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The relevance of evaporation cooling on drying capillary active building materials is investigated through numerical simulation and 
non-destructive measurements. The drying rate results to be strongly related to the so-called wet bulb temperature, i.e. the 
temperature reached inside the sample during the early drying phase. It is shown that the faster the process occurs, the lower is the 
wet bulb temperature. The experiments are carried out inside a climatic chamber under controlled atmospheric conditions (temper- 
ature and relative humidity), using calcium silicate samples. The drying rates are determined by weight- ing the samples during 
time, while the surface temperature is measured via infrared thermography. A mathematical model describing transient heat and 
moisture transfer is implemented with the software COMSOL for 3D-simulation, and afterward validated by comparison with the 
measured data. The numeri- cal solution presents a satisfactory agreement with the experimental results. A sensitivity analysis is 
also performed for different input parameters including convective heat transfer coefficient and uncertainties in material 
properties. The validated model is then used for simulation of a set of drying cases by varying the sample thickness and boundary 
conditions. Hence, the water content distribution inside the samples is investigated by determining boundary conditions and 
sample dimensions, in which nearly uniform wa- ter content can be obtained. In fact, uniform distribution is a prerequisite for an 
experimental method, recently studied by the authors, that aims at determining the water retention curve of capillary active 
materials by means of drying tests.,

1. Introduction

In order to properly design building components, a thorough 

knowledge of heat and moisture transfer in the employed mate- 

rials is necessary. This is particularly important if a thermal insu- 

 

 

 

 

 

 

 

 

Drying tests are often employed for determination of important 

material properties and are typically less time-consuming than 

other procedures performed to the same aim at steady state con- 

ditions (see e.g. [12] ). These material properties are the liquid wa- 

ter diffusivity and the water retention curve, which describe the 
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lation is applied on the interior side of the building, since in this

case the risk of moisture damages may be pronounced. The in-

creasing interest in this field is proved by numerous recent studies

concerning both modeling and experimental research (e.g. [1–9] ).

This work aims at extending the current knowledge by investigat-

ing the drying behavior of calcium silicate, which is widely used

as insulation material due to its favorable hygrothermal properties

[2,3,10,11] . To this aim, experiments and numerical simulations are

carried out. 
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apability of a porous material to transport water via capillary ac-

ion and to retain moisture inside its cavities, respectively. The wa-

er retention curve gives the local water content as a function of

he local relative humidity, while the water diffusivity depends on

he water content itself. Furthermore, besides their employment

or material characterization, drying experiments are also a useful

enchmark for hygrothermal models, as clarified later on. 

The above mentioned applications have been already addressed

n numerous studies [11,13–25] . In [14–16] , a method for the

haracterization of the water diffusivity was proposed, while in

26] the water retention curve was determined by measuring both

ater content and relative humidity during drying at different
 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
017.12.048
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Nomenclature 

a parameter Eq. (B.4) (–) 

c heat capacity (J/(kg °C)) 

C parameter Eq. (B.6) (W/(m K 

4 )) 

D diffusivity (m 

2 /s) 

h specific enthalpy (J/kg) 

H volumetric enthalpy (J/m 

3 ) 

m mass (kg) 

m ; n parameters Eq. (B.3) (–) 

n normal unit vector 

N number of specimens 

j mass flux (kg/(m 

2 s)) 

k 1 ; k 2 parameters Eq. (B.1) (Pa); (–) 

K ij transfer parameter 

p pressure (Pa) 

˙ q heat flux (W/m 

2 ) 

R gas constant (J/(kg K)) 

T absolute temperature (K) 

u water content (kg/m 

3 )

x ; y ; z coordinates (m) 

∇ nabla operator (1/m) 

α heat transfer coeff. (W/(m 

2 K)) 

β mass transfer coeff. (s/m) 

η viscosity (kg/(m s)) 

λ thermal conductivity (W/(m K)) 

ζ parameter Eq. (B.2) (–) 

θ Celsius temperature ( °C) 

μ diffusion res. factor (–) 

