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Abstract From experimental drying kinetics, an inverse

technique is used to evaluate the moisture transport coef-

ficients in building hygroscopic porous materials. Based on

the macroscopic approach developed by Whitaker, a one-

dimensional mathematical model is developed to predict

heat and mass transfers in porous material. The parameters

identification is made by the minimisation of the square

deviation between numerical and experimental values of

the surface temperature and the average moisture content.

Two parameters of an exponential function describing the

liquid phase transfer and one parameter relative to the

diffusion of the vapour phase are identified. To ensure the

feasibility of the estimation method, it is initially validated

with cellular concrete and applied to lime paste.

List of symbols

aW Water activity

Cp Specific heat at constant pressure, J kg-1 K-1

D Diffusion coefficient, kg m-1 s-1

Ea Activation energy, J mol-1

e Thickness, cm

f Relative vapour permeability

Fm Mass flux, kg m-2 s-1

Hr Relative humidity, %

hc Convection heat transfer coefficient, W m-2 K-1

hr Radiation heat transfer coefficient, W m-2 K-1

K Intrinsic permeability, m2

km Mass transfer coefficient, m s-1

M Molar mass, kg mol-1

P Pressure, Pa

Pc Capillary pressure, Pa

Pv? Partial atmospheric pressure, Pa

Pvsat Saturation vapour pressure, Pa

Q Reaction heat, J g-1

R Perfect gas constant, J mol-1 K-1

T Temperature, �C

t Time, s

V Velocity, m s-1

v Filtration velocity, m s-1

W Moisture content (dry basis), kg kg-1

x Coordinate m

Greek letters

DHv Latent vaporization heat, J kg-1

e Porosity/objective function tolerance

e0 Parameters tolerance

f Product emissivity

r Stefan-Boltzmann constant, W m-2 K-4

k* Effective thermal conductivity, W m-1 K-1

l Tortuosity factor

ll Water dynamic viscosity, Pa.s

q Density, kg m-3

Exponents and subscripts

a Air

atm Atmospheric

d.b. Dry basis

eq Equivalent

exp Experiment

f Film
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hyg Hygroscopic

ini Initial

g Gas

l Liquid

r Relative

s Solid

sat Saturation

v Vapour

? Equilibrium state

1 Introduction

To be able to predict the drying kinetics of hygroscopic

porous material, good knowledge of the product’s physical

properties and their evolutions according to moisture con-

tent and/or temperature is a necessity. Some properties can

be determined experimentally, such as isothermal desorp-

tion, thermal conductivity, heat capacity, density… How-

ever, other parameters, like moisture transport coefficients,

are not easily measured. By definition, these coefficients

express the capacity of water in its different states (liquid

or vapour) to move through the solid matrix under the

effect of temperature gradient or concentration gradient.

The Wet-cup method is one of the stationary techniques

usually used for studying vapour diffusion through a por-

ous material [1]. However, this technique requires long

experimental duration and is badly adapted to heteroge-

neous materials with high moisture contents. In a transient

state, there are several analytical solutions [2, 3] that can be

used to estimate the global diffusion coefficient. However

some of these solutions are given for isothermal Dirichlet

conditions and do not take into account the dependency of

diffusion coefficient of the state variables. In view of the

limits of analytical solutions and the development of

numerical methods and computing power, the estimation of

the transport coefficients through the inverse method seems

attractive. However, there are few works in literature which

use the inverse approach by taking into account the initial

and boundary conditions as well as the coupling of heat and

mass transfer equations to determine unknown parameters

of the model [4–8].

Danta et al. [7, 8] recently analyzed the application of

Levenberg–Marquardt method with the help of simulated

measurements temperatures and moisture contents with

random errors to the estimation of thermophysical prop-

erties of drying materials appearing in Luikov’s formula-

tion. Dietl et al. [8] developed an inverse procedure to

determine two unknown transport coefficients using

experimental drying kinetics. For these authors, the mois-

ture conductivity (liquid transport coefficient) is introduced

like a parametric function of the local moisture content and

temperature and the vapour diffusivity as a function of the

vapour diffusion resistance which is approximated by a

constant.

