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For this reason, a great effort in both numerical modeling and
experimental research has been recently made on this topic by
numerous authors [2e9]. The purpose of this work is to extend the
present knowledge by investigating the drying behavior of calcium
silicate, the importance of which as capillary active thermal insu-
lation material has been already shown in the literature [10,11].

A new method is proposed for experimental determination of
the water retention curve in both the hygroscopic and super-
hygroscopic ranges, based on non-destructive measurements and
analytical procedure. The proposed method is less time consuming
chi Janetti).
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material to retain water inside its air cavities and represents an
important input for transient modeling of heat and moisture
transfer. It can be expressed as a relation between the local water
content and the relative humidity or, alternatively, the capillary
pressure (Fig. 1).

Commonly, for modeling the behavior of building materials,
local equilibrium between liquid and vapor phase is assumed. In
other words, a one-to-one correspondence between local water
content and relative humidity is defined at every time step, inde-
pendently of the process dynamic. According to this assumption,
the water retention curve can be obtained through experiments
performed at steady state conditions. Commonly employed tech-
niques are the desiccator method [12,13] (for measurements in the
hygroscopic range i.e. relative humidity below approximately 95%)
 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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Nomenclature

A specimen surface ½m2�
Bi Biot number ½��
c heat capacity ½J=ðkg �CÞ �
d specimen thickness ½m�
D diffusivity ½m2=s�
L characteristic length ½m�
Le Lewis number ½��
m mass ½kg�
_m drying rate ½kg=s�
Nu Nusselt number ½��
p pressure ½Pa�
Pr Prandtl number ½��
Re Reynolds number ½��
R gas constant ½J=ðkg KÞ �
s standard deviation
T absolute temperature ½K�
t time ½s�
u water content

�
kg=m3�

v air velocity ½m=s�
V specimen volume ½m3�
x; y; z coordinates ½m�

X parameter Eq. B.5½Pa�
a heat transfer coefficient

�
W=

�
m2K

� �
b mass transfer coefficient ½s=m�
q Celsius temperature [�C]
l thermal conductivity ½W=ðm KÞ �
r density

�
kg=m3�

4 relative humidity ½��

Subscripts
a air
c capillary
dry dry material
f free saturation
lam laminar
m mass transfer
p constant pressure
sat saturation
s surface
turb turbulent
v vapor
vol volume
w liquid water
∞ in the surrounding air
and the pressure plate test [3,13] (for characterization of the super-
hygroscopic range).

By applying such steady-state methods, the hysteresis between
ad- and desorption, widely studied in previous works (e.g.
Ref. [12]), can be observed. However, transient procedures are
required in order to investigate the influence of the process dy-
namic on the material behavior.

Even if the assumption of local equilibrium is common in
hygrothermal modeling, recent studies pointed out that, in some
cases, it may be quite inaccurate. In Ref. [14], the authors gave
experimental evidence of this by carrying out drying, absorption
and desorption tests and measuring both water content and rela-
tive humidity during time at different positions.

By comparing these results with those obtained at equilibrium
conditions through standard techniques, a significant deviationwas
observed. The measuring equipment employed in that study
included different types of sensors and a sophisticated experi-
mental setup: the relative humidity was measured by means of
psychrometers (above 96%) and capacitive sensors (below 98%)
while the water content was determined through a X-ray
projection.
Fig. 1. Water retention curve determined through steady state measurements for absorptio
logarithm of capillary pressure.
In this study, we propose an alternative method based on non
destructive measurements, i.e. infrared thermography and gravi-
metric analysis. These techniques have been already successfully
applied for the assessment of the moisture content in porous
building materials in previous works (e.g. Refs. [15e18]). In
particular, in Ref. [16] surface temperature measurements are used
in combination with gravimetric analysis to determine the transi-
tionwater content between the super-hygroscopic and hygroscopic
range during drying.

In a similar way, in this study the water content and the surface
temperature of calcium silicate specimens are measured at
different times. Considering that, at least during the early drying
period, the water content and temperature inside the specimens
are almost uniform, it is possible to determine the transient
behavior of the relative humidity trough amathematical procedure.
Hence, the water retention curve can be obtained by linking the
relative humidity to the water content.

