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Abstract

In the present paper, results of an experimental gamma ray study of moisture transfer processes in porous material are reported. Evo-
lution of moisture profiles in porous concrete samples during sorption and capillary moistening has been examined. Measured moisture
profiles were used to determine, by the Boltzmann—Matano method, the coefficient of moisture diffusion versus moisture content of the

material under various moistening conditions.
© 2008 Published by Elsevier Ltd.
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1. Introduction

Heat and moisture transfer in porous media form the
basis for many industrial processes. This transfer permits
no simple analytical description, and presently available
calculation procedures lean upon many restrictions and
assumptions. To calculate thermal and moisture conditions
in porous materials, it is necessary to know transport char-
acteristics of moisture, which govern moisture transfer pro-
cesses in such materials. That is why experimental studies
of moisture transfer in porous materials aimed at determi-
nation of moisture characteristics of such materials attract
much attention.

In the experimental study of moisture transfer processes,
advanced contactless techniques offer much promise.
Unlike traditional methods [1-3], these techniques allow
rapid profiling of moisture concentration in porous media
without destruction of materials, i.e., without introduction
of inaccuracies resulting from violation of material struc-
ture. The best known and most widely used contactless
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techniques for determining the humidity of porous materi-
als are the nuclear magnetic resonance (NMR) method
[4-6] and scanning neutron radiography [7,8]. Each of these
methods has its own advantages and disadvantages. Of
NMR, good accuracy and high spatial resolution are typi-
cal. This method, however, shows weak sensitivity to
bound moisture and allows testing of relatively small sam-
ples only. Neutron radiography permits high-sensitive mea-
surements of moisture concentration in porous materials in
a broad range moisture content of the material; yet, the
experimental data obtained with this technique are signifi-
cantly affected by experimental noise and by inhomogene-
ities in the porosity of the material under testing.

In the present study, moisture transfer processes were
examined using the gamma ray method, which allows high-
precision measurement of moisture concentration in a por-
ous material in a broad range of moisture contents [9,10].

2. Gamma-method
2.1. Description of the method

The contactless gamma ray method can be used to deter-
mine thermophysical properties of various materials such
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Nomenclature

d thickness of sample (m)

Dy, effective coefficient of moisture diffusion (m?%/s)

I gamma intensity transmitted by dry material
(s

I, ganllma intensity transmitted by moist material
(s)

r pore radius (m)

S Boltzmann variable (m/s’?)

t time (s)

T temperature (°C)

AV volumetric fraction of pores in the material (%)
w

moisture content of the material (kg/kg)

Wi relative moisture content of the material (%)
X spatial coordinate (m)

Greek symbols

Ly gamma ray attenuation factor of water (e, =
0.00862 m?/kg [13])

Os density of dry material (kg/m?)

Subscripts

s dry material

w water

as, for instance, metal alloys [11]. The method consists in
raying a sample under testing with a narrow gamma beam.
The use of penetrating radiation for studying physical
properties of materials is underlined by the capability of
material atoms to interact with gamma quanta, which leads
to beam intensity attenuation in the sample as the gamma
radiation penetrates through the material.

In studying moisture transfer processes in porous mate-
rials, consideration should given to the fact that the prob-
ing gamma radiation is attenuated, first, by the material
skeleton and, second, by the moisture contained in mate-
rial pores. Then, the gamma ray attenuation in a moist
porous material can be described with the Bouguer law
[12]:

Iy =1, e fhvlmd (1)

It follows from (1) that, for the gamma ray intensity
transmitted by a moist material to be adequately predicted,
one has to know the gamma ray intensity transmitted by
dry material. The gamma radiation mass attenuation factor
of water is a constant (u, = 0.00862 m*/kg [13]). Thus, if
the material under study has uniform porosity and uniform
thickness, then the transmitted gamma ray intensity varies
only with material humidity. On rearrangement, from (1)
we obtain the following formula using which one can deter-
mine the relative moisture content of the material under
study:

1 1
Wn = In |2, 2
8Wpsd ! |:IW:| ( )

Thus, relation (2) can be used to determine the moisture
content from gamma ray intensities transmitted by dry and
moist materials.

2.2. Experimental set-up

The present experimental study of moisture transfer
processes in cellular concrete samples was carried out on
a custom-made experimental set-up (Fig. 1). A detailed
description of the set-up is given elsewhere [9,10].