In the present work, experimental and numerical studies

have been carried out. We are interested to the heat and

mass transfer modelling of two different hygroscopic por-

ous materials: lime paste and cellular concrete. The latter is

regarded as a reference material [9].

Initially, we will give the different experiments con-

ducted with the materials. Thereafter, based on the funda-

mental physical laws that govern the migration of liquid

and gaseous phases in porous media, a 1D mathematical

model is used to predict heat and mass transfer in capillary

porous material. Finally, to determine the moisture trans-

port coefficients from experimental drying kinetics, two

different methods have been applied. The first one is based

on the analytical solution of second Fick’s law given by

Crank [2] which allows for the determining of an order of

magnitude of effective diffusion coefficients by linear

regression. The second one is based on the parameter

estimation approach taking into account the coupling of

heat and mass transfer equations by minimizing the sum of

square deviations between the observed output variables

and the calculated ones. A sequential quadratic program-

ming algorithm [10] is used. After numerical tests, the

methodology is applied to experimental drying kinetics.

2 Material and experimental setup

Cellular concrete is chosen as a material of reference

because it has been widely studied and characterized in

literature [9]. It is a hygroscopic porous material with

porosity close to 0.8; the industrial production of the

material guarantees consistency in its properties.

The samples of lime binder are manufactured in our

laboratory. They are composed of 71 wt% of lime-based

binder (Tradical� PF80 M: 35 wt% mineral load and 65

wt% binder: 85 wt% hydrate lime, 15 wt% natural

hydraulic lime), and 29 wt% of water. So the water/lime

ratio is about 0.4. To obtain a good homogenization of the

components, the mixture is made in a mixer.

2.1 Kinetics of lime hydration

Figure 1 presents the hydration kinetics of lime binder

Tradical� PF 80 M obtained by isothermal calorimeter at

25�C with a water/lime ratio of 0.4. The energy generated

by the kinetic reaction according to time is traced. We can

distinguish three principal stages of hydration: accelera-

tion, deceleration and steady state. The acceleration occurs

during the first 12 h and characterized by an important

reaction rate. The deceleration and steady state stages are
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controlled by the diffusion process. The reaction rate in

these periods is relatively low and gradually decreases

toward zero. We notice that the major quantity of heat

released by the reaction is in the first 20 h.

Later, in order to avoid the interaction between drying

process and hydration kinetics, the specimens of lime paste

are dried after 2 days of their manufacturing.

2.2 Isothermal desorption

The isothermal desorption of the lime binder are obtained

experimentally by assessing the moisture content of the

product in equilibrium with different air relative humidities

at a temperature of 20�C (Fig. 2).

The GAB model presented by the Eq. 1 provides a good

representation of experimental desorption kinetics of lime

binder and cellular concrete. The values of unknown

parameters (Wm, C and K) of the GAB model are given in

Table 1.

W ¼ Wm C K aw

1� K awð Þ 1� K aw þ C K awð Þ ð1Þ

2.3 Physical properties of the materials

The physical properties of the cellular concrete and the

lime binder, which have been used to supply the model, are

listed in Table 2. Some have been obtained experimentally.

However, all of cellular concrete properties have been

found in the literature.

2.4 Experimental drying pilot

The drying kinetics is obtained using a pilot designed in

our laboratory [12]. This drier makes it possible to vary the

aerodynamic and thermal conditions by controlling veloc-

ity and temperature of air. The studied samples are dis-

posed in parallelepiped crucible with cross section of

10 9 10 cm2. In the context of a one-dimension thermal

and mass transfer, only the upper face is in contact with

airflow. An optical pyrometer measures the surface tem-

perature of the product and two thermocouples are

implanted to give the temperature in the bottom and the

middle. An electronic scale is used to acquire the product

mass as a function of time. All temperature sensors and

scale are connected to an acquisition system (Fig. 3).
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Fig. 1 Kinetics of Tradical� PF 80 M hydration (T = 25�C, water/

lime = 0.4)
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Fig. 2 Isothermal desorption kinetics of lime binder (L.B) and

cellular concrete (C.C)