3. Experimental setup

The experiment consists of drying material samples, previously
n and desorption. a) water content versus relative humidity; b) water content versus



doused until the entire pore volume has been filled by liquid water.
A preliminary test is carried out in a climatic chamber where the
temperature and relative humidity of air are controlled through a
ventilation system. Two calcium silicate samples are employed. The
experimental setup and the sample schematic are shown in Fig. 2.
Note that forced convection is induced and the approaching ve-
locity of air is measured by means of a thermoanemometer. Hence,
a nearly constant mass transfer coefficient can be assumed at the
sample surface during the whole drying time. The air conditions
inside the chamber with their estimated uncertainties and the
material properties of the employed calcium silicate samples are
reported in Fig. 2 as well.

The mean value of the drying rate is determined by recording
the mass loss during time. To this aim, a balance with a repeat-
ability of ±0:001 ½g� is used. The surface temperature of the sample
is measured bymeans of an infrared camera calibratedwith respect
to known temperatures. The standard deviations of the gravimetric
and temperature measurements are reported in Table 1.

In general, the surface temperature andmass loss characterizing
the drying of capillary active materials present typical trends. Ac-
cording to previous studies (e.g. Refs. [19e21]), by assuming the
initial temperature of the specimen equal to the ambient temper-
ature, the following behavior is expected (see Fig. 3):

� t < t1: Due to evaporation cooling, the temperature decreases
steeply determining a reduction of the drying rate. After a
certain time (t ¼ t1) the minimum value qðt1Þ is reached. This
stabilization time depends on the heat capacity of the sample
and is very short compared to the whole drying period. Indeed,
the knowledge of the temperature trend for t < t1 is not required
by the method proposed in this study.

� t1 < t < t2: Both temperature and drying rate remain nearly
constant, the first one slightly increasing and the second one
slightly decreasing. For the considered experiment it applies
t2z46 h, as reported in Section 5. This phase determines the
characterization of the super hygroscopic range (relative hu-
midity above approximately 95%).

� t > t2: The drying rate decreases dramatically whereas the
temperature increases, approximating the surrounding air
conditions. During this phase, the hygroscopic range (relative
humidity below approximately 95%) is characterized.
Fig. 2. Climatic chamber, specimen schema
4. Mathematical method

The proposed method is based upon a lumped parameter
analysis, assuming approximately uniform temperature and water
content inside the specimen and at the specimen surface. Accord-
ing to this assumption, it applies:

_mwðtÞ ¼ Ab
�
pv;sðtÞ � pv;∞

�
(1)

where _mw ¼ dmw=dt represents the drying rate, A the specimen
surface and b the convective mass transfer coefficient; pv;s and pv;∞
are the partial pressures of water vapor at the surface and in the
surrounding air, respectively.

Taking into account the definition of relative humidity,
expressed by Eq. (2):

4 ¼ pv
psat

(2)

Eq. (1) can be rewritten as follows:

_mw tð Þ ¼ Ab
�
psat;sðq tð Þ Þ4s tð Þ � psat;∞4∞

�
(3)

where psat;s, psat;∞, 4s and 4∞ are the saturation pressure and
relative humidity at the surface and in the surrounding air,
respectively. Moreover, the saturation pressure psat can be
expressed as a function of the Celsius temperature q according to
the following equation, valid in the temperature range of our in-
terest [22]:

psat ¼ 610:94 e
17:625 q
243:04þq (4)

Note that all the terms appearing in Eq. (3) except for b and 4s
can be directly measured. Since the air velocity in the chamber is
controlled due to ventilation (forced convection), the mass transfer
coefficient b can be considered approximately constant during the
whole drying period and is calculated as follows:
tic (d ¼ 3 cm) and material properties.



Table 1
Measured surface temperature, relative humidity, water content, drying rate (mean values and standard deviations) and mass transfer Biot number calculated according to Eq.
(9).

t q sq 4s
s4s
4s

u su
u

_mw
A

s _mw
_mw

Bim

½h� ½�C� ½K� ½�� ½%� 

kg
m3

� ½%� 

kg

m2 s

� ½%� [�]

0 e e 1.0000 e 851.8 0.2 e e e

3.8 17.5 0.31 0.9995 4.4 798.1 0.4 3.7E-05 9.1 0.0001
8.5 17.8 0.35 0.9783 6.0 731.9 1.1 3.7E-05 13.8 0.0017
19.6 17.9 0.20 0.9726 4.4 575.2 3.5 3.6E-05 10.7 0.0083
32.1 18.0 0.23 0.9594 8.8 403.2 1.9 3.6E-05 23.8 �0.0008
46.3 17.6 0.29 0.9597 4.1 211.7 15.2 3.4E-05 8.8 �0.001
51.8 18.1 0.69 0.8713 6.5 140.7 19.7 2.7E-05 8.3 0.76
67 22.1 1.08 0.5408 9.8 42.7 31.2 8.9E-06 25.1 5.3703
71 23.0 0.87 0.4885 8.0 34.0 29.6 5.3E-06 38.8 4.6704
73.3 23.1 0.73 0.4788 6.8 29.1 28.1 4.5E-06 41.0 e
b ¼ _mwðt1Þ
A
�
psat;sðqðt1ÞÞ4sðt1Þ � psat;∞4∞