The set-up comprised a container with inserted material
sample. The upper and lower parts of the sample were
contained in sealed chambers. In the upper chamber, a res-
ervoir filled with a sorbent was located. A vessel with water
was placed in the lower chamber. Both chambers were
provided with thermohydrometric probes to register the
air temperature and relative air humidity during the
experiments.

The container was rayed at a certain height with gamma
quanta (beam diameter 4 mm). The radiation source was
Cs'¥7, known to emit gamma quanta with energy 662
keV. The transmitted radiation intensity was measured
by a scintillation counter and registered by a computerized
data gathering and processing system.
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Fig. 1. Experimental set-up: (1) radiation source (Cs'”’), (2) gamma ray,
(3) scintillation gamma counter, (4) material sample under testing, (5)
coordinate device, (6) sorbent, (7) water, (8) upper chamber, (9) lower
chamber, (10) thermohydrometric probes.
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The sample could be displaced relative to the gamma ray
on a coordinate device, which allowed us to measure the
attenuated gamma ray intensity at different (over height)
sections of the sample.

The material under study was cellular concrete with den-
sity 400, 600, and 700 kg/m>. From this material, samples
were prepared having dimensions 50 x 100 x 100 mm.
Prior to experiments, the samples were given a vacuum-
drying treatment at a temperature of 105 °C, following
which their mass displayed no changes during subsequent
drying. Then, a warm paraffin—colophony mixture was
applied onto the side surfaces of the samples to make these
surfaces impermeable to moisture. In this way, a one-
dimensional process was created. Afterwards, the samples
were fitted into the experimental set-up to measure the
gamma ray attenuation coefficient for the perfectly dry
material.

The experimental procedure used in the present study to
examine the moisture transfer was as follows. Certain
humidity conditions were produced at the upper and lower
surfaces of the sample; these conditions were then kept
unchanged in time. The sample under study was moved,
with the help of the coordinate device, to a certain position
in the way of the gamma ray. From the measured gamma
ray attenuation factor we were able to determine the mois-
ture content of the material at certain cross-section in the
sample. Thus, performing repeated measurements at differ-
ent cross-sections, we were able to measure moisture pro-
files over the height of the sample at various times.

Our calculations and testing data showed that the rela-
tive systematic error in our experiments was 0.012 through-
out the entire range moisture content of the material. This
error was dominated by the inaccuracy in determining the
gamma ray attenuation factor for water and from the geo-
metric error for particular samples. The absolute random
error in the experiments, caused by the statistical nature
of emission and absorption processes for gamma radiation,
was 0.1% of the moisture content of the material. Estimates
obtained as described in [11] show that, in the case of inter-
est, the absolute error in the determination moisture con-
tent of the material can be written as

AW (%) = a- W+ b =0.012W, 4 0.1 (3)

Here, AW, is the absolute error, %; a is the relative sys-
tematic inaccuracy; b is the absolute random inaccuracy,
%; and W, is the relative moisture content of the material,
0 o.

Thus, in the present study the absolute error in deter-
mining the moisture content of the material with the
gamma ray method at low moisture contents (about 1%)
was about 0.1%. With increasing moisture content (to
50%) this error increased linearly to 0.7%.

3. Material structure

The pattern and intensity of moisture transfer processes
in porous materials is significantly affected by the porous
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Fig. 2. Differential size distribution of pores.

structure of these materials. Several experimental methods
were applied to characterize the particular concrete sam-
ples used in the present study in terms of their structural
characteristics. The cellular concrete is a high-porosity
heat-insulating constructional material which has gained,
over the recent years, a wide utility in civil engineering.

Prior to conducting the moisture transfer study, differen-
tial distributions of pores over pore radius for cellular con-
crete samples of various porosities were obtained (Fig. 2).
The distribution of large-sized pores was revealed by the
optical method using optical microscopy. The distribution
of small-sized pores was examined by mercury intrusion
porosimetry.

The graphs in Fig. 2 shows that the differential distribu-
tions of pores in the concrete samples displayed, irrespec-
tive of the material density, two peaks. In other words,
according to the presently adopted classification of porous
materials [14], cellular concrete belongs to materials with a
bimodal size distribution of pores. An analysis of data
obtained showed that the porosity in cellular concrete
mainly involved large cellular voids (10~* m) and small-
sized capillary pores (107" m) in inter-void porous walls.
Thus, cellular concrete has an inter-related, conventionally
closed porosity, with walls between large cellular voids
being pierced by fine capillary pores.

4. Experimental results

The moisture transfer study was performed for cellular
concrete samples under isothermal conditions (7 = 20 °C)
in two major damping conditions: capillary and sorption
moistening.