ξ parameter Eq. (B.2) (m) 

ρ density (kg/m 

3 ) 

σ surface tension (N/m) 

ϕ relative humidity (–) 

ψ porosity (–) 


 porous domain (m 

3 ) 

∂
 boundary surface (m 

2 ) 

Subscripts 

a air 

c convective 

dry dry material 

eff effective 

f free saturation 

i ; j indexes 

I ; II parallel, series 

p constant pressure 

rad radiative 

s saturation, surface 

sm solid matrix 

v water vapor 

w liquid water 

0 initial 

∞ in the surrounding air 

ositions inside a material sample. Other experimental procedures

e.g. [17,18,27,28] ) are based on the evidence that the temperature

nd relative humidity at the sample surface are connected. Typi-

ally, the surface temperature decreases at the beginning of dry-

ng, approaching the so-called wet bulb temperature. Then, after a

eriod of time during which the process is nearly isothermal, the

emperature increases again until equilibrium with the air condi-

ions is reached. A similar but inverse behavior can be observed

or the relative humidity, which remains nearly constant during

he early drying period, while afterward decreases, approaching

he value in the surrounding air. It has been shown that, if both
emperature and water content trends are known, the water reten-

ion curve can be determined. This approach may be advantageous,

ince the surface temperature is measurable via infrared thermog-

aphy (IRT), with a low impact on the process itself. 

Despite the mentioned advantage however, a challenge arises

ince the water content cannot be easily assessed at the sam-

le surface. Hence, a relation connecting the mean value of wa-

er content inside the sample to its surface value is required.

n [18] , this challenge was addressed by employing a lumped

arameter approach and thus considering uniform moisture in-

ide the sample during drying. In general, this condition is ver-

fied just during the early drying period, while deviations may

ccur later on between internal and surface values. Moreover,

he moisture distribution is influenced by the sample dimen-

ions and boundary conditions (temperature and relative hu-

idity of the drying air, heat and mass transfer coefficients),

hich have to be properly designed. With respect to this is-

ue, the use of numerical simulation may be profitable. Thus, a

odel able to reproduce moisture and temperature distributions is

equired. 

Although numerous studies were recently published on hy-

rothermal modeling (e.g. [11,19–25] ), the drying process still rep-

esents a challenge for numerical simulation. On the one hand,

he material functions (water retention curve and diffusivity) may

e highly non-linear at saturation. Complex mass transport mech-

nisms, namely capillary transport and vapor diffusion, are in-

olved. On the other hand, 3D-geometry and realistic boundary

onditions have to be considered in order to adequately repro-

uce the drying behavior [20,25] . It has also to be noted that

ncertainties on the input parameters (i.e. material properties

nd boundary conditions) are in general important and a vali-

ation of the model against experimental outcomes is necessary

23,24] . 

According to the above statements, this study has a double pur-

ose. First, a model for coupled heat and moisture transfer is im-

lemented and validated against measured data. For validation of

he model, experiments at different ambient conditions are carried

ut. Drying rates are determined by weighting the sample dur-

ng time, while the surface temperature is measured via infrared

hermography. The material functions used as input for the tran-

ient simulation are taken from previous studies [29,30] , in which

he water retention curve and the vapor diffusion resistance factor

ere measured by means of desiccators and vapor diffusion tests,

espectively, while the water diffusivity was determined employ-

ng a peculiar method based on heat flux measurements. Hence,

he results reported here represent also an additional verification

or those works. 

The second purpose of the paper is to determine boundary con-

itions and sample dimensions, in which nearly uniform water

ontent can be obtained. To this aim, the validated model is em-

loyed for simulation of a set of drying cases, by varying the sam-

le thickness and boundary conditions. 

