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Dynamic identification of water permeability of silica hydrogel

Introduction

Permeability is a physical quantity showing the material’s ability
to transport fluids inside the structure of the body under a pressure
difference, and can be termed in different ways depending on e.g.
type of fluid (gas or liquid) [Galvan et al., 2014].Permeability has
a unit of area [m?].

The issue of predicting liquid permeability based on gas perme-
ability has been under investigation since the 1940s, by the applica-
tion of gas slippage theory. Gas flow through porous media regime
has also been a subject of considerable attention in soil mechanics,
shale extraction, and in environmental protection and restoration
projects. Generally, in these porous media and nanostructures, the
mean free path of gas molecules is in the order of the pore size and
for such microscale pores the gaseous flow through these structures
may be affected by the slip effect [Afiez et al., 2014; Lee.,
Quesnel, 1998].

The literature on the liquid and vapor permeability of different
types of building materials like concrete, wood, plaster etc. (in most
cases non-shrinking during drying) is very extensive [Ma, 2014, Li
et al., 2016]. Less publications are available on permeability of gels,
which can be found in medical, horticultural, food and other prod-
ucts also used in dry state for thermal or acoustic insulation [Claisse
et al., 2009; Kameche et al., 2014]. The water transport property of
materials is determined by their structural characteristics. The most
important issue is how the micro structural aspects of the gel net-
work and deformability of the network by an applied force affect
water exudation rate from the material [ Urbonaite et al., 2015].

Silica gels from year to year gain in popularity and have many po-
tential applications like host matrices for chemical species or nuclear
waste storage. These materials are also used as structural model to
understand and improve efficiency of e.g. sequestration of CO,,
more, silica gels are interesting for both technological applications
and theoretical research. The permeability of the porous structures is
a key parameter for mentioned applications. However, permeability
has only been measured in silica hydrogels by a small number of
research teams [Ariez, 2014].

Water and/or vapor transport is a key process in many industrial
processes such as drying calcination etc. The permeability of
a porous solid is a macroscopic property which depends on other
microscopic properties of material such as tortuosity, pore size dis-
tribution and uniformity [Szymkiewicz, 2013]. In most cases when
water transport mechanisms in gels are studied, components like
network stiffness and time- or force-dependent changes of the gel-
morphology are usually neglected [Chemkhi and Zagrouba, 2008].

In the work of Hermansson [2008] one can find described three
different components of water transport inside the gel structure:
hydrodynamic flow, capillary flow and molecular diffusion. Hydro-
dynamic and capillary flows are apparent on macro- to micro scales.
Hydrodynamic flow is dominant in large, open structures, and is
driven by external forces like gravity. Capillary flow also depends
on surface tension of the liquid, where the external pressure must be
higher than the capillary pressure — a result of surface tension in
order to displace water. Molecular diffusion is dominant on nanome-
ter scale and is of importance for the mass transport of molecules of
bound moisture [Kocher and Foegeding, 1993].

Permeability is either measured by commercially available dedi-
cated permeameters or self-made devices constructed by researchers
[Galvan et al., 2014]. The direct way of measuring liquid permeabil-

ity is to apply Darcy law to data of liquid flux at given pressure
drop. There are also several methods which are indirect.

The main aim of this work is to propose a method of determining
the current water permeability coefficient for saturated bodies such
as silica hydrogel, undergoing a process of convective drying. The
developed method and obtained results can be useful for researchers
who design structures of different materials for fluid transport and
need to know their permeability in the design process.

The advantages of the method used in this work include:

— dynamic, direct measurements of driving force (pressure gradi-
ent), more reliable than results from the other methods presented
in literature.

— cheap and easy experiment, which can be used in drying cham-
bers in order to avoid cracking of dried material.

— it can be used for both shrinking and non-shrinking materials,
provided that data of the constant-drying-rate period are used.

Materials and methods

Apparatus

Drying tunnel used in the experiments shown in Fig. 1 is de-
scribed in details in the work of Adamski et al. [2014a] where the
procedure of determining drying shrinkage of a sample, based on
camera images, is also explained. In this work the evolution of tun-
nel air temperature and RH as well as the sample mass, temperature
and picture were recorded. The internal pressure, which is the Darcy
driving force is also recorded.

Fig. 1 Diagram of drying tunnel, 1 — sample, 2 — balance,
3 — humidifier, 4 — fan

Fig. 2 The measuring tray with sensors and sample; a) 1-sample, 2-tray,
3-thermocouple, 4- needle of pressure sensor, 5-temperature loggers,
6 — pressure logger

The dynamic values of internal pressure in the sample during dry-
ing were measured by a pressure transducer equipped with a thin
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syringe needle inserted axially in the sample and its readings re-
corded by the data logger. Two cylindrical samples were used in
each experiment having 32 mm in diameter and 22 mm high, pre-
pared as explained in the next section. One, with a needle inserted,
was placed on the balance tray which also carried the data transducer
and transmitter. The tray slowly rotated around its vertical axis in
order to equalize surface conditions This sample allowed for simul-
taneous measurement of drying kinetics and pressure evolution. The
other one was stationary and had two thin J-type thermocouples
inserted: one axially in the center and the other near the surface.
Both upper and lower cylinder bases were insulated with Plexiglas
disks against axial mass transfer and, to some extent, heat transfer.