Table 1 Parameters of GAB model

Material C Wm K

Lime binder 177.60 0.0213 0.4083

Cellular concrete 0.013 1.19 0.851

Table 2 Properties of lime binder and cellular concrete

Properties Cellular concrete [11] Lime binder

e (-) 0.80 0.48

qs (kg m-3) 450 1,273

k* (W m-1 K-1) 0.15 ? 0.45W 0.24 ? 0.08W

Cps (J kg-1 K-1) 840 925

Whyg (kg kg-1) 0.07 0.02

Wsat (kg kg-1) 1.775 0.377

f (-) 0.90 0.92

hc

Air (Tair, Vair, Hrair) Pyrometer

Scale

Product

Fm

Thermocouple

Fig. 3 Experimental design
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2.5 Drying kinetics

Figure 4 shows a drying kinetic of cellular concrete. The

test is carried out on material with a thickness of 2.5 cm,

and an initial moisture content of 0.8 kg kg-1. The air of

drying has a temperature of 50�C and a velocity of

3 m s-1.

Figure 5 shows an example of drying kinetic of lime

paste after 2 days of its manufacturing. The kinetic are

obtained with air velocity of 2 m s-1, temperature of 29�C

and humidity around 35%. Initially, the sample’s cross

section is 9.9 9 9.9 cm2 and its thickness is 2.5 cm. After

drying, we notice shrinkage of about 2.7% of the thickness

and 2% of the cross section. We also note that the great

amount of moisture was removed during the first 15 h of

drying. After this, moisture content decreases towards the

equilibrium.

Figure 6 gives a comparison between the drying rate of

lime binder at two different air velocities (1 and 2 m s-1)

for an air temperature of 29�C. We show through these

curves that the air velocity has a significant role, particu-

larly at the beginning of drying. Indeed, the raising of the

air velocity makes it possible to increase the coefficient of
heat transfer by convection and consequently, the mass

transfer coefficient.

According to the expression of evaporated mass flux

given by the Eq. 2, the mass transfer coefficient km have

been determined.

Fm ¼ km
Patm Mv

RTf
ln

Patm � Pv1
Patm � aWPvsat

� �
ð2Þ

with knowledge of air temperature, humidity, surface

temperature and evaporated mass flux of each test during

the isenthalpic phase (water activity equal to 1), the

Colburn analogy between heat and mass transfer (Eq. 3)

allows to deduce coefficient of convection hc for a Lewis

number (Le) closer to 1. The values of calculated

convective coefficient are given in Table 3.

hc

kmq Cp
¼ Le2=3 ¼ Sc

Pr

� �2=3

ð3Þ

where Pr and Sc are respectively the Prandtl number and

the Schmidt number.

3 Physical problem and mathematical formulation

The setting in equations of combined heat and moisture

transfer in hygroscopic porous material has been the sub-

ject of extensive investigations since several years. It was

initially established by Philip and De Vries [13]; these

equations are based on the mass, momentum and energy

conservations expressed by Fourier’s law, Darcy’s law and
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Table 3 Values of the convective heat transfer coefficient

Tests velocity Lime binder

(1 m s-1)

Lime binder

(2 m s-1)

Cellular concrete

(3 m s-1)

hc (W m-2 K-1) 20 24 30
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Fick’s second law to explain respectively heat diffusion,

liquid transfer, and vapour diffusion through porous matrix.

