * = as uref = u: ( PE/P), thus Rref = (uref E/v) ,  and 
Reref = Re: , where Re * or Reref is suitable for characterizing 
the air flow in the cavity. 

Let us focus now on the time-dependent flow in the repre- 
sentative cavity defined by the two lengths, E ,  a. When 1 < 
Reref < Recr, this flow inside the cavity is described by the 
Navier-Stokes equations, Eq. 2, where we assume that the 
inertial term is equivalent to the time-dependent term that is, 
(du/dt)  = u(au/dx). The scaling is written as (du/dt)  = urefiz, 
and u(du/ax) = (ufef/a>, which gives uIef = an, where n is 
the order of the frequency of the swirl ejection. 

Next, we have to compare the size of the cavity a with the 
representative pore diameter d. The ratio d/a should be a 
characteristic number of the problem. When a and d are of 
the same order of magnitude, which is generally the case for 
rough surfaces, the scale length in the flow direction x is a. 
If we compare the diffusive transfer (D(d2C/dx2)) to the 
convective time dependent one (dC /d t ) ,  we obtain the num- 
ber 

D N =- 
* a 2 n  

Defining n and uref ,  this number becomes 

E 
N,=-  

ScRet a ’ 

where Sc is the Schmidt number, u/D. For N ,  <<1 (large 
values of Re.), the convective transfer in the cavity is pre- 
dominant over the diffusive one. For N ,  >> 1 (small values of 
Re * ), the convective transfer in the cavity is negligible and 
the surface behaves as a perfectly smooth one. 

It is obvious that the roughness increases the wall friction, 
but this does not always mean that the wall friction increases 
with the height (or diameter) of the rough elements. We must 
keep in mind that E << S,, that is, the rough elements are 
present in the sublaminar layer. This property is illustrated in 
the article by Tao and Kaviany (1991). These authors studied 
mass transfer above a partially wetted surface composed of 
horizontal cylinders of diameter d that are not in contact. 
The thickness of concentration and velocity boundary layers 
have almost the same value. As expected, it is found (Figure 
3) that the drying rate of the first period is greater when the 
velocity is high, but for fixed velocity and surface saturation, 
the drying rate decreases when the diameter of the cylinders 
increases. Moreover, in one case, this rate is greater with a 
reduced wet surface area than with a continuously smooth 
wetted one. These results can be interpreted with regard to 
the ratio of the cylinder diameter ( d )  to the mean boundary 
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Figure 3. Drying rate from a two-dimensional partially 
covered liquid surface. 
From Tao and Kaviany (1991). Abscissa S is a surface satu- 
ration; estimated 6 (u, = 1.5 m p )  = 0.53 cm and S (u, = 0.56 
m/s) = 0.87 cm; d = 0 is the case of a perfectly flat and wet 
surface. 

layer thickness (8J.  The rapidly decreasing rate with surface 
saturation is obtained for d/S, =0.6 (the boundary layer 
thickness is estimated). The best rate improvement is ob- 
tained for d/S, E 0.06. In the latter case, it is thought that the 
disturbance of the sublayer caused by the cylinders increases 
the wall friction and thus the mass transfer. When d/6, is 
high ( = l), the wall disturbance does not affect only the wall 
friction, but the entire boundary layer. For high values of this 
ratio, which are associated with the flow condition at Re,, < 
1, the streamlines follow a waving pattern along the surface. 

We conclude in this section that the mass transfer above a 
rough surface of a porous material must be characterized with 
several numbers. For the more general case where the two 
lengths of the surface roughness a ,  E are of the same order 
of magnitude, the transfer problem is explained using the fol- 
lowing numbers: 

The mass transfer increases when N decreases or Re, in- 
creases. It can be assumed that the decreasing of the wet 
surface area does not affect the drying rate when N or d/Sc 
is low (S.M. model), or Re * is high (turbulent diffusion or air 
sweeping in the cavities), or d/a is low. 

Some experiments carried out on various materials, each 
of which has a particular behavior, confirm these proposi- 
tions. The samples used for experiments, such as slabs of sin- 
tered bronze balls used for filtration, baked-earth pavement, 
or special light brick for pavement, come from the building 
materials industry. 

Some special surfaces are excluded from this analysis. The 
dimensions of the surface cavities are in the range of a -=x 6 
and a = E .  For deep cavities ( E  >> a) ,  the transfer mecha- 
nism would be different. In the lower part of the cavity, the 
vapor diffusion remains the most important transfer force. 
For very latge cavities ( a  >> E ) ,  the flow does not have the 
pattern of a swirl, and therefore the transfer properties are 
different (Perry et al., 1969). 