� (5)

where qðt1Þ is the surface temperature after the stabilization phase
(see Fig. 3). The relative humidity 4sðt1Þ can be assumedwith a very
good approximation equal to one, as verified in the following
section.

Once the mass transfer coefficient has been determined, it is
possible to calculate 4sðtÞ rewriting Eq. (3) as follows:

4sðtÞ ¼
_mwðtÞ
bA þ psat;∞4∞

psat;sðqðtÞÞ (6)

Finally, the surface water content usðtÞ can be assumed
approximately equal to the mean water content inside the spec-
imen uvolðtÞ:

usðtÞzuvolðtÞ ¼
mwðtÞ
V

(7)

where V represents the specimen volume. This assumption applies
in case the mass transfer Biot number characterizing the
Fig. 3. Typical trends of the mean surface temperature (top) and of the drying rate
(bottom) assuming the initial temperature of the specimen equal to the air
temperature.
experiment is low enough, as better explained in Section 5.2.
The correlation between water content and relative humidity

can be found by linking the values determined through equations
(6) and (7) at different times during drying.

Taking into account the Kelvin equation:

4 ¼ e

�
�pc

rwRvT

	
(8)

where pc, rw and Rv are the capillary pressure, the density of liquid
water and the gas constant for water vapor, respectively, we are
able to express the water content as a function of the capillary
pressure: u ¼ uðpcÞ.

5. Results

In this section the results of the first experimental test described
above are discussed. Since the measurements of temperature and
water content are not synchronized, the data have been linearly
interpolated obtaining the matrix reported in Table 1 (the time-
steps refer to the temperature measurements). The uncertainties
on the output parameters have been derived according to the error
propagation theory, as better described in Section 5.4.

After the determination of the temperature, water content and
drying rate, the mass transfer coefficient b has to be estimated. To
this aim Eq. (5) is applied, using the surface temperature measured
at t1 ¼ 3:8 ½h� and assuming with good approximation: 4sðt1Þz1.
The calculated value is b ¼ ð5:1±0:9Þ10�8 ½s=m�. This result has
been verified by determining the Nusselt number for the air flow
conditions measured inside the climatic chamber (see Fig. 2) and
hence re-calculating the mass transfer coefficient through the
empirical equations reported in Appendix A. A value of
b ¼ 6:6 10�8 ½s=m� has been found, in acceptable agreement with
the previous result.

Once the mass transfer coefficient has been determined, the
mean relative humidity at the surface can be obtained at each time
step through Eq. (6). In Fig. 4a) and b) the measured temperature
and relative humidity are reported. The mean water content and
the drying rate are shown in Fig. 4c) and d), respectively. Note that
the early stabilization phase reported in Fig. 3 can not be observed
in these plots since no data are available for t < t1. Indeed, this is not
essential for the determination of the water retention curve, which
is shown in Fig. 4e) and f) as a function of the relative humidity and
logarithm of the capillary pressure, respectively.

5.1. Influence of the boundary conditions

The temperature distribution at the specimen surface for



Fig. 4. Trends of a) surface temperature; b) relative humidity; c) water content; d) drying rate; e) and f) water retention curve.
different times can be observed in Fig. 5. These plots show that the
temperature is nearly uniform up to approximately 52 ½h�, while
differences occur later on between border and center of the spec-
imen. This is due to the fact that evaporation occurs at all bound-
aries, leading to 3D transfer of heat and mass. Considering this
issue, the experiment may be improved by drying the sample just
from one side, obtaining in this way one-dimensional transfer and
hence uniform surface distributions. This has been investigated
through numerical simulation using the hygrothermal model re-
ported in Ref. [21].

An ideal water retention curve is given as model input. Hence,
the desorption trend of the water content is re-calculated as a
function of the relative humidity, by using the results of the nu-
merical model, according to the method described above in Section
4. The experiment is first reproduced through a 3D model,
imposing convective boundary conditions for heat and mass
transfer at all boundaries. Then the simulation is repeated for a
specimen with ideally adiabatic and sealed borders. In this case,
evaporation occurs just at the main surfaces (1D heat and mass
transfer through the specimen). By comparing the resulting mois-
ture retention curve with the input function, the influence of all
simplifications introduced by the lumped parameter approach is
investigated.

