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Abstract. The drying process gives an important insight for material characterization, during which the
material experiences the moisture changing from saturation until the equilibrium with the environment, thus
it sends both the liquid and vapor transport information. Drying in the material is a complex process that

involves the simultaneous heat and moisture transfer. Due to its complex mechanism, currently there is no
stipulation/rules on standardizing the drying test procedure of the moist building materials. In this paper, the

drying behaviours of two building materials, ceramic brick and calcium silicate, are experimentally
investigated. Different factors that influence their drying behaviours are explored. The approaches to assess
the drying rate in two drying phases are also compared and discussed.

1 Introduction

Moisture related issues influence the durability of the
building components, e.g., condensation and frost
damage. It may also induce the healthy issue of the
residents, e.g., mould growth. The deteriorating risk
might become more severe in case of energy-efficiency
renovation of historical buildings with application of
internal insulation, due to the reduced drying potential of
the wall assembly (Zhao 2017). Thus, many efforts have
been attempted to control the moisture in the building
components and avoid the potential deficiency. One of
the prerequisites to achieve the success of those efforts is
to well understanding the mechanism of moisture
transfer in the building material and to quantify the
moisture under a certain condition/environment. The
moisture existing in the buildings always experiences a
dynamic cycle of wetting, storaging and drying process.
Distinct to other standardized tests, e.g., water
absorption, there are no general stipulations/rules to
standardize the drying procedure of the building
materials due to manifold reasons.

The drying process is especially important for
material characterization since it provides both the liquid
and vapor transport information at different moisture
content ranges. The drying behaviour of the building
materials is influenced by many factors: environmental
condition and material itself. The environmental factors
include the surrounding temperature, humidity and air
velocity. Moisture storage and transport characters of the
material, together with its thermophysical property, will
also affect the drying rate (Kaya et al. 2006).

Researchers from various fields have studied the
drying behaviours for different purposes, e.g.,
agriculture, clothing, and building science. The
description on the drying behaviour can be classified into
three groups: numerical modelling with differential
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equations, analytic modelling with approximation of
drying course, and drying coefficient.

(1) Drying process involves the simultaneus heat and
moisture transfer. Numerical modeling of drying
phenomena of the moist materials has been developed
and implemented with the governing differential
equations (Murugesan et al. 1996; Dietl et al. 1998;
Janetti et al. 2018). One or two-dimensional simulations
are further expanded to study the heat and moisture
phenomena in 3D with the combination of CFD and
HAM model. To include the variable boundary
conditions, Kaya et al. (2006) and Belleghem et al.
(2014) applied CFD to determine the convective heat
and mass transfer coefficient distributions on the drying
surface, in order to calculate temperature and moisture
distributions in the material at different time periods.

(2) Some researchers seck to describe the drying
process by linear or exponential functions (Sanderet al.
2000). Jurk et al. (2004) and Barreira et al. (2014)
evaluated different models suitable to estimate the dry
course of different materials. Karagiannis et al. (2017)
applied a first-order model to describe the drying process
of the capillary absorbed water based on the measured
data, considering the influence of air temperature, air
velocity and relative humidity, while for this approach
either too many parameters are required or the functions
cannot well follow the measured data.

(3) In addition to studying the moisture transfer
mechanism in the materials, some researchers present
more interests to define an intrinsic parameter, similar to
the water absorption, to describe the drying rate. Krus et
al. (2007) proposed to use the slope of duration of the
first drying phase versus square root of sample height to
measure the drying rate of building materials based on
the simulations. Scheffler and Plagge (2010) used the
experimental data to verify that it is more reasonable to
adopt the duration of the second drying phase or the total
drying time in the definition of drying coefficient. In the
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framework of conservation of built heritage, EN 16233
(2013) specifies a method for determination of the
drying rates in the first and second drying phases of
porous inorganic materials. The procedure specifies the
test condition (the temperature and relative humidity),
but does not state the air flow above the drying surface,
which is quite important for the drying rate.

The above-mentioned studies investigated the drying
behaviours of different building materials under the
designed environmental conditions. The material
functions are either taken from literature or generated
from empirical functions. Limited research carried out
material characterization by using the drying course to
derive/calibrate material functions, which are actualy
used in the HAM simulation.

In this paper, the drying behaviours of two building
materials, ceramic brick and calcium silicate, were
experimentally investigated. The influence of air flow
above the drying surface and sample dimension on the
drying rate is reported. The study explores how those
factors affect the drying behaviour, thus provides a hint
to analyze the moisture transfer in the buildings and
control the moisture level to avoild potential impairs.