Experimental Support and Metrology 
The two parts of this study-the decreasing of the wet sur- 

face area and the drying development along the plate-are 
carried out using the same experimental setup. The plates of 
material that will undergo drying have been previously satu- 
rated with water in a vacuum chamber and laid on the axis of 
a wind tunnel where the velocity, temperature, and moisture 
of the air are regulated. The boundary layers defined by these 
three parameters expand from the round leading edge (Fig- 
ure 4). 

Boundary layer metrology 
The velocity is obtained from the hot wire anemometry. 

The wire (5 p m  diameter) is kept at a constant temperature 
and the calibration coefficients, which are dependent on the 
temperature, are taken from specific experiments. The tem- 
perature is obtained from the cold wire anemometry. The wire 
is subjected to a constant intensity and the electronic regula- 
tion corrects the velocity variations. A specific calibration is 
required. The moisture content is obtained from a capaci- 
tance-type instrument whose sensor is a thinly coated ele- 
mentary area (1 cm x 1 cm; 0.3 mm thickness) directed in the 
air flow. The calibration is carried out in salt solution atmo- 
spheres. All the sensors are fixed on moving systems (1/50 
mm accuracy). 

Surface metrology 
The surface temperature is obtained from an infrared radi- 

ation sensor (wavelength 8-14 pm). The emissivity factor of 

r 

I I I I I I 

Figure 4. Area of measurement in the wind tunnel. 
a, Boundary-layer metrology, hot and cold anemometry ca- 
pacitance sensors; b, surface metrology, infrared tempera- 
ture and moisture; c, weighing of samples; d, moisture of 
the brick plate; x1 = 0.25 m, x2 = 0.73 m. 
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the brick surface is deduced from comparison with a thermo- 
couple on a specific experiment. The sensing head is fixed at 
the tunnel wall and receives the radiation through a hole. 
The area of measurement is about 2 cm in diameter. An elec- 
tronic module delivers a linear output signal. 

The surface moisture is obtained from a near-infrared pho- 
tometric analyzer. The device compares the intensity of two 
reflected radiations, the first one (1.94 pm), as a reference, is 
slightly absorbed by water, and the second one, as a measure 
(1.80 pm), is widely absorbed. The output signal is a linear 
function of the surface moisture. The calibration requires two 
reference states, such as the dry state and the completely wet 
state. The interpretation of this type of measurement raises 
certain questions (Bowman et al., 1985). The emitted radia- 
tion is diffused mainly along the rough surface and secondar- 
ily through the pores of a thin surface layer. The area of 
measurement has a diameter of about 4 cm. The detector 
delivers an output signal linearized following the function A 
+ B ln(Zr/Im), where Z is the received radiation for the ref- 
erence wavelength ( r ) ,  and for the measure wavelength (m) .  
This analytic form is founded on a simple reflective model 
and on some experimental calibrations (Schwartzberg, 1977). 

When the area of measurement is moving on the surface 
plate, one observes important variations of the output signal, 
related to the surface heterogeneities of the medium. The 
reflected radiation varies with the structure of a surface layer 
of some wavelengths. For example, when one experiments 
with paper, it is shown that the acting layer consists of 2 or 3 
sheets of paper. To avoid this difficulty, the signal is always 
relative to the same place and to a specific calibration de- 
fined by the saturation state. Following this method, the 
measurement can be reproduced and has an accuracy of 5%. 

Drying rate 
Two samples (10 cm large in the flow direction X 20 cm in 

the normal direction X 4 cm thickness) included in the drying 
floor (mean abscissas from leading edge x1 = 0.26 m and x2 
= 0.73 m) can be continuously weighed on an electronic scale 
connected to the P.C. The drying rate is deduced from a sta- 
tistical treatment of the data. 

Moisture of the brick floor 
The water content of the brick is obtained from resistivity 

measurements taken between needles stuck in the brick (1 
cm deep, spaced every 1 to 4 cm). The resistivity between two 
needles is related to water content through a calibration car- 
ried out on samples kept at uniform moisture. The output 
signal is linear where X < 20% and depends on temperature. 
We consider that the measurement is rather that of the maxi- 
mum than the mean moisture content in a 1-cm-thick layer 
under the surface. If we notice that the half-plate thickness is 
2 cm (the drying is symmetrical above and below the floor), 
the measurement is a good approximation of the water con- 
tent of the plate thickness. 