Whitaker [14] proposes the concept of representative ele-

mentary volume to allow for the homogenisation of a

multiphase system by smoothing discontinuous properties

in interfaces. The hypotheses made by Whitaker are gen-

erally satisfactory for the process of heat transfer and mass

encountered in building materials. Therefore, the selected

model reflects this approach and the global equations are

developed with the same simplifying assumptions; thus the

studied materials are treated as a multiphase system with

three phases, the solid one is supposed homogeneous and

isotropic, the liquid phase contains free and bound water,

and the gas phase is a perfect mixture of air and water

vapour. Moreover, its total pressure is supposed constant

and equal to atmospheric pressure in the case of convective

drying at low temperatures. The convective transport in the

material and the thermomigration of the liquid phase are

neglected. The effect of hydration on the drying process is

also neglected; thus the heat transfer occurs merely in two

forms: conduction and latent heat moved outward by the

vapour diffusion.

3.1 Heat and mass equations

The fields of temperature and moisture content (T and W)

are obtained by the resolution of the following system of

equations:

oW

ot
�r~ � 1

qs

DT
v

� �
r~T þ DW

l þ DW
v

� �
r~W

� �� 	
¼ 0 ð4Þ

qCp
oT

ot
�r~ � k�r~T

� �
�r~ � DT

vr~T þ DW
v r~W

� �
DHv ¼ 0

ð5Þ

k� and qCp are respectively the effective thermal conduc-

tivity and the effective volumetric heat capacity.

The transport of the liquid phase obeys Darcy’s law, it

occurs in the direction of increasing negative pressure to

regions where the liquid is in tension. It is described by the

isothermal liquid transport coefficient DW
l given in Eq. 6

DW
l ¼ ql

K Kl
r

ll

oPc

oW
ð6Þ

Kl
r; K; Pc and ll are respectively the relative and intrinsic

permeability’s, the capillary pressure, and the water

dynamic viscosity.

The vapour diffusion process is governed by Fick’s law

and expressed by two coefficients, isothermal vapour

transport coefficient DW
v and thermal vapour transport

coefficient DT
v . The isothermal vapour transport is a result

of vapour concentration gradients established by vapour

pressure decrease, while the thermal vapour transport is

due to vapour concentration established by temperature

gradient. They are presented by Eqs. 7 and 8.

DW
v ¼ lf D0

MaMv

MRT

� �
oPg

v

oW

� �
ð7Þ

DT
v ¼ lf D0

MaMv

MRT

� �
oPg

v

oT

� �
ð8Þ

where D0 is the binary diffusion coefficient of the vapour in

air [15] given by Eq. 9 in m2 s-1, and M is the equivalent

molar mass of the vapour/air mixture expressed by Eq. 10.

f, l and Pg
v are, respectively, the relative vapour

permeability, the tortuosity factor and the partial vapour

pressure.

D ¼ 2:17� 10�5 T

273:14
þ 1

� �1:88

ð9Þ

M Pg
g ¼ Ma Pg

a þMv Pg
v ð10Þ

3.2 Initial and boundary conditions

Referring to Fig. 7, the boundary conditions at the surface

and the bottom of the product are expressed as follows:

• At the surface, in contact with air flow, the heat

exchange takes place mainly by convection and radi-

ation, thus the energy conservation equation can be

written as:

�k� rT þ ql�vl DHv ¼ hc Ta � T1ð Þ þ hr Tp � T1

� �
ð11Þ

hr is expressed by the Eq. 12:

hr ¼ 4 f r Tm ð12Þ

where Tm is the mean between the surface temperature and

air temperature.Similarly, the mass flux can be written as:

� �qg
v �vv þ ql�vl

� �
¼ Fm ð13Þ

Fig. 7 Boundary conditions
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• At the interface product/crucible, the wall is imperme-

able and the temperature of the product in the bottom is

equal to the experimental one.

Tn ¼ Texp ð14Þ

The initial temperature and moisture content of the mate-

rial are considered uniform and equal to averaging values

given by the experimental data at the beginning of drying.

3.3 Numerical resolution

The system of equations is solved by the finite volume

method [16] based on the notion of control volume. The

temporal resolution is obtained by an iterative method, thus

each equation is independently integrated by an implicit

scheme.