. Experimental setup and boundary conditions

Initially saturated calcium silicate samples are dried until equi-

ibrium with the surrounding air conditions is reached. The tests

re carried out inside a climatic chamber where the air temper-

ture and relative humidity are controlled by means of a ventila-

ion system. The experimental setup and the sample schematic are

hown in Fig. 1 . The water content inside a sample is determined

y recording its mass loss during time. To this aim, a balance with

 repeatability of ±0.001 g is used. Hence, the mean value of the

rying rate ˙ m w 

= dm w 

/ dt for a set of N samples is calculated as

ollows: 



Fig. 1. Climatic chamber and specimen schematic.
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i  

t  
˙ m w 

(
t i + 

t i +1 − t i

2 

)
= 

N ∑ 

j=1

∣∣(m 

i +1 
w, j 

− m 

i 
w, j

)
/ 
(
t i +1 − t i 

)∣∣
N 

(1)

where t i represents the time of the i th measurement and m w 

the

mass of water inside the sample. 

In order to determine the surface temperature of the sample,

an infrared camera calibrated with respect to known temperatures

is employed. The experiment is repeated with different boundary

conditions reported in Table 1 . 

Note that the heat and mass transfer coefficients, which are re-

quired as model inputs, are assumed to be constant during time

and uniform at the sample surface. This assumption, which may

be not always accurate according to other authors [19–21] , is in-

deed acceptable for the considered cases, as discussed later on in

Section 4 . Moreover, the heat and mass transfer coefficients are

connected through the Lewis analogy and can be calculated as fol-

lows: 

α = αc + αrad (2)

β = 

1

R v T 

αc 

ρa c p, a 
Le −

2
3 (3)

where αc and αrad are the convective and radiative heat transfer

coefficients, respectively, R v is the individual gas constant of water,

T the absolute temperature, ρa the air density, c p ,a the air heat ca-

pacity and Le the Lewis number. The value αrad ≈ 5 W/(m 

2 K), ap-

proximately determined by means of correlations reported e.g. in

[13,31] , can be considered sufficiently accurate for the temperature

range considered here. Hence, the average values of the heat and

mass transfer coefficients ( αc , β) reported in Table 1 are obtained

through inverse procedure, by searching for the best fit between

the measured drying rates and the results of the numerical model
Table 1

Boundary and initial conditions for the considered cases. Number of samples N em- 

loyed for each experiment. Mass transfer coefficient β calculated with Eq. (3) at

θ = 25 °C. 

Case θ∞ ϕ∞ αc αrad β θ0 ϕ0 N

( °C) (–) (W/(m 

2 K)) (W/(m 

2 K)) (s/m) ( °C) (–) (–)

bc 1 23.5 0.52 4.32 5 2.86 × 10 −8 23.5 1 3

bc 2 25.0 0.40 6.84 5 4.51 × 10 −8 23.5 1 2

bc 3 30.0 0.35 12.60 5 8.31 × 10 −8 23.5 1 6

u  

u  

0

q  

j  

j

escribed afterward in Section 3 . The different values of the con-

ective coefficients characterizing the three cases may be explained

onsidering deviations in the fan operation and a slightly different

ositioning of the samples inside the chamber. 

. Mathematical model

In this section the mathematical model employed for coupled

eat and moisture transfer is described. Hence, the numerical

etup used for simulation is discussed. 

.1. Driving equations 

In order to describe the coupled transfer of energy and mois-

ure inside the sample, a well established continuum approach is

mployed, according to numerous authors (e.g. [32,4] ). The follow-

ng assumptions are made: (1) the solid phase is a rigid matrix

n an inertial frame; (2) the three phase system (air, liquid water,

olid) is in local equilibrium; (3) the porous medium is continuous

t the macroscopic scale. Hence, by referring to a representative

lement of volume (REV), mean local material properties, mois-

ure and energy states can be defined. By neglecting the flux of

ry air and in absence of thermal and mass sources, the time de-

endent energy and moisture transfer is described by the following

ystem: 
 

 

 

∂H 

∂t 
= −∇ · ( ̇ q + h v j v + h w 

j w 

)

∂u 

∂t 
= −∇ · (j w 

+ j v )