Decrease of the Wet Surface Area 
The simultaneous measurement of the drying rate, temper- 

ature, and moisture surface allows us to examine the de- 
crease in the wet surface area and its influence on the mass- 

0 0.05 
I , I I 

Figure 5. Drying of a sintered bronze balls plate. 
d = 600 pm; T, = 50°C; $a = 0.14; U = 2.1 m/s; e = 4.5 mm; 
x = xl; 6, = 7 mm; 6, = 4 mm. A, drying rate; B, surface 
temperature; C, moisture surface. 

transfer coefficient. We examine this behavior during the dry- 
ing of the three chosen materials. 

The slab of sintered bronze balls is an industrial material 
used for filtration, which has a simple geometry well known 
for capillary effects. The wetted sample is laid within the test 
board in the axis of the channel where it undergoes drying. 
We observe a continuous decrease in the wet surface area 
(Figures 5 and 6) during the first period where there is a 
constant drying rate. As predicted, the temperature does not 
vary from the wet bulb value. The period that shows a de- 
crease in the drying rate begins when the surface moisture is 
very low. For this material, the characteristic numbers are 
the following: a small value of 7~ for N (d/6,  = 0.151, 

Figure 6. Drying of a sintered bronze balls plate. 
Photography of the surface state. d balls = 600 pm; x = 

6.2%; Xsurf = 19% where the surface is close to the dry state. 
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relative volume o,20 % 

porous radius (pm) 
Figure 9. Pore distribution of the light brick obtained 

with a mercury porosimeter. 
Weight of the sample: 0.4 g. 

Figure 7. Drying of a baked-earth pavement plate. 
Scale of photography: needle diameter 0.6 mm. Thc distri- 
bution of the wet patchcs is regular and gives an order of 
magnitude of the pore sizes. 

but a high value of 4 for Re * .  The S.M. model cannot explain 
why the partially wetted surface has no effect on the drying 
rate. Thc influence of the roughness through Re, is the key 
to the interpretation of the PCDR. 

The second material is baked-earth pavement. The surface 
state is smooth and the pores are closely distributed around 
the 10-pm value (Figure 7). The drying results are similar to 
the previous ones, but we notice a significant difference when 
we compare the surface moisture curves (Figure 8). The sur- 
face moisture decreases continuously during the PCDR, and 
the PDDR begins when the surface moisture is high. The 
mean value d/S, along the sample is evaluated as 2.5 X 

c 
-50 

I 

0 

(I 
r 

A B C  
0.05 0.10 0.15 X - 

I 

0 

(I 
r 

A B 1. 
0 0 5  0.10 0.15 X - 

Figure 8. Drying of a baked-earth pavement plate. 
To = 50°C; +a = 0.14; U = 4.6 m/s; e = 1.5 cm; d = 10 pm;  x 
= x,; 6, = 7 mm; 6, = 4 mm. A, drying rate; B, surface tem- 
perature; C, surface moisture. 

( N  = 0.8 X lo-'), which is more favorable for the transfer than 
the previous case. On the other hand, the roughness of the 
plate (Re * = 0.1) is very low, which is less favorable than the 
previous case. Indeed the roughness scale of the bronze balls 
plate is of the order of the balls diameter (600 pm), whereas 
the roughness scale of the pavement is of the order of the 
pores diameter (about 10 pm). The surface roughness is an 
efficient means of increasing the wall velocity fluctuations 
(turbulence or intermittence) and thus the diffusion of mois- 
ture through the boundary layer. 

The material used for the study of the gradual change along 
a plate is a very porous and special light brick (the complete 
saturation is about 40% d.b.). The pore distribution is large 
(Figure 9) and the surface state is very rough. The diameter 
of surface cavities is frequently about 1 mm (Figure lo). The 
cavities are distributed into the material but are not taken 
into account for the pore distribution. The latter is obtained 
with too small a sample (0.4 g) for a measurement of these 
macropores. The drying curves of this brick are very unusual 
(Figure 11). During the main part of the PCDR the surface 
moisture is constant. This surprising fact can be explained as 
follows: the internal macropores release water toward the 
surface through smaller pores that remain completely wet. It 
can be said that this material has a spongelike structure. The 
estimated value of N ,  calculated where dpore = I0 pm, is low 
(1.4XlO-') and the value of Re,, calculated where a = 1 
mm, is 10. The roughness effect and the moisture distribution 
at the surface work together to produce a long period of con- 
stant drying rate. 