In Fig. 6, the trend obtained with the reference specimen (drying



Fig. 5. Left: surface temperature distribution at different times (y ¼ 0; see Fig. 2); Right: temperature profiles at z ¼ 5 ½cm�.
from all boundaries, 3D transfer) is compared with the one
resulting from a specimen with adiabatic and sealed borders (1D
transfer) and with the exact desorption trend (input function of the
simulation). It can be observed that, if 1D drying is imposed, a
significant improvement is obtained only in the middle range of
capillary pressure (6< log10ðpcÞ<7:5), while at high and low
capillary pressure the deviation between 3D and 1D results is
negligible. Moreover, it has to be considered that applying thermal
insulation and sealing material at the border surfaces would make
the experimental setup much more complex. In the following
section, other simpler measures, which may be applied in order to
improve the experiment, are considered.
5.2. Influence of the specimen's thickness

The assumption of uniform water content inside the specimen
has been verified employing again the numerical model described
in Ref. [21].

In Fig. 7 the mean water content at the surface and inside the
specimen, as well as the relative difference between these two



Fig. 6. Comparison between the desorption trend of a sample drying from all boundaries (3D transfer), the one resulting from 1D drying (adiabatic and sealed borders) and the
exact trend (input function). a) water content versus relative humidity; b) water content versus logarithm of capillary pressure.
values are reported. It can be observed that first the deviation in-
creases steeper, reaching its maximumvalue at approximately 60 h.
This behavior can be explained taking into account the mass
transfer Biot number Bim which gives the ratio of the mass transfer
resistances inside of and at the surface of the specimen. According
to this interpretation, a low Biot number leads to a more homo-
geneous distribution inside the body.

Considering that in the super-hygroscopic range the capillary
transfer of liquid water dominates the mass transfer (hence vapor
diffusion is negligible during the early phase of drying), the Biot
number can be written as follows:

Bim ¼ ðV=AÞb
vu
v4

v4
vpv

Dw
(9)

where the ratio ðV=AÞ represents the characteristic dimension of
the body and the liquid water diffusivity DwðuÞ is an increasing
Fig. 7. a) mean value of the water content at the specimen surface (us) and ins
function of the water content.
According to Eq. (9), the Biot number increases significantly

during drying. Hence, while in the first period almost no difference
is observed between surface and internal values, important de-
viations occur later on.

In Table 1 the values of Bim, calculated according to the liquid
water diffusivity measured in Ref. [23], are reported. The negative
values at t ¼ 32:1 ½h� and t ¼ 46:3 ½h� have no physical meaning and
can be explained considering that the derivative vu=v4 is negative
due to measurement uncertainty in those cases.

According to the above statements, the experiment can be
significantly improved by reducing the sample thickness since in
this way a lower Biot number and thereby amore uniformmoisture
distribution is reached. In Fig. 8 the desorption trends obtained
through numerical simulation with samples of different di-
mensions are reported. Similar results can be obtained also by
reducing the air velocity in the climatic chamber and hence the
ide the specimen (uvol); b) deviation between volume and surface values.



Fig. 8. Comparison between the trends obtained with samples of different thickness (3D transfer) and the exact trend (input function). The trends have been obtained through
numerical simulation according to the model reported in Ref. [21]. a) water content versus relative humidity; b) water content versus logarithm of capillary pressure.
mass transfer coefficient b. However, this measure is limited by the
fact that forced convection is required, in order to guarantee a
nearly constant mass transfer coefficient during the whole drying
time and all-over the specimen surface.

5.3. Comparison with other measured data

In Fig. 9 the water retention curve obtained through the drying
test is compared with values determined by means of the desic-
cator method for absorption and desorption in the hygroscopic
range. For better accuracy, the drying trend has been corrected by
reducing the water content according to the numerical results re-
ported in Fig. 7 b). It can be observed that, in accordance with the
considerations made above, the errors due to non-uniform distri-
bution are important just at low water content.

The values measured at steady state conditions are interpolated
Fig. 9. Results of the drying test (transient) compared with those obtained by means of the
content versus logarithm of capillary pressure. The corrected values are obtained by reduc
through the mathematical model proposed by Ref. [24]; however,
since no data are available in the super hygroscopic range, the re-
ported trends may be inaccurate in this region.