(4)

here H is the volumetric enthalpy specified in Appendix A , u

s the local water content, and h v and h w 

are the specific en-

halpies of vapor and liquid water. The total heat flux ˙ q , the liq-

id water flux j w 

and the vapor flux j v can be specified as follows,

nder standard temperature and pressure conditions ( p ≈ 1 bar;

 < θ < 40 °C), and according to several authors (e.g. [4,13] ): 

˙ 
 = −λeff ∇T (5)

 w 

= −D w 

∇u (6)

 v = − 1

μ

D v 

R v T 

(
p s ∇ ϕ + ϕ

d p s 

d T 
∇ T 

)
(7)
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here λeff is the effective thermal conductivity, including heat

onduction and radiation, D w 

the water diffusivity due to capillary

ction and μ the vapor diffusion resistance factor. Moreover, ϕ is

he relative humidity, D v the water vapor diffusivity in the air and

 s the saturation pressure expressed as follows [33] : 

p s = 610 . 94 e 
17 . 625 θ

243 . 04+ θ (8) 

Taking into account equations (5)–(7) , system (4) can be rewrit-

en as follows, with relative humidity and temperature as depen-

ent variables: 
 

 

 

∂H 

∂T 

∂T 

∂t 
+ ∂H 

∂ϕ 

∂ϕ 

∂t 
= −∇ · ( K 11 ∇ T + K 12 ∇ ϕ ) in 


∂u 

∂T 

∂T 

∂t 
+ ∂u 

∂ϕ 

∂ϕ 

∂t 
= −∇ · ( K 21 ∇ T + K 22 ∇ ϕ )

(9) 

ith boundary and initial conditions given by the following equa-

ions: 

(K 11 ∇T (x , t) + K 12 ∇ϕ(x , t) ) · n = α( T ∞ 

− T (x , t) )

+ h v β( p s, ∞ 

ϕ ∞ 

− p s (T (x , t) ) ϕ(x , t) ) , x ∈ ∂
 (10) 

(K 21 ∇T (x , t) + K 22 ∇ϕ(x , t) ) · n

= β( p s, ∞ 

ϕ ∞ 

−p s (T (x , t) ) ϕ(x , t) ) , x ∈ ∂
 (11) 

(x , 0) = ϕ 0 , x ∈ 
 (12) 

 (x , 0) = T 0 , x ∈ 
 (13) 

here n is the normal unit vector pointing outward and the trans-

ort coefficients K ij are: 

 11 = −λeff −
h v ϕD v 

μR v T 

d p s 

d T 
; K 12 = −h v D v p s

μR v T 
− h w 

D w 

∂u 

∂ϕ 

(14) 
ig. 2. (a) Water retention curve ( Eq. (B.1) ); (b) liquid water diffusivity ( Eq. (B.2) ; θ = 20 °
ivity ( Eq. (B.4) ; θ = 20 °C. The assumed uncertainties on material functions are also show
 21 = − ϕD v

μR v T 

d p s 

d T 
; K 22 = − D v p s

μR v T 
− D w 

∂u 

∂ϕ 

(15) 

The material properties of calcium silicate with their assumed

ncertainties are shown in Fig. 2 as functions of the relative hu-

idity or water content. These curves have been calculated with

aterial specific parameters, determined in previous studies and

eported in Appendix B . 

.2. Implementation in a simulation software 

Eqs. (9)–(13) are implemented in COMSOL (finite element

ethod, Galerkin) by means of the PDE interface (coefficient form

DE). The choice of this software is motivated by the fact that

ther ones, specific for hygrothermal application [34,35] , are un-

il now limited to one or two dimensional problems. Even if COM-

OL has already been employed by numerous authors for modeling

oupled heat and moisture transfer (see e.g. [36–40] ), a compari-

on with measured data for 3D drying of initially saturated sam-

les was, to the knowledge of the authors, still lacking in the liter-

ture. 

Since the heat and mass transfer coefficients are supposed uni-

orm at all surfaces, three symmetry planes can be defined. The

apped mesh of 40 0 0 Lagrange linear elements used for simula-

ion is shown in Fig. 3 . For discretization in time, Backward Differ-

ntiation Formula (BDF) with variable time steps is employed. 