Figure 10. Surface state of the light brick. 
x = x , ;  6, :4.4 mm; 6, = 2.6 mm. (a) x = 35.5%; Xsurf = 
100%. (b) X = 12%; Xsurf = 79.3%. 
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Figure 11. Drying of the light brick. 
T, = 50°C; 4 = 0.14; U = 4.6 m/s; e = 3.7 cm. A, drying rate; 
B, surface temperature; C, surface moisture. 

Drying Development Along the Plate 
Boundary layers 

The investigation of the boundary layers (velocity, temper- 
ature, moisture), the surface state (temperature, moisture), 
and the plate water content allow us to follow the drying along 
the plate and determine the transfer coefficients. Figure 12 
shows a typical profile along the plate. The gradual change 
along the wall of the velocity profile gives the wall friction 
through the momentum integral equation for 2-D incom- 
pressible boundary layers (Schlichting, 1968) 

do dU T~ u2- +(28 + t3*)U- = -, 
dx h P  

where 

0.000 
0.00 0.20 0.40 0.60 0.80 

Figure 13. Variation of the wall friction coefficient along 
the plate. 
Cf = ~ J 0 . 5 p U ~ ) .  

The gradual change of the wall friction coefficient C - 

nar decrease followed by an increase of the transition state 
toward the turbulence. The value of Cf = 5 * is a com- 
mon value for the beginning of the turbulence on a flat plate 
(Schlichting, 1968). The roughness of this material surface in- 
duces an early transition. 

The transfer coefficients are determined when the whole 
part is in the PCDR. The heat transfer coefficient is obtained 
following three methods: 

1. Analogy between the equation of boundary layer for the 
velocity and the temperature (Schlichting, 1968). We notice 
that during this period, these two layers begin at the same 
point. For the laminar part, the analogy is well known. With- 
out specific data we use the correlation of the turbulent case 
for the transition part. 

2. Derivation of the temperature profile associated with the 
infrared wall temperature: 

q,,/O.5pU2 (Figure 13) can be interpreted as a regular lami- f: 

3. Use of the drying rate. The heat used for evaporated 
water is supplied from the surrounding air: 

1 I I 

0.60 0.80 1.00 u/u 
Figure 12. Boundary-layer profiles. 

(a) Velocity; (b) temperature; (c) moisture; U = 4.63 m/s; 
x = 0.73 m; T,-surface temperature obtained with in- 
frared sensor. 

A correction for walls radiation is worked out. These three 
methods give reliable results (Figure 14), especially in the 
laminar part of the boundary layer. 
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4 4  
Figure 14. Variation of the heat-transfer coefficient 

along the plate. 
*, Analogy with wall friction; + , from the drying kinetic; 
0, from the temperature profile. 

The mass-transfer coefficient can be obtained with the 
same methods (Figure 15). The Chilton-Colburn analogy 
gives: 

Methods (1) and (2) need highly accurate measurements. In- 

0.06 

0.04 

0.02 

0.00 
0.  

*\ + * +  

1; 

I I I 1 

3 0.20 0.40 0.60 0.80 

dm)  
Figure 15. Variation of the mass-transfer coefficient 

along the plate. 
*, Deduced from analogy with heat transfer; + , deduced 
from the drying kinetic. 

deed, the required measurement is not the volumetric mass 
pu,  but the relative moisture the difference pus - pua is 
obtained from 4, by 

At the surface, we assume 4 = 1. If we consider the expres- 
sion between brackets, a satisfactory measurement requires 
the accuracy of 4a to be lower than 1% and that of T to be 
lower than 0.5"C. For example, where x = 0.73 m, the mea- 
surement are T, = 323 K; T, = 303.5 K; 4a = 0.31 and give: 

For a T, increase of OS'C, this ratio becomes 0.385. The lim- 
ited accuracy is the moist air capacitance sensor (k 1%). 

Plate board 
The surface temperature and moisture along the plate for 

successive drying time (Figures 16 and 17) correspond with 
the mass transfer coefficient. However, the surface tempera- 
ture and moisture at the plate end remain very close to that 
of the leading edge. These curves show the gradual change 
from the first drying period to the second one. In most drying 
situations, the drying front moves in the flow direction. In 
this configuration, however, there are two fronts: the first one 
moves downstream from the leading edge and the second one 
moves upstream from the outlet edge. 

