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The changes in local temperature occurring during spontaneous imbibition of columnar samples of dry
natural zeolite with water were studied. The temperature pulses of 20250 s duration and 340 ◦C amplitude were registered and correlated with the wetting front motion observed with neutron radiography. The
amplitude of the pulses was shown to increase with increasing ambient temperature. The broadening of the
temperature pulse with increasing distance from the water supplied end of the samples was observed. The
amplitude and the pulse width were found to depend substantially on the drying temperature of the material. The observed eect was attributed to the heat of immersion released in the sample at the moving wetting front.
PACS: 82.75.Jn, 61.05.Tv, 47.56.+r, 81.05.Rm

1. Introduction

The most spectacular phenomenon observed in the
liquid migration in porous system is the moving wetting front due to spontaneous imbibition of the porous
medium with wetting liquid. That motion of the wetting
front in unsaturated (i.e. dry) porous medium is inseparable from the wetting process itself which is driven by the
reduction of the system free energy. The released surplus
of free energy, named the heat of immersion [1], yields an
increase in local temperature initiating local temperature
spikes, a phenomenon that seems to have been forgotten
and rediscovered many times [2, 3]. It is obvious that a
signicant heat release should be expected during wetting of zeolites characterized with large specic surface.
The vast absorption capacity of zeolites has been applied
in various heating and cooling systems already [4, 5]. The
release of the immersion heat during wetting of a natural
zeolite is envisaged as a basic eect for a kind of energy
storage facility where solar energy would be used for drying of the zeolite and the immersion of the material in
water would produce the usable heat [6].
The main objective of the present work was to obtain
experimental data on the temperature spikes occurring
during spontaneous capillary rise of water in unsaturated
beds of natural zeolite (clinoptilolite). The ne grain material, for which no gravitational eects on the imbibition
height was observed previously [7, 8], was chosen for the
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study. In our previous work [7, 8] we found signicant
dependence of the rate of the spontaneous imbibition in
clinoptilolite on ambient temperature as well as on the
dryer temperature at which the material was dried before
the wetting. In this work the dependence of local temperature pulses' parameters (amplitude and time width)
on the ambient temperature of the wetting process and
the temperature is investigated.
2. Experimental

The samples were prepared from natural zeolite containing 84% of clinoptilolite and composed of 00.2 mm
sized grains. Before the experiment the material for the
samples was rinsed with deionized water for 24 h and
then dried for 25 weeks at one of three drying temperatures (Ta ) ≈ 50, ≈ 100 or ≈ 150 ◦C. The samples were
prepared from the dried material as cylindrical columns
contained in aluminum tubes of 7 mm inner diameter and
135 mm length. The samples were produced by pouring
the dry powder into tubes and simultaneous short time
(3 min) and small amplitude (1 mm) vibrations. The
eective porosity of the samples was ≈ 0.55.
Experiments were carried out at the dynamic neutron
radiography facility NGRS at the nuclear research reactor MARIA [7, 9]. Dry samples were placed inside a
thermal chamber (Fig. 1b) with double thermal shields
[7, 10]. The ambient temperature of the sample (Ts ) was
chosen to be 30, 40, 50, 60, or 70 ◦C and was stabilized
within ±0.1 ◦C. Four K-type steel sheathed thermocouples of 0.5 mm diameter were inserted into each sample
at dierent distances (x1 = 11.3, x2 = 30.7, x3 = 51.3,
x4 = 101 mm) from their lower end (Fig. 1a). The due
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Fig. 1. The arrangement of thermocouples in the sample (a) and the position of the sample in the thermal
chamber (b).

care was paid to place thermocouples' ends at the middle
of the tube. When the ambient temperature got stable,
water was introduced into the lower container just below
the lower end of the sample. The thermocouples' readings and neutron radiographs were registered on-line by
two separate computer systems. The moment of contact
of water with lower end of the zeolite bed was dened
from the recorded sequences of neutron radiographs and
the wetting front position was determined as the distance
of the representing water dark region boundary from the
lower end of the sample [710].

Fig. 2. Examples of the time dependence of local temperature at dierent ambient temperature for samples
prepared from the material dried at 50 ◦C (a) and
100 ◦C (b).