Other numerical parameters characterizing the model are re-

orted in [41] , where the quality of the numerical solution was

iscussed by varying the absolute and relative tolerances and the

esh refinement. It turned out that the chosen numerical setup is

ufficiently accurate for the purpose of this work. Some improve-

ent may be obtained by reducing the absolute and relative tol-

rances or assigning a maximum time step, whereas further mesh

efinement does not lead to any significant variation of the results.
C); (c) vapor diffusion resistance factor Eq. (B.3) ; and (d) effective thermal conduc- 

n. 



Fig. 3. 3D mesh.
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Note also that the governing equations given by system (9) may

lead to numerical errors in mass and energy conservation after dis-

cretization in time. This is due to the fact that the coefficients of

time derivatives ( ∂ u / ∂ ϕ; ∂ u / ∂ T ; ∂ H / ∂ ϕ and ∂ H / ∂ T ) are functions

of the dependent variables ( T and ϕ). Even if this issue should

concern both energy and mass, it may be relevant just for mass

conservation, since the water retention curve u ( ϕ) is highly non-

linear at saturation. One way to handle this challenge is to em-

ploy the numerical scheme proposed in [41–43] (so-called mixed

form). However, considering that this study focuses primarily on

the description of physical processes and comparison with mea-

surements, a detailed analysis of such numerical issues, already ad-

dressed in other works [43,44] , is not included here. 

4. Results

In this section, the numerical model is validated by confronta-

tion with experimental outcomes. Hence, a sensitivity study with

respect to different input parameters is performed. In the last part

of the paper, the deviation between water content at the surface

and inside the specimen is investigated by varying the boundary

conditions and the sample thickness. 
Fig. 4. (a) Water conten
.1. Comparison with experimental data 

In Fig. 4 the measured water contents and drying rates are

ompared with the simulation results for the boundary conditions

efined in Table 1 . It can be observed that the simulation repro-

uces the drying behavior adequately, and a satisfactory agreement

ith the measured data is found. 

The surface temperature has been measured for the variant “bc

” only. The deviation between the mean value at the surface and

n the surrounding air is reported in Fig. 5 (a), in which the good

greement found above between measurements and simulation re-

ults is confirmed. Fig. 5 (b) shows the behavior of the mean sur-

ace relative humidity which reproduces, with opposite algebraic

ign, the temperature behavior. Three phases can be observed dur-

ng the whole drying process: 

1. During the first phase the temperature inside the sample drops

down due to evaporation, approaching the so-called wet bulb

temperature. This phase is very short ( ≈2 h) if compared to the

whole drying time, and depends on the heat capacity of the

sample. Note that this early behavior is captured by the sim-

ulation but not by the measurement, due to the coarse data

aquisition.

2. During the second phase, the moisture transport inside the

sample occurs mainly due to capillary forces. The drying rate,

temperature and relative humidity remain nearly constant.

3. The third phase presents a progressive reduction of the capil-

lary water transport and hence of the drying rate. Vapor diffu-

sion becomes the main mass transfer mechanism. The relative

humidity and temperature at the surface evolve, by approxi-

mating the surrounding air conditions.

The three-dimensional nature of the process and the effect of

cooling due to evaporation can be observed in Fig. 6 , in which the

urface temperature distributions are reported at different times.

he infrared plots demonstrate that, although the assumption of

ymmetric boundary conditions is not exactly verified, the process

ehavior is reproduced with sufficient agreement. 

.2. Sensitivity analysis 

In this section, the sensitivity of the model with respect to the

ost important input parameters i.e. convective heat transfer coef-

cient and material properties is investigated. 

In Fig. 7 the influence of the convective transfer coefficient

c on the water content behavior and drying rates is shown.

t is worth to remember here that the convective heat transfer
t. (b) Drying rate.



Fig. 5. (a) Deviation between mean surface temperature θ s (at y = 0) and air temperature θ∞ ; (b) surface relative humidity (at y = 0). 