Further verification is carried out by comparing the results of
this study with those published by Janssen et al. [14] (see Fig. 10).
Despite some deviation at high and low water content which may
be given by material differences, a rather good agreement is
observed.

5.4. Random uncertainties

The standard deviations of the measured temperature, water
content and drying rate as well as the resulting uncertainties on the
relative humidity at different times are reported in Table 1, while
the uncertainties affecting the boundary conditions and the accu-
racy of the employed instrumentation are reported in Section 3. The
desiccator method (steady state). a) water content versus relative humidity; b) water
ing the water content according to the results reported in Fig. 7 b).



Fig. 10. Comparison between the results of this study and measurements by Janssen
et al. [14]. The corrected values are obtained by reducing the water content according
to the results reported in Fig. 7 b).
resulting random uncertainties have been estimated according to
the error propagation theory bymeans of the equations reported in
Appendix B.

Note that these values are rather high and a bettermeasurement
precision has to be achieved. Such improvement is realistic,
considering the accuracy of the up-to-date instrumentation. In
particular the gravimeter analysis can be improved and the un-
certainty on the infrared measurements can be reduced using a
more accurate camera. Important uncertainties are given by oscil-
lations of the temperature, relative humidity and velocity of air, as
well as by non exactly uniform conditions inside the climatic
chamber. With regard to these issues, there is room for significant
improvement.

Moreover, considering that the actual values have been obtained
employing only two samples, further tests have to be carried out for
a more representative statistics.

6. Conclusions and outlook

This study describes a new procedure to determine the water
retention curve of porous capillary active materials through tran-
sient drying tests.

The proposed method is less time consuming and differs
significantly from other ones based on experiments at steady state
conditions. Moreover, it is suitable for investigation of the so called
dynamic effects which may affect the moisture storage behavior of
porous building materials. Such effects have been observed in a
recent study by Janssen et al. [14] employing a more sophisticated
equipment.

A preliminary test performed with the new method on calcium
silicate specimens gave promising results, showing a good agree-
ment with the values found by Ref. [14].

The experiment may be improved by reducing the characteristic
mass transfer Biot number, since this leads to more uniform tem-
perature and moisture distribution inside the specimen. Hence, the
test can be optimized by reducing the sample dimension and the
convective mass transfer coefficient (lower air velocity). On the
other hand, the method presented in this paper may not be
applicable to materials with very low liquid water diffusivity.

For a better definition of the applicability range of the method
and for obtaining representative statistics, further tests with
different materials and boundary conditions are required.
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Appendix A

Empirical equations for calculation of heat and mass transfer
coefficients, valid for 10<Re<107 and 0:6< Pr<1000 [25]:

a ¼ Nula
L

(A.1)

b ¼ 1
RvT

a

racp;a
Le�

2
3 (A.2)

Nu ¼ 0:3þ
�
Nu2lam þ Nu2turb

�1=2
(A.3)

Nulam ¼ 0:664Re1=2Pr1=3 (A.4)

Nuturb ¼ 0:037Re0:8Pr
1þ 2:443Re�0:1

�
Pr2=3 � 1

� (A.5)

all symbols in equation (A.1)e(A.5) are clarified in the nomencla-
ture. According to [25], it has been assumed Le ¼ 0:87.
Appendix B

Equations for calculation of the random uncertainties, derived
according to the error propagation theory by considering inde-
pendent input variables (covariance equal to zero):

�
sb
b

	2

z

�
s _mw

_mw

	2

þ

�
psat;s4s

�2 �spsat;s
psat;s

�2
þ
�
s4s
4s

	2
!

�
psat;s4s � psat;∞4∞

�2

þ

�
psat;∞4∞

�2 �spsat;∞
psat;∞

�2
þ
�
s4∞
4∞

	2
!

�
psat;s4s � psat;∞4∞

�2 (B.1)

�
spsat

psat

	2

z

�
17:625 q

243:04þ q

	2
 
s2q
q2

þ s2q
ð243:04þ qÞ2

!
(B.2)

�
s4s

4s

	2
z
�sX
X

�2
þ spsat;s

psat;s

!2

(B.3)
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X
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�
_mw
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_mw
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�
sb
b
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�
_mw
bA þ psat;∞4∞

	2

þ

�
psat;∞4∞
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psat;∞
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þ
�
s4∞
4∞
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_mw
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X ¼ _mw

bA
þ psat;∞4∞ (B.5)
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