The change in the water content in the plate during the 
second period of drying (Figure 18) corresponds with the Iat- 
ter result, but shows a more rapid drying rate in the first part 
of the plate. We must keep in mind that the measurement 
taken from the needles is that of a large part of the plate 

5c 

4c 

30 

20 
0 0.25 0.5 0.75 1 

Figure 16. Surface temperature profile for successive 
drying times. 
Successive drying time: 15, 16, 13.3, and 18.3 h. Read hours 
upward. 
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description of the drying as well as the optimization of 
the drier's performance. The diffusive model is suitable when 
the longitudinal transfers into the material are negligible rel- 
ative to the transverse ones. The 1-D model is applied to a 
small length of the plate, for example, 1 cm, and a local ex- 
change coefficient is applied. The model follows habitually 
diffusive problems (Crank, 1975), and takes into account these 
points: 

The experimental drying rates of the material are the 
only drying reference; 

The initial water content is uniform throughout the plate 
of 2e thickness X(y,O)= Xi ;  

Two periods of drying are considered with two constant 
diffusion coefficients. 

The PCDR is described by the system: 

0.80 

0 60 - 

0.40 - 

1 .oo 
I xs 

0.1 - 

0 ,  I 

0.20 1 
1 

- ,  \ x ( m )  
0 

0 0.25 0 . 5  0.75 1 

Figure 17. Surface moisture profile for successive dry- 
ing times. 
Successive dlying time: 15, 16, 13.3, and 18.3 h. Read hours 
downward. 

thickness, and above a 20% water content the measurement 
is not reliable. As soon as a part of the plate reaches the 
second drying period, the surface moisture is null and the 
transfer coefficients on this position and downstream are 
modified. Morever, the transition location of the boundary 
layer might move during the drying according to the evapo- 
rated mass flux. 

Drying model 
Only a drying model expressing moisture transfer into the 

plate and variations of transfer coefficients will permit the 

0.2 ' 

0 0.2s 0.5 0.75 1 

Figure 18. Water content profile of the brick plate dur- 
ing drying. 
The measurement is not reliable above 20%. Successive 
time: 0 (horizontal line), 15, 16, 16.3, 16.6, 16.8, 17.2, 18.3, 
and 18.8 h. 

dX =F,; ($) = o  
y = 0 - P A (  ,i y = - e , e  

X(y ,O)  = xi. 

After some drying time, the series expressing the solution to 
this problem can be reduced, at which time a mean water 
content is obtained: 

where Fn = k( p u s ( q ) -  pa); T, is the wet bulb temperature; 
pus and pa are function of T,; and k is given in Figure 15. 

At the end of the period, X ( y ,  tcr) = X,(y). The PDDR is 
described by the system: 

dX d2X 

The solution X ( y ,  t )  is expressed with a series, which can be 
reduced to the first term: 

= Asin - exp 
2e 

where 

1 =Y A = - / e  e - e  X (  , y)sin -dy. 2e 

For this material Xeq is close to zero. 
The diffusion coefficient D, is obtained from a regression 

using the experimental data x(t). This solution and the ex- 
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Figure 19. Adjustment of the diffusive model to the ex- 
perimental drying rate. 
Fo= 3.4X kg/s.m2. 

perimental drying rate coincide (Figure 19). The accuracy of 
the drying simulation along the plate obtained with this model 
is linked to the accuracy of the mass exchange coefficient, 
especially when a part of the plate reaches the second drying 
period (PDDR). The two ends of the plate reach the PDDR 
while the central part remains at the PCDR. The concen- 
tration boundary layer decreases during drying, while the ve- 

t = O  hour 0.40 
_ _ _ . _ . ~ -  _ _  

- -/---\ 

7.8 
1 /‘ ,/’ 

0.30 

0.00 0.20 0.40 0.60 0.80 
x (m) 

Figure 20. Water content profiles of the brick plate. 
Diffusive model based o n  the experimental mass exchange 
coefficient. Comparison with experimental profiles (Figure 
18). Successive time for the profiles of the diffusive mode 
are: 0 (horizontal line), 3.3, 7.8, 11.1, 14.4, 16.7, 17.8, 18.9, 
20 and 23.3 h; for experiment profiles (dashed line): 15, 16, 
16.6, 17.2, and 18.8 h. Read hours downward. 
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Figure 21. Simulated kinetic of sample whose length in 

the flow direction is fixed as: - 10-cm-long 
sample; - - - 1 -cm-long sample. 