4 Estimation of mass transfer coefficients and results

The prediction of the hydrothermal behaviour of a capillary

porous material can be achieved only through the knowl-

edge of moisture transfer coefficients. Initially, to give an

approximation of these coefficients, we attempted to esti-

mate an global diffusion coefficient using the analytical

solution of Fick’s second law with the help of experimental

drying kinetics. When considering the diffusivity and

thickness of the material invariable, and neglecting the

effects of gravity, temperature, and pressure on mass

transfer, the analytical solution of Fick’s equation is written

as follows [2]:

W tð Þ �Wini

W1 �Wini

¼ 1� 8

p2

X1
k¼0

1

2k þ 1ð Þ2

exp � 2k þ 1ð Þ2p
2

4

D

e2
t

� 	 ð15Þ

Supposing that the effect of moisture content on mass

diffusivity negligible in short intervals of time, Eq. 15 is

solved by means of a stepping method and an optimisation

procedure. Figure 8 shows the evolution of the global

diffusion coefficient obtained with the drying kinetics of

lime binder and cellular concrete. It can observed that the

global diffusion coefficients of the lime binder and that of

cellular concrete have a same order of magnitude, it varied

between 4.5 9 10-9 and 6.7 9 10-9 m2 s-1 for the

cellular concrete and, between 2 9 10-9 and 3.5 9 10-9

m2 s-1 for the lime binder.

It should be noted that the principal objective of using

the analytical solution of Fick’s law as a first approach is to

have an idea of the diffusion coefficient magnitude, how-

ever, the number of simplifying assumptions used to reach

this analytical solution, including not taking into account

the combined heat and mass equations and external resis-

tance to transfer is a non-negligible source of error for

correct estimation of this parameter.

In the second stage, we attempt to estimate the moisture

transfer coefficients by inverse technique in combination

with the coupled heat and mass transfer equations. As

shown in Eq. 6, the determination of DW
l requires knowl-

edge of intrinsic and relative permeability’s of the liquid

phase and capillary pressure as a functions of moisture

content. Generally, the capillary pressure and the relative

permeability can be obtained from the desorption isotherm

using Kelvin’s relation. For high relative humidity

(between 90 and 100%), this method is not accurate

because the measurement of the desorption isotherm is less

precise in this range of humidity. Therefore, some empir-

ical correlations have been proposed to give an approxi-

mation of the liquid transport coefficient [8, 17, 18], as

example, the Eq. 16 proposed by Navarri and Andrieu [17].

According to these authors, the global diffusion coefficient

of the liquid phase is a multiple exponential function of the

product moisture content and its temperature.

Dl ¼ D0 exp � a

W

� �
exp � Ea

RT

� �
ð16Þ

By considering the independency of the diffusion

coefficient from temperature variation, thus the liquid

diffusion coefficient is expressed as an exponential

function of moisture content with two unknown

parameters:

DW
l ¼ exp p1 þ

p2

W

� �
ð17Þ

The vapour diffusion coefficients, DT
v and DW

v , given

previously by Eqs. 8 and 9 have as common unknown

parameters the tortuosity coefficient l and the relative

vapour permeability f. Some authors have suggested that

the value of the product lf is constant [19], other use

empirical polynomial forms to present the relative vapour
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permeability f as a function of liquid saturation [20–23].

Based on the forms found in the literature [23], we have

expressed the product lf as a polynomial function of

normalized moisture content with three unknown parameters.

lf ¼ p3 þ p4W2
eq þ p5W3

eq ð18Þ

where Weq ¼ W�Whyg

Wsat�Whyg

Thus, we will attempt to estimate through the inverse

technique the parameters p1, p2, p3, p4 and p5. In what

follows, we provide more detail on the assuming method-

ology and a discussion about the results.

4.1 Description of the inverse method

Equations 4 and 5, which are relative to heat and fluid

transfer, make up the system of equations to be solved. The

unknown parameters of the system are: p1, p2, p3, p4 and

p5; the output variables are T and W. The inverse problem

consists to identify the unknown parameters from the

output variables using an optimization method based on the

sequential quadratic programming algorithm [10]. This

method is adapted for solving the nonlinear constrained

problem. Its basic idea is to transform the nonlinear

problem of optimization with constraints into a sequence of

quadratic sub problems.