Fig. 6. Surface temperature (on the plane y = 0) at four different times. Left: simulation results; center: measurements (infrared thermography); right: comparison between 

measurements and simulation at z = 5 cm. 
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c  
oefficient αc and the mass transfer coefficient β are related

hrough Eq. (3) . In accordance with results by other authors (e.g.

9] ), these parameters determine the slope of the water content

rends (hence the magnitude of the drying rate) during the sec-

nd, nearly isothermal, phase of drying. Considering that the con-

ective heat transfer coefficient αc is the only input used for the

odel calibration, the described experiment can also be viewed as

 method for inverse determination of this parameter.
The material property presenting the most important influence

n the drying process is the liquid water diffusivity. As shown in

ig. 8 , its effect is negligible at the process beginning, but increases

uring the latter period in which it determines the steepness of

he drying rate. These results are in agreement with those found

n [24] for a different capillary active material (i.e. ceramic brick). 

Further analysis is made by varying the water retention curve,

onsidering two limit cases reported in Fig. 2 (a). A minor in-



Fig. 7. Influence of the convective transfer coefficient αc on the drying behavior (assumed uncertainty: ±20%). (a) Water content trend; (b) drying rate. 

Fig. 8. Influence of the liquid water diffusivity D w on the drying behavior (assumed uncertainty: ±50%). (a) Water content trend; (b) drying rate. 

Fig. 9. Influence of the water retention curve on the drying behavior assuming two limit cases reported in Fig. 2 (a). (a) Water content trend; (b) drying rate.
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fluence on the simulation results has been found, as shown in

Fig. 9 . The low deviation between the trends is motivated by

the fact that both the input functions present equal water con-

tent at saturation. A more pronounced impact has been found

in [24] , where however the saturation water content has also

been varied. Finally, the uncertainties in vapor diffusion resistance

and thermal conductivity ( Fig. 2 (c) and (d)) have a negligible ef-

fect on the resulting drying behaviors, which are thus not shown
here. s
.3. Investigation of the water content uniformity 

As stated above, the method recently proposed in [18] allows to

etermine the water retention curve from drying tests by means

f lumped parameter analysis. This method is less time consum-

ng than other ones used to the same aim (e.g. [12] ) and involves

 simple measuring equipment. The lumped parameter approach,

owever, requires nearly uniform water content inside the drying

ample. 



Fig. 10. Influence of the heat transfer coefficient αc , air relative humidity ϕ∞ and temperature θ∞ on the drying trend. (a), (c), (e) Mean water content at the surface and

inside the sample; (b), (d), (f), deviation between the mean water content at the sample surface and inside the sample.
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In this section, the numerical model validated above is applied

o determine a set of boundary conditions and sample dimensions

hich guarantee uniformity. To this aim, the deviation between

ean water content at the surface and inside the sample is cho-

en as a characteristic parameter. The mean value inside the sam-

le is calculated as the volume integral of water content divided by

he sample volume. As reference case, the variant “bc 2” in Table

 is considered, and the impact of three different input parame-

ers is investigated. The considered parameters are: the convective

eat transfer coefficient αc , the air relative humidity ϕ∞ 

and the

ir temperature θ∞ 

. 

In Fig. 10 the simulation results are reported. The mean water

ontent at the surface and inside the sample are shown on the left

ide, while on the right side the relative deviation between these

wo values is indicated. As expected, a reduction of αc increases

he drying time and simultaneously leads to more uniform water

ontent ( Fig. 10 (a) and (b)). A similar effect is observer by increas-

ng the relative humidity of the drying air ( Fig. 10 (c) and (d)). In-

tead, the air temperature influences the drying time significantly,

ut it has just a minor effect on the water content uniformity

 Fig. 10 (e) and f)). Note that in all considered cases the maxi-
um relative deviation is reached at rather low water content 
 u / u f ≈ 0.1) while at high water content ( u / u f > 0.5) the relative de-

iation remains always under 10%.