locity boundary layer doesn’t vary. If we consider that the 
concentration boundary layer begins at the point of abscissa 
xo, the mass-transfer coefficient of a laminar boundary layer 
over the wet surface becomes (Bejan, 1984). 

k(x) 

The simulated longitudinal profiles of the mean water con- 
tent (Figure 20) can be compared to the experimental one. In 
this type of layer, reversing the flow does not seem adequate. 
The 2-D effect on the experimental drying rates can be eval- 
uated from this simulation. The length of the sample, in the 
flow direction, is often about 10 cm. The drying rate mea- 
surement concerns a sample where one part can be in the 
PDDR and another part in the PCDR. The average measure- 
ment reduces the sharp transition on the drying curve be- 
tween the first and the second period (Figure 21). One can 
make the following comments: 

1. The experimental report should always specify the length 
of the sample used. 

2.  The observed transition between the two periods of the 
drying rate can be relative to two factors: the decrease in the 
wetted surface area and the sample length in the flow direc- 
tion. 

Conclusion 
The drying behavior of a porous capillary medium is some- 

what different when one considers a local section as com- 
pared to that of the entire plate laid in the drier. The fluid 
mechanics is the key to the gradual change of the transfer 
along the surfaces, and in this article we have pointed out 
that the transition from the laminar boundary layers toward 
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the turbulence is an important question. Prediction of the 
water content gradient along the plates depends on our 
knowing the location and the length of this transition. The 
position and development of this area depend on many fac- 
tors: inlet turbulence intensity, inlet velocity direction, the 
shape of the leading edge, and wall roughness (Langrisch et 
al., 1992). The experimental correlations give mean values, 
which hide a notable discrepancy. The transition influence 
can lead to an intensity of drying during the first period as 
sizable in the outlet edge as in the inlet edge. 

The direct and accurate measurement of mass-transfer co- 
efficients is still a problem. The Colburn analogy between 
heat and mass transfer remains the most suitable way to ob- 
tain the mass-transfer coefficient during the PCDR. The 
influence of the gradual decrease of wet patches on mass 
transfer has to be considered by a more elaborate model than 
that of Suzuki-Maeda. It is not appropriate to adjust an 
equivalent mass-transfer coefficient with an experimental 
drying rate between the two drying periods. First, if the sam- 
ple is too wide, the experimental data can be shifted around 
the critical point. Second, many factors must be identified at 
the source of the transfer: the origin of the velocity and mass 
boundary layers, the nature of the pores and the surface 
roughness with regard to the concentration boundary layer 
thickness, and finally a Reynolds number based on shear flow 
velocity. 

The value of the mass-transfer coefficient can be ques- 
tioned during the second period when a variable moisture 
condition prevails at the surface. Since the forces governing 
the transfer are situated in the porous medium during this 
period, a low value of accuracy for the transfer coefficient in 
the boundary layer does not disturb a reliable simulation. 

Notation 
C =  concentration of water va or in air 

e =  half thickness of the plate, m 
F,= moisture rate, kg.m-’.s-’ 
h = heat-transfer coefficient, W m-’ K-’ 

M = molar mass, kg 
rh = drying rate, kgem-’ s-  I 
p = pressure, Pa 
R =  ideal gas constant, 8.314 J.mol-’.K-’ 

t =  time, s or h 
u = horizontal component of velocity, m * s-’ 
U =  velocity outside the boundary layer, m-s-’ 
v = vertical component of the velocity, mas-’ 
w =  third component of the velocity, m0s-l 
n = coordinate along the horizontal plate, m 

X =  moisture content of the material (dry basis) 
y = coordinate perpendicular to the plate, m 

C,=specific heat, J .kg-’*K- f 

Greek letters 
AH,  = latent heat of vaporization, J - kg-’ 

A =  conductivity, W-m-’. K-’ 
p = dynamic viscosity, kg m ’ * s ’ 
v =  kinematic viscosity, m2.s-’ 

Subscripts 
eq = equilibrium 

i = initial 
ref = reference 
s = saturated 
u = velocity 
v = water vapor 
* = relative to the wall shear stress 

Dimensionless numbers 
Cf= ~, ,40 .5pU*)  wall friction coefficient 

N ,  = E A L Y S ~ R ; . )  
Pr = Prandtl number ( p C,/h) 
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