The identification of parameters is done by minimizing

an objective function S(p) which is the sum of square

deviations between the observed output variables and the

simulated ones. The minimum of this function matches the

set of optimal parameters. We use two variables: surface

temperature and average moisture content, therefore it is

important to give the same order of magnitude for the

standard deviation of each variable dividing by dividing

each one by its maximal (Eq. 19).

SðpÞ

¼
XN

i¼1

a
Wav

i � ~Wav
i ðpÞ

max Wavð Þ

� �2

þð1� aÞ Tsurf
i � ~Tsurf

i ðpÞ
max Tsurfð Þ

� �2
" #

ð19Þ

with N, the number of measurements and a, a weighted

coefficient. The parameter values are bounded and the

minimization is carried out under two constraints:

l f Weq max ¼ 1
� �

¼ 0

l f Weq min ¼ 0
� �

� 1



ð20Þ

The calculation is stopped when one of the following

criteria is satisfied:

S pkþ1
� �

� S pk
� �

\e or pkþ1 � pk
�� ��\e0 ð21Þ

with k the number of iteration.

4.2 Sensitivity analysis

To know if it is possible to estimate parameters p1, p2, p3,

p4 and p5 simultaneously with a sufficient accuracy, it is

important to quantify their influence on the output variables

and detect the correlation that can exist between these

parameters. These can be accomplished only through the

sensitivity study. Thus, we define a reduced sensitivity

given in Eq. 22. The partial deviation expressed in this

equation is calculated by using a centred difference

approximation by applying a small variation to parameter

pi (1% of pi).

SYij t; pð Þ ¼ pi
o ~Yj

opi

����
pk;k 6¼i

ð22Þ

We have investigated the sensitivities of surface

temperature and average moisture content to the variation

of parameter pi. The study was initially carried out with

cellular concrete. The input parameters introduced in the

numerical model are those which have been previously

given (Table 2). The temperature and the moisture content

of the material are about 22�C and 0.82 kg kg-1 and, the

drying conditions are those given earlier in Fig. 7.

A significant dominance of sensitivities to p1 and p2 is

registered. It reaches 106�C for surface temperature and

2 kg kg-1 for average moisture content. These values are

largely higher than the measurement error. However, the

lowest sensibilities are given by parameters p4 and p5,

which are widely below the measurement noise. To make

out the profile of the sensitivity curves relative to each

parameter, the reduced sensitivities are presented in a

standardized form by dividing them by their maximal

values (Fig. 9).

Figure 9a and b show that the sensitivity curves of

surface temperature and moisture content to p4 and p5 are

inversely proportional; this is probably due to the linear

dependency between the parameters. Less linear depen-

dency is noted between the couple p1 and p2. However,

sensitivities to p3 have a different appearance from those of

other parameters, so is an advantage for accurately

estimation.

To evaluate the estimator variance of the different

parameters and to quantify their correlation index, it is

necessary to determine the variance matrices and correlation

factors that are represented by the following expressions:

Var pi;pmð Þ

¼ r2
n

PN
k¼1 SYij tk;pð Þ
� � PN

k¼1 SYij tk;pð Þ � SYmj tk;pð Þ
� �

PN
k¼1 SYij tk;pð Þ � SYmj tk;pð Þ

� � PN
k¼1 SYmj tk;pð Þ
� �

" #

ð23Þ
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q pi; pmð Þ ¼ Cov pi; pmð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var pið Þ � Var pmð Þ

p ð24Þ

Table 4 presents the correlation matrices deduced from

temperature and moisture content sensitivities of cellular

concrete. We notice that the pair (p1, p2) presents an

important correlation coefficient; it is about 0.985 for the

surface temperature, this value is slightly higher compared

to that of the average moisture content (0.959). The pair

(p4, p5) also means an important dependence; its

correlation coefficient is about 0.973 for temperature and

0.920 for water content. However, the correlation factors of

other pairs are far from one.