According to the above results, a nearly uniform distribution in-

ide the sample can be obtained by reducing the velocity of the

rying air (hence the convective transfer coefficients for heat and

ass) and by increasing its relative humidity. Both these measures,

owever, slow down the process drastically. Hence, in order to re-

uce the drying time, it may be opportune to perform the exper-

ment at rather high temperature, since this does not significantly

mpact on uniformity. 

Further numerical tests have been performed by varying the

ample thickness. The results are shown in Fig. 11 , by report-

ng the maximum values of the water content deviation ob-

ained for each simulation. As expected, a reduction of the thick-

ess determines always a more uniform water content inside the

ample. It appears that, by using one centimeter thick samples

ith adequate boundary conditions, a maximal relative deviation

ower than 20% is obtained. This represents an important im-

rovement with respect to the preliminary study reported in [18] ,

here a maximum relative deviation of approximately 60% was

eached. 



Fig. 11. Maximum deviation between the mean water content inside the sample

and at the sample surface for different values of the sample thickness d . The influ- 

ence of the following parameters has been investigated: (a) Convective heat transfer

coefficient; (b) relative humidity of the drying air; and (c) temperature of the dry- 

ing air.
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5. Conclusions and outlook

This study represents a contribution for physical interpretation,

mathematical modeling and experimental assessment of the drying

process in capillary active materials. The main results are summa-

rized as follows: 

1. The material functions determined in [29,30] are able to repro-

duce the drying behavior accurately.

2. The numerical setup is adequate for simulation of initially satu-

rated samples. The choice of temperature and relative humidity

as dependent variables is adequate.

3. The sensitivity of the model with respect to uncertainties

in material properties and convective transfer coefficients has

been tested. The parameter presenting the major impact on

the drying behavior is the convective heat transfer coefficient,

whereas the most important material property is the water dif-

fusivity.

4. The assumption of constant and uniform convective heat trans-

fer coefficients results to be adequate, since a good agreement

with the measured data is reached. The only input used for
the model calibration is the convective heat transfer coefficient,

which has been inversely determined. 

5. The influence of boundary conditions and specimen thickness

on the uniformity of water content is investigated. To this aim,

the deviation between water content at the surface and inside

the sample has been considered. It turned out that the convec-

tive transfer coefficient and the relative humidity of air have a

large impact on both drying time and water content uniformity.

On the other hand, the air temperature influences the drying

time significantly, but it has just a minor impact on the unifor-

mity of water content.

6. The method proposed in [18] for determination of the water

retention curve by means of drying tests may be significantly

improved by choosing optimal boundary conditions and sample

dimensions.

Finally, it has to be noted that, for a more general model valida-

ion, further experiments should be performed (e.g. water-uptake

xperiments) since this study is limited to drying tests only. 
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ppendix A. 

The volumetric enthalpy of the moist material is given by the

ollowing equation: 

 = h dry ρdry + ψ w 

(h w 

ρw 

− h a ρa ) + (ψ − ψ w 

) h v ρv (A.1)

here ψ and ψ w 

are the total porosity and the volumetric liquid

ater content respectively, defined as the water content divided by

ensity of liquid water: 

 = 

u f

ρw 

; ψ w 

= 

u

ρw 

(A.2)

n Eq. (A.1) , h dry , h a , h w 

and h v represent the enthalpies of the dry

aterial, dry air, liquid water and vapor, which are defined as fol-

ows: 

 dry = c p, dry θ ; h a = c p, a θ (A.3)

 w 

= c p,w 

θ ; h v = c p, v θ + h lv (A.4)

hile ρdry , ρa , ρw 

, ρv , c p, dry , c p ,a , c p,w 

and c p, v are the densities and

pecific heat capacities of the dry material, dry air, liquid water

nd vapor and h lv the specific enthalpy of vaporization. 

ppendix B. 