The experiments were performed at two temperatures of 30°C and
40°C with varying RH of air flowing at velocity of 1m/s. Upon
completion of the experiment the sample was dried in 105°C to
constant weight in order to determine the residual moisture content
of the material and its dry mass.

Sample synthesis

Silica gels used in experiments were synthesized by a three stage
sol-gel method. The silica precursor was commercial sodium meta-
silicate solution in water (water glass DRAGON R-145) containing
35% to 45% pure SO,. Details of the synthesis are available else-
where [Adamski et al., 2014b].

Samples were cast in the form of gel cylinders of diameter 32 mm
and height 22 mm. The resulting hydrogels have initial water content
of 20 kg/kg dry basis, which corresponds to dry density of 50 kg/m”.

Results and discussion

The Darcy permeability coefficient is the physical quantity espe-
cially important in modeling of the internal moisture transport in the
solid during drying. It has a significant role in the first stage of dry-
ing when the body is fully saturated therefore the results presented
are interpreted only in the time when the body remains in that
period. The following assumptions apply:

- only one-dimensional mass and heat transfer in radial direction
is assumed;

- the solvent that is removed during the drying is incompressible
and the solid skeleton of samples is shrinking during drying;

- the initial temperature and moisture distribution in solid is
uniform;

- in the experiments no mechanical external load or forces exist
(gravity force is neglected);

- since the skeleton shrinks during evaporation it is assumed that
the mass transport takes place only in the liquid phase and is
described by the Darcy law.

Permeability was calculated from the steady state mass balance
equation in cylindrical coordinates:

2
ko (o, p)_ )
M, \dr dr
The equation was solved with the following boundary conditions:
for r=r, D =Pax
for r=R P = Pam

and the solution has the form:

A R U rm)ln[r] 2)
pL ! Ap rax
where:
Ji — evaporation flux at surface, [kg/(m2s)]
k, — liquid permeability, [m?]
r — radius of the cylinder, [m]

r. — internal radius of the needle (0.035) [m]

Ap — pressure difference between pressure inside the sample
Pax and ambient pressure p,,, [Pa]
My — viscosity of liquid water, [Pas]
p. — density of liquid water, [kg/m’]
The current porosity of the sample was calculated from the equation:

Py =P 3)

g=" Tm
Ps
where:
ps — density of dry sample skeleton obtained from gas pycnometer,
[kg/m3]
Pn — apparent density of material (dry mass/current volume of
sample), [kg/m3]

The current volume and shrinkage of sample was obtained from
sample images (Fig. 3) based on the method described in the work of
Adamski et al. [2014al].
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Fig. 3. The progress of sample shrinkage during drying at 30°C

Summary of the obtained results from drying tunnel experiments
in the form of drying kinetics curves, temperature curves and pres-
sure curves are shown in Fig.4 and 5. In graphs, because of the
amount of data presented, applied the same axis of ordinate for
temperature and moisture content. Measurements was repeated 10
times for each temperature, the graphs show results of the selected
measurement series.

In the first stage of drying the gel heats up and Darcy flow of the
liquid towards the surface begins. Simultaneously the porosity of gel
starts to decrease (Fig.6 and Fig.7) slowly The liquid permeability
coefficient is decreasing gradually at this time (Fig.8 and Fig.9). In
the second stage, after 5 hours of drying, the liquid inside thermally
expands and simultaneously the evaporation on the surface makes
the soft gel shrink, the porosity of gel decreases rapidly, the water is
forced from pores and the value of permeability stabilizes. The value
of permeability stabilized after 14 hour of processing in 40°C and
after 20 hour of processing in 30°C, the shrinkage stopped .
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Fig. 4. Results for 30°C, average air humidity = 0.014 kgH,O/kg dry air Fig. 8. The liquid permeability kinetics for samples drying at 30°C
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Fig. 5. Results for 40°C, average air humidity = 0.027 kgH,O/kg dry air Fig. 9. The liquid permeability kinetics for samples drying at 40°C
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Fig. 6. The kinetics of porosity changes for samples drying at 30°C Fig. 10. The liquid permeability coefficient vs. porosity for samples drying at 30°C
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Fig. 7. The kinetics of porosity changes for samples drying at 40°C
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Experimental sorption isotherm for prepared hydrogel is presented
in the paper [Adamski et al., 2014b]. 1t provided the value of critical
moisture content of 0.35 kgH,0/kg d.m. This value is reached after
the time of about 35 hours for 30°C and 30 hours for 40°C.At this
point material temperature begins to increase to reach the tempera-
ture of the drying agent. At this point the solid is no further satu-
rated so water is transported partly in gas phase. The liquid perme-
ability