2 concept of the drying

Supposing the drying process occurs on the initially
saturated material, vapour leaves from evaporation
surface driven by vapour pressure difference until it gets
equilibrium with the surrounding environment. The
drying process is generally composed of two phases. In
the first phase, the vapour pressure at the air-material
interface keeps saturated until no more liquid is
delivered onto the evaporation surface, which can be
described as a linear line of the moisture loss versus
time. The evaporation brings the cooling effect, thus the
surface temperature decreases. This phase is mainly
governed by the boundary condition. When there is no
sufficient liquid conducted to the surface, the water front
is receded from the evaporation surface into the material.
The drying process steps to the second phase, during
which moisture migrates to the surface by vapour
diffusion. Thus, the drying rate slows down and the
linear course starts to bend, companying with the rise of
surface temperature. The drying rate in this phase mainly
depends on the material property. The drying process of
calcium silicate is exemplarily presented in Fig. 1.

3 Experiment setup

The drying behaviours of two building materials,
calcium silicate (Casi) and ceramic brick (Bri), were
experimentally studied. The samples were cutted into
cylindrical shape as the symmetric structure is easier to
analyze and to be implemented in 3D HAM simulation.
To investigate the influence of sample dimension on the
drying rate, the samples were prepared with different
diameters and heights, as listed in Table 1. Each material
owns two diameters: 53mm and 88mm. For each
diameter, calcium silicate is cut into the heights of
14mm, 34mm and 85mm, while ceramic brick has the

heights of 20mm and 41mm. Three samples are prepared
for each dimension to account for the uncertainty.

09

= 07 | Simulated cume
£ i

b :

E 06 i

= . i

T 05 . ] Pt .
IS ;

S 04 First I Second
e drying ! drying
2 03 period | period
=) i

= 02 i

01

0

25

Environmental T
——Measured surface T
——Simulated surface T

24

Temperature [*C]

50 100 180 200 280
Time [h]

Fig. 1. The measured and simulated drying courses of calcium

silicate (top). The measured and simulated surface temperature

courses of calcium silicate and the relevant environmental

temperature during the test (bottom). The simulation was

carried out with Delphin 5 software.

Table 1. Variation of air flow velocity and sample dimension

Air flow velocity m/s 0.4 1.2
Sample diameter mm 53 88
Sample height Casi mm 14 34 85
Sample height Bri mm 20 41

3.1. Sample preparation

Samples were initially dried in the oven to obtain the dry
mass and density. Thereafter, they were cooled down to
the room temperature and sealed with aluminium foil on
the lateral side. The bottom of sample was emerged in
the water for one week and then the whole samples were
soaked in the water for another week to get effective
saturation. Then the sample was taken out and bottom of
the sample was covered with aluminium foil to let
moisture only to be dried out through the top surface.

3.2. Drying apparatus

The drying test was implemented by a specially designed
drying apparatus with a wind tunnel to achieve a
convective air flow above the material sample. The
apparatus is enclosed with the hard PVC board, and the
inlet and outlet of the tunnel are installed with three fans
respectively to adjust the velocity of air flow in the
tunnel. The bottom of the apparatus has the channels,
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which allow to pull in or draw out the sample holders.
Before the measurement, the samples are placed in the
sample holder that is further covered with the perforated
plank, allowing only top surface of the samples to
expose to the wind tunnel. Fig. 2 shows the schematic
drawing of the drying apparatus with the sample holder.
During the test, the sample is periodically taken from the
sample holder and the mass loss of the sample is
recorded. The wind channel can take up to maximum 12
samples in 4 sample holders in one test.

Environmental
T&RH sensor

Ventilation
Fan

= - 2
Sample holder

Fig. 2. Schematic drawing of drying apparatus.

The accurately reproducing the drying behaviour
needs the realistic boundary condition. Due to the
limited surface area of the sample, the surface heat
transfer coefficient and mass transfer coefficient were
both assumed uniformly distributed at evaporation
surface. The surface temperature was measured at the
surface center by the NTC sensor with the range of -20 °
C to 100 ° C and accuracy of 0.1 ° C. The environmental
temperature and relative humidity were recorded by the
capacitive humidity sensors with the temperature range
of -20 ° C t0100 ° C by accuracy of 0.1 ° C and humidity
range of 0 to100% by accuracy of 2%. The air flow
velocity in the channel was measured by the
anemometer, with the measuring range of 0.2 to 20 m/s
by accuracy of 0.1 m/s. The temperature and relative
humidity were recorded by a data logger at the time
interval of 15 minutes. Two parallel tests were
conducted in the same time, to differentiate the influence
of surface air flow velocity on the drying rate. The
average air flow speed in the tunnel was set as 0.4 m/s
and 1.2 m/s respectively.

The drying apparatus was placed in an air-
conditioned room controlled under the temperature of 23
°C and relative humidity of 50%.

4 Results

In the EN 16332, the amount of water remaining in the
sample per unit area (in kg / m?) at time t; is calculated as
follows:

m; —m
M. = L—f

t A (1

Where mj is the mass of the sealed specimen at time
ti and my is the final mass of the sealed specimen at time
tr, A is the surface area.