From the study of sensitivity and correlation matrices,

we can conclude that the linear dependence relating some

parameters can affect their estimation. It is also noted that

neither surface temperature alone or average moisture

content alone have enough information to correctly esti-

mate the five parameters. Therefore, it is necessary to

exploit both contributions simultaneously.

4.3 Estimation in the case of cellular concrete

Several estimations are carried out with various initial

parameter sets. In Table 5, we give the estimation results

for cellular concrete tested with different weighted coeffi-

cients. These results prove the validity of the study, but we

can not judge the independence of the final solutions on the

initial parameters set. It is important to note that in some

cases, the estimated values of parameters p3 and p4 are

joined as saying that the parameter p5 tends towards its

lower bound (10-3). This result can be explained by the

lower sensitivity of surface temperature and moisture

content to parameters p4 and p5.

In addition, we have highlighted the complimentary of

temperature and moisture content contributions in the min-

imization of the objective function. It is clearly shown in

Table 5, that the set of estimated parameter obtained with a

weighted coefficient of 0.5 presents the lowest square devi-

ation between the experimental and simulated kinetics.

Figure 10 shows a comparison between experimental

and simulated kinetics obtained with a weighted coefficient

of 0.5. We notice that the experimental moisture content is

correctly presented by the numerical model with an aver-

age error of 0.001 kg kg-1. We also observe a distinction

between the measured and simulated surface temperatures,

particularly during the isenthalpic phase, in which an

important deviation is recorded (about 2�C). After this, the

increase of simulated temperature is overlapped with

the experimental one. The curves separate again during the

steady state, thus the simulated temperature is slightly

higher than the experimental one; this may be caused by a

probable over-estimation of the diffusion coefficient in the

vapour phase.

The numerical profiles of moisture content and tem-

perature as function of position and time are presented

respectively in Fig. 11a and b. We can distinguish on the

profile of moisture contents a zone with high water evap-

oration located at the surface extremity of the material

between 0 and 15 mm to this zone of strong evaporation is

associated a zone with thermal depression of 2–4�C.
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Fig. 9 Normalized relative sensitivity of surface temperature (a) and

mean moisture content (b) (convective drying of cellular concrete)

Table 4 Correlation matrix ‘‘cellular concrete’’

p1 p2 p3 p4 p5

Surface temperature

1 0.985 -0.531 -0.220 0.364

1 -0.579 -0.271 0.401

1 0.269 -0.350

1 -0.973

1

Mean moisture content

1 0.959 0.124 0.937 -0.772

1 -0.139 0.848 -0.589

1 0.307 -0.602

1 -0.920

1
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Secondly, to improve the estimation results and reduce

computing time, we will attempt to estimate only three

parameters instead of five, thus replacing Eq. 18 by the

following equation:

l f ¼ p3 1�W2
eq

� �
ð25Þ

On the basis of the same initial parameter set, the

estimation results for various values of a are shown in

Table 6. The result of estimation of three parameters is

identical to that of the first estimation.

Therefore, the estimation of three parameters makes it

possible to reduce the computing time, as well as to ensure

more stability in the solution.

The evolutions of the diffusion coefficients of cellular

concrete as a function of moisture content are given in

Fig. 12. We note that the diffusion coefficient of the vapour

phase is higher than the liquid phase. This is probably due

to the size distribution of pores.

4.4 Estimation for the lime binder

Table 7 gives the estimation result obtained with the lime

binder, using the previously presented procedure. These

results prove the validity of the study and the independence

of the final solution on the initial parameters. In addition,

the equality of surface temperature and moisture content

contributes to the minimization of the objective function.

Figure 13 shows the confrontation between the experi-

mental and simulated drying kinetics of the lime binder.

We observe distinction between the measured surface

temperatures and simulated ones, particularly, during the

isenthalpic phase; it is about 1�C. After this period the two

variables are superposed. The most important error recor-

ded with average moisture content is at the end of drying

during the steady state; it is less than 0.006 kg kg-1.