4.1. Capillary moistening

In the capillary moistening regime the lower surface of
the sample was in contact with water, whereas the upper
surface of the sample during the experiment was in 30%
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humid air, which value corresponded to an absolute air
humidity of 3 g/m®. In the course of the experiment, distri-
butions moisture content of the material over the height of
the sample were measured following certain time intervals,
to subsequently determine “‘spatial” moisture profiles (see
Fig. 3). In this figure, plotted along the abscissa axis is
the relative moisture content of the material, and along
the ordinate axis, the coordinate of the cross-section at
which the moisture content was determined. The spatial
coordinate was reckoned from the lower surface of the
sample. In several experiments, measurements moisture
content of the material versus time at fixed cross-sections
of the samples were carried out to obtain “temporal” mois-
ture profiles (see Fig. 4); inspection of the latter profiles
shows that the rate of material moistening varied over
the height of the sample.

Thus, the experimental data show that the moisture
transfer process during the capillary moistening proceeded
rather actively. Following a 48 h period, the relative mois-
ture content of the material reached values in excess of
50%. Probably, the latter can be attributed to the fact at
high moisture content almost all pores in the material were
filled with water so that the moisture transfer process could
be intensified due to the action of capillary forces.

4.2. Sorption moistening

During the sorption moistening, the low surface of the
sample was over the water surface, at 100% relative air
humidity, which value at a temperature of 20 °C corre-
sponded to an absolute air humidity of 10 g/m>. The upper
surface of the sample was in the air chamber with almost
zero relative air humidity. In the course of the experiments,
profiles of moisture content of the material over the height
of the sample were determined following certain time inter-
vals (see Fig. 5) to subsequently determine the evolution
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Fig. 3. Moisture profiles in the sample of porous material under capillary
moistening.
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Fig. 4. Variation of moisture content of the porous material in time
during capillary moistening.
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Fig. 5. Moisture profiles in the sample of porous material under sorption
moistening.
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Fig. 6. Variation of moisture content of the porous material in time
during sorption moistening.
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moisture content of the material in time at fixed cross-sec-
tions of the sample (Fig. 6).

As it is seen from the graphs, during the sorption moist-
ening gradual evolution of moisture content profiles in the
sample was observed. A typical sorption moistening exper-
iment lasted for more than two weeks, with the relative
moisture content of the material reaching a value of 5%
at the lower surface of the sample, which decreased
towards at the upper surface to assume there a value of 4%.

Thus, the experimental data show that the moisture
transfer processes in the cellular concrete samples under
sorption moistening proceeded much less intensely com-
pared to capillary moistening.

5. Determination of moisture diffusivity

In predicting humidity conditions in porous materials,
the moisture diffusivity which defines the intensity of mois-
ture transfer processes, can be conveniently used. Tradi-
tional procedures for experimental determination of the
coefficient of moisture diffusion are complex and not accu-
rate enough. In the present study, the moisture diffusivity
was determined by processing experimental moisture pro-
files. To this end, the Boltzmann-Matano method was
invoked based on the solution of time-dependent diffusion
equation in one-dimensional statement [15]:

ow 0o ow
azax(Dw'ax>~ @

Here, D,, is the effective coefficient of moisture diffusion in
the material, m?/s; W is the moisture content of the mate-
rial, kg/kg; x is the spatial coordinate, m; and ¢ is time, s.

This method is based on using an automodel variable
that allows relation (4) to be reduced to a differential equa-
tion in total derivatives. The application condition for this
method is uniform initial moisture distribution in semi-
bounded body. In addition, the sample must be sufficiently
large so that the conditions of moisture transfer in a semi-
bounded body are fulfilled. In the latter case, the initial and
boundary conditions for Eq. (4) read:

for O0<x<oocandt=0: W =W,=0,
for x=0and¢ > 0: W =W,,0W/ox =0, (5)
for x —ooand? = 0: W = W,, oW /ox =0.