Determination of the drying rate requires plotting the
remaining water mass versus the time. The drying rate of
the first drying phase corresponds to the negative slope
of the initial linear section of the drying curve. The
drying rate of the second drying phase corresponds to the
negative slope of the linear section of the drying curve as
a function of t;' /2 (EN16322).

To assess the influence of the sample height on the
drying process, the drying rates of the first and second
phases of calcium silicate with the surface diameter of
53mm and different heights were calculated according to
EN 16332 and presented in Fig. 3. The measurement was
taken in three heights under the low air flow velocity:
14mm, 34mm and 85 mm. Thus, they have also different
initial masses. The remaining water masses in the sample
as a function of time and the square root of the time were
approximated by linear regression in order to obtain the
best fit of the measured data points.

As shown in Fig. 3 left, the lower the sample is, the
shorter the first drying period. The inflection point,
which indicates the start of the second drying phase, is
defined as the highest time point of two intersections of
the linear regression line and drying curve in the plot of
the mass flow rate as a function of square root of time
(Fig 3. right). For the sample with the height of 85 mm,
the second drying phase starts after 15.7 h'2
corresponding to 245.5 h. Its drying rate of the second
drying phase is 5.3193. The 14mm high one has the
drying rate of 2.5026. Such results indicate the second
drying rate becomes larger as the sample height
increases.

Question rises for the method to determine the drying
rate of the second drying phase described in EN 16322:
the linear regression uses the most measured data in the
first drying phase. Can this rate reflect the actual drying
characteristic in the second drying phase?

In order to verify this, the drying flow rate as a
function of moisture content is presented in Fig. 4 (top).
The drying flow rate is determined by the water mass
difference per unit time at unit area of drying surface
area. For easy comparison, the moisture content as a
function of time is also plotted in Fig. 4 (bottom). The
graph shows that the sample with the height of 14 mm
has the regression coefficient of 2.394, which is much
larger than the 85 mm high one with the regression
coefficient of 1.852. This means the higher the sample is,
the lower the drying rate of the second drying phase. The
same tendency can also be easily observed from Fig. 4
bottom, which indicates the higher the sample is, the
longer second drying phase. This conclusion is in
contradiction to the results presented in Fig 3. The
approach in EN 16332 is not appropriate in
determination of drying rate of the second phase.
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Fig. 4. Drying flow rates of calcium silicate with different
sample heights as a function of moisture content (top) and
moisture content in the samples as a function of time
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The influence of the surface air flow on the drying
rate of calcium silicate is presented in Fig. 6. The drying
flow rate is governed by the air flow speed, and the
environmental temperature and relative humidity. It can

be represented by the mass transfer coefficient. A higher
air flow on the material surface expedites moisture
evaporation from the sample, thus leads to a larger mass
transfer coefficient. It is also shown that the sample with
the lower surface air flow velocity starts the second
drying phase at a lower moisture content (0.12 m3/m?),
compared to the one with a higher surface air flow
velocity (0.3 m*/m?).
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Fig. 7. Drying flow rates of ceramic brick with different

sample heights derived according to EN16332 (top) and as a

function of moisture content (middle). Moisture content in the
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The impact of sample height on the drying flow rate
of ceramic brick is presented in Fig.7. According to EN
16332, the sample with the height of 41mm has a larger
drying flow rate of second drying phase than the one
with 20 mm high one (Fig. 7 top). This is constrast to the
results shown in the other two graphs in Fig.7. The
conclusion is the same as that drawn from the
measurement of calcium silicate: by using the linear
section of the drying curve as a function of t;' /2 to
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determine the drying rate of the second phase is not
suitable.

The influence of the surface area/diameter on the
drying rate of ceramic brick is presented in Fig. 8. The
graphs show the surface area mainly impacts the drying
rate of first drying phase.
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Fig. 8. Drying flow rates of ceramic brick with different

surface diameters as a function of moisture content (top) and

moisture content in the samples as a function of time

The influence of the surface air flow on the drying
rate of ceramic brick is presented in Fig. 9. Similar to
calcium silicate, a high surface air flow delivers a large
drying rate.

5 Conclusions

The drying process of building material gives a great
insight for moisture transport, thus provides the
important calibration information during the material
characterization. By the laboratory tests, the influence of
the air flow velocity and the material dimension on the
drying rate is investigated in this study. Air flow velocity
on the evaporation surface has a large impact on the
drying rate. The sample height mainly influences the
second drying duration and the sample surface
area/diameter impacts the first drying duration. The
method using moisture flow rate versus moisture content
is more appropriate in the assessment of the drying rate
of the second drying period compared to the approach
proposed in EN 16332.
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