Therefore, the evolution of the average moisture content is

well predicted.

Table 5 Minimisation test with

experimental drying kinetics of

cellular concrete

Parameters Initial a = 1 a = 0.75 a = 0.5 a = 0.25

p1 -5 -11.751 -11.722 -11.665 -11.554

p2 -2 -0.260 -0.264 -0.275 -0.296

p3 1 0.240 0.236 0.230 0.219

p4 -4 -0.760 -0.508 -0.634 -0.219

p5 3 0.519 0.272 0.403 10-3

S (T) 587.4 73.7 71.4 68.0 62.3

S (W) 4,574.8 7.7 8.0 10.2 20.8

S average 40.7 39.7 39.1 41.5

N iteration – 38 32 44 34

Fig. 10 Confrontation of experimental and simulated drying kinetics

of cellular concrete (a = 0.5)
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Figure 14 presents the evolutions of estimated diffusion

coefficients of the lime binder. It occurs that the liquid

phase diffusion is dominant until water content of 0.026.

Below this value, vapour diffusion takes over. So the dif-

fusion of the liquid phase is more important than the vapor

diffusion. The vapour transport coefficient due to the

temperature gradient is about 2 9 10-10 kg m-1 s-1 K-1.

This value is much lowers then those of the two other

coefficients.

To confirm the validity of the estimated transport

coefficients, the values obtained previously are used to

simulate dying kinetic of lime binder in other conditions

(air velocity of 1 m s-1 and air temperature of 30�C). The

result of simulation is compared with experimental data in

Fig. 15. We notice a good conformity between

experimental and simulated moisture content and temper-

ature. Then we can conclude that the estimated moisture

transport coefficients are suitable to get a good evaluation

of temperature and moisture evolution in the case of con-

vective drying.

5 Conclusion

We have shown through this study that it is possible to

estimate simultaneously two parameters describing the
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Fig. 12 Moisture transport coefficients «cellular concrete»

Table 6 Minimisation test with experimental drying kinetics of

cellular concrete

Parameters Initial a = 1 a = 0.75 a = 0.5

p1 -5 -11.750 -11.644 -11.662

p2 -2 -0.260 -0.289 -0.276

p3 0.8 0.241 0.243 0.231

S (T) 577.2 73.7 71.4 68.0

S (W) 3,897.9 7.7 8.0 10.3

S average 40.7 39.7 39.1

N iteration 31 37 35

Table 7 Minimisation test with

experimental drying kinetics of

lime binder

Parameters Initial a = 1 a = 0.75 a = 0.5 a = 0.25

p1 -5 -10.25 -10.522 -10.765 -10.672

p2 -2 -0.198 -0.171 -0.150 -0.192

p3 0.8 0.0248 0.0175 0.0212 0.179

S (T) 624.2 504.1 473.6 438.6 381.2

S (W) 10,140.5 9.8 14.3 36.4 160.2

S average 5,382 256.9 243.9 237.5 270.7

No iterations 47 48 37 34
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dependence of the liquid phase transfer coefficient on the

moisture content and one parameter relative to the diffu-

sion of the vapour phase in the material. The estimation

procedure is applied successfully to two different con-

struction materials. For different initial parameters, the

problem converges regularly to the same solution and the

drying kinetics are correctly predicted. The experimental

and simulated moisture contents are perfectly superim-

posed; however, the simulated surface temperature is

below the experimental temperature during the constant

rate period. This difference may be due to the measurement

error of temperature and the probable evolution of prod-

uct’s emissivity with moisture content which is not taken

into account in this study.

At early age, the exposure of material to a changeable

environment (temperature, relative humidity and air

velocity) often leads to the interaction between the

hydration and the evaporation processes. Future develop-

ments will concern the understanding to this interaction by

introducing the degree of hydration as the third output

variable in the model to find a suitable compromise

between the drying time, the energy consumption and

hydration.

Acknowledgments The authors want to thank the Brittany Regional

Council (Région Bretagne), the General council of Morbihan (Conseil
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