The material behavior is described by empirical functions of rel-

tive humidity and temperature. These functions are: the moisture

etention curve Eq. (B.1) [45] , the water diffusivity Eq. (B.2) [30] ,

he vapor diffusion resistance factor Eq. (B.3) [46] and the effective

hermal conductivity Eq. (B.4) [13] : 

= u f

1 + ( −ρw 

R v T ln (ϕ) /k 1 ) 
k 2

(B.1)

 w 

= 

σw 

ηw 

u 

u f

2 ∑ 

i =1

ξi 10 

ζi

(
u

u f
−1

)
(B.2)

= 

μdry 

mϕ 

n + 1 

(B.3)



Table B.1

Material properties and model parameters.

Ref. Description Par. Unit Value

[34] Vapor gas constant R v J/(kg K) 462

[34] Vapor diffusivity in air D v m 

2 /s 2.66 × 10 −5 

Vapor heat capacity c p, v J/(kg °C) 1864

[34] Specific enthalpy of vaporization h lv J/kg 2.45 × 10 6 

Air density ρa kg/m 

3 1.2

Air heat capacity c p ,a J/(kg °C) 1005

Air thermal conductivity λa W/(m K) 0.025

Liquid water density ρw kg/m 

3 10 0 0

Liquid water heat capacity c p,w J/(kg °C) 4186

[13] Liquid water surface tension (at 20 °C) σw N/m 72.7 × 10 −3 

[13] Liquid water viscosity (at 20 °C) ηw kg/(m s) 0.959 × 10 −3 

[30] Calcium silicate density (dry) ρdry kg/m 

3 333

[34] Calcium silicate heat capacity (dry) c p ,dry J/(kg °C) 10 0 0

[30] Calcium silicate free sat. water content uf kg/m 

3 850

[30] Thermal conductivity rad. parameter C W/(m K 4 ) 1.11 × 10 −11 

[30] Thermal conductivity of the solid matrix λsm W/(m K) 0.2974

[30] Thermal conductivity parameter a – 0.18839

[29] Diffusion resistance (dry) μdry – 8.7

[29] Diffusion resistance parameter m – 3.6287

[29] Diffusion resistance parameter n – 1.9256

[29] Moisture desorption parameter k 1 Pa 6.44 × 10 5 

[29] Moisture desorption parameter k 2 – 0.7649

[29] Moisture absorption parameter k 1 Pa 8.48 × 10 3 

[29] Moisture absorption parameter k 2 – 0.5289

[30] Water diffusivity parameter ξ 1 m 5.1 × 10 −11 

[30] Water diffusivity parameter ξ 2 m 2 × 10 −8 

[30] Water diffusivity parameter ζ 1 – −0.8 

[30] Water diffusivity parameter ζ 2 – 8.1

[31] Lewis number Le – 0.87

λ

 

n

λ

λ

E  

c  

p  

p  

c  

i

λ
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e

s

R
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, 

[6] J. Grunewald,  Diffusiver und konvektiver Stoff- und Energietransport in kapil- 
larporösen Baustoffen (PhD thesis), Technischen Universität Dresden, 1997. 

 

 

ild- 

 

 

eff = 

1 

1 −a
λI

+ a
λII

(B.4) 

In order to complete the model, the following relations are

eeded: 

I = (1 − ψ) λsm 

+ ψ w 

λw 

+ (ψ − ψ w 

)(λa + CT 3 ) (B.5) 

II = 

1 

1 −ψ
λsm

+ ψ w

λw
+ (ψ−ψ w )

(λa + CT 3 )

(B.6) 

qs. (B.5) and (B.6) are appropriate when the fraction of closed

avities (i.e. not accessible to the moisture) is negligible if com-

ared to the total pore volume. In case this condition does not ap-

ly, an extended model proposed by [47] can be used. The thermal

onductivity of liquid water is calculated according to the follow-

ng equation [48] : 

w 

= −0 . 90032 + 0 . 00839 T − 1 . 11802 × 10 

−5 T 2 (B.7) 

Finally, the surface tension σw 

and viscosity ηw 

of liquid wa-

er, appearing in Eq. (B.2) , depend on the temperature according to

.g. [13] . The material properties and model parameters used for

imulation are reported in Table B.1 .
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