To solve Eq. (4), we introduce a new automodel variable
S = x/1°3, dependent on time and on the spatial coordi-
nate. Substituting this variable into the diffusion equation
and applying the Boltzmann transform, in Eq. (4) we pass
over from partial to total derivatives, which procedure sim-
plifies the solution of the equation:
Sdw d daw 6
2dS_dS<WdS)' (6)

Here, the initial and boundary conditions assume the form

for S=0:W=Wwy;

e (7)
for S —oo0: W =W,,

owj/esS =0

On some transformations, we obtain the following equa-
tion from which the coefficient of moisture diffusion in the
material can be determined:

11 7
Dy (W) = “sar / Sdw. (8)
ds Yo

As it is seen from (8), for determine the moisture diffu-
sivity versus moisture content of the material, necessary
to have moisture profiles plotted in automodel coordinates.
Here, in accordance with the applicability conditions of the
method, among all available moisture profiles only those
profiles can be used which were taken at not too long times,
with zero moisture concentration at the upper surface of

the sample, so that the condition of semi-infinite body be
fulfilled.
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Fig. 7. Moisture profiles in cellular concrete (a) capillary moistening: 1, 2
— “‘spatial” profiles taken after 3 and 5 h; 3, 4 — “temporal” profiles taken
at x =40 and 50 mm (b) sorption moistening: 1, 2 — “spatial” profiles
taken after 22 and 42 h; 3, 4 — “temporal” profiles taken at x = 10 and
40 mm.
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Fig. 7 shows moisture profiles obtained in capillary and
sorption moistening tests and plotted in automodel
coordinates.

As it is seen from the graphs, in each moistening regime
the “spatial” and “temporal” moisture profiles well corre-
late with each other if plotted in automodel coordinates.
The latter proves that the adopted calculation procedure
was adequate and could be used to process experimental
data. The profiles plotted in automodel coordinates were
processed by formula (8) to yield the moisture diffusivity
as a function of moisture content of the material for cellu-
lar concrete samples with density 600 kg/m® under various
moistening conditions at 20 °C (see Fig. 8).

It is necessary to note that fact, that graphic dependence
submitted in Fig. 8 reflects various moisture transport
mechanisms, so that the moisture diffusivity must be con-
sidered as an effective characteristic. As it is seen from
the graph, during the sorption moistening at low moisture
content of the material, when the moisture transfer in the
material is dominated by vapor transport, the coefficient
of moisture diffusion has values of order 107'°m?%/s. As
the material becomes more and more moistened, a smaller
amount of vapor becomes absorbed by pore walls, letting
more vapor participate in moisture transfer processes. As
a result, the coefficient of moisture diffusion increases to
values of order 10~° m?/s at a 3% relative moisture content
of the material. As the moistening process proceeds further,
the moisture diffusivity gradually increases since, although
the role of vapor in the moisture transfer process dimin-
ishes, the contribution due to liquid moisture increases.
During the capillary moistening, as the moisture content
of the material increases to values in excess of 40% the
moisture transport becomes controlled by liquid transfer.
Here, the moisture transfer process gets intensified substan-
tially due to the action of capillary forces. As a result, an
appreciable growth of coefficient of moisture diffusion to
values of 107° m?/s takes place.
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Fig. 8. Moisture diffusivity as a function of moisture content for cellular
concrete under various moistening conditions.
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Fig. 9. Effective coefficient of moisture diffusion versus moisture content
for concrete samples of various densities.

Using the gamma ray method, we experimentally exam-
ined moisture transfer processes in concrete samples of var-
ious densities. The data obtained were processed by the
procedure described above. As a result, the effective coeffi-
cient of moisture diffusion was obtained as a function of
moisture content of the concrete for samples with density
400, 600, and 700 kg/m? (see Fig. 9).

The obtained data prove that for cellular concrete sam-
ples of various densities in the moisture content range of 0—
40% the curves of moisture diffusivity differ little from each
other; yet, at higher moisture content the moisture diffusiv-
ity in dense concrete samples is higher. As noted above (see
Fig. 2), the latter can be due to larger fraction of small-
sized pores in the structure of dense samples compared to
less dense samples. In Fig. 9, simulated data of [16] for cel-
lular concrete samples with density 400 kg/m’ are also
shown, which fairly well agree with the present data
obtained at moisture content of the material below 30%;
at higher moisture content, however, our experimental data
show a steeper rise of moisture diffusivity with moisture
content of the material compared to the curve predicted
in [16].

6. Conclusions

In the present study, the gamma ray method was used to
examine moisture transfer processes in porous material.
The data show that, with this method, the moisture content
of the material can be profiled with high accuracy in a non-
destructive manner. The advantageous feature is that the
method permits high measurement sensitivity and short
measurement time.

Using this method, we examined moisture diffusivity
versus moisture content of the material in cellular concrete
samples under sorption and capillary moistening. The coef-
ficient of moisture diffusion was found to increase appre-
ciably with increasing moisture content in the ranges of
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low and high moisture content of the material, whereas in
the range of moisture content from 5% to 30% only a slight
increase of coefficient of moisture diffusion was observed.
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