3. Results

The pronounced temperature spikes were observed for
all thermocouples and experimental conditions applied
(Fig. 2). The temperature uctuations in registered
records were less than 0.1 ◦C and completely insignicant. The pulses are clearly distinguishable from the
small (less than 0.5 ◦C) and slowly relaxing (in ≈ 1000 s)
increase in the local temperature observed just after water touched the sample's end. The time duration of the
spike increased from ≈ 20 s for the lowest thermocouple
to ≈ 300 s for the highest one. The shape of the pulse
depends substantially on the distance x from the water
supplied end of the sample. The initial steep front of
the emerging pulse followed by rather long decay period
observed at the rst thermocouple turned into long rise
and relatively shorter decay of the temperature transient
found at the furthest thermocouple (Fig. 3).
The main characteristic parameters describing the
pulses emerging at the thermocouples were determined
from the recorded variations of the thermocouples' readings. The set of pulse parameters comprised the time
tM i of occurrence of the pulse maximum at the i-th thermocouple (i = 1 . . . 4), the time width ∆ti1/2 at the half
of its maximum, and the pulse amplitude dened as the
dierence between the temperature peak value TM i and
the ambient temperature Ts . The pulse amplitude was
within 1020 ◦C for the rst thermocouple and was approximately twice that observed for clay and ne grain
quartz in experiments performed in the same arrangement. In most cases the temperature pulse amplitude

Fig. 3. Example of the local temperature time dependence at ambient temperature of 30 ◦C for sample dried
at 100 ◦C. (a) Plot for the rst thermocouple, (b) second, (c) third, and (d) for the fourth one.

was decreasing with the distance of the thermocouple
from the water supplied end of the column. The increase
of the pulse height with ambient temperature was observed on the average (Fig. 4). We should note that
it reached even 40 ◦C at rst thermocouple for process
carried out at 60 ◦C and zeolite dried at 150 ◦C. However, neither the thermal contact between the medium
and thermocouples' junctions was perfect, nor the thermocouples were isolated thermally from the aluminum
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Fig. 4. Example of the dependence of the temperature
pulse amplitude observed at the second thermocouple
position on the ambient temperature.

tube wall. In eect, some deviations from the smooth
unambiguous dependence of the pulse height on ambient
temperature were observed (Fig. 4).
4. Discussion

We found that the temperature pulse became more diffuse and lower with the increasing distance x from the
lower end of the sample (Fig. 2). The pulse width increased substantially with that distance (Fig. 3). That
increase in pulse width should be linear in x according to
the classical [911] square root of time dependence
√
x=A t
(1)
of the wetting front distance from the water supplied end
of the sample. In this case the wetting front linear velocity v is inversely proportional to the wetting front distance
v = A2 /2x.
(2)

Fig. 6. Examples of the dependence of the width
(FWHM) of the temperature pulse on the distance from
the water supplied end of the sample for 30 ◦C (a), 50 ◦C
(b) and 70 ◦C (c). The solid lines are linear ts and the
broken ones are spline ts.

temperature at 100 or 150 ◦C than for 50 ◦C dried specimens (Fig. 6). This eect is due to low water migration
rate observed previously in 100 or 150 ◦C dried material [8]. The wetting rate coecient A for material dried
at 100 or 150 ◦C is approximately ve times smaller than
for clinoptilolite dried at 50 ◦C. That decline of the water migration rate with higher drying temperature can
be attributed to reduction of the water lm covering the
pores' boundary surfaces by enhanced evaporation during drying at higher temperatures.

Assuming that the width w of the region occupied by
the thermocouple's head is small in comparison to the
distance x (Fig. 5) we get for the time τ needed for the
wetting front to pass through that gauge region
(
)
τ = 2w/A2 x.
(3)

Fig. 7. Example of the time dependence of the wetting
front position. The thermocouples' coordinates and corresponding times of front passage are marked with broken lines.

Fig. 5. Diagram of the active region of the thermocouple inserted into the sample.

Our results reveal that the linear dependence of the
∆ti1/2 on xi was hardly observed (Fig. 6). However, one
should note that the time width of temperature pulse is
signicantly larger (3 to 5 times) for samples dried at

The times tf i (i = 1 . . . 4) of the wetting front passage
over each thermocouple position (xi ) was determined
from the time dependence of wetting front position and
known arrangement of thermocouples (Fig. 7). In order
to check whether the moment of the maximum temperature occurrence (tM i ) at given position within the sample
coincided with the moment of wetting front passage over
that position, we determined the relative dierences
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∆ti /tf i = (tf i − tM i )/tf i

(4)

between the time of front passage and time of the maximum temperature occurrence. Since the times of both
events were determined by separate computer systems,
we assumed that their coincidence is perfect at the rst
thermocouple position i.e. tf 1 − tM 1 = 0. The assumption is based on the sharpness of the temperature pulse
observed at rst thermocouple and very fast motion of
the wetting front at the beginning of the process.

The eect is attributed to the immersion heat of natural zeolite, which is released locally in the form of short
pulses during the passage of the wetting front through
the porous medium. The dissipation of the heat in the
medium is responsible for the decay of the temperature
after wetting front passage. The amplitude of the temperature pulses is higher in zeolite than in natural materials as clay or quartz grain beds observed in the same
experimental arrangement. The amplitude and the time
width of these pulses depend on the ambient temperature of the process and drying temperature of the material. The experimental data conrm that more heat is
released during wetting of zeolite with reduced amount
of water lm covering the pores' boundary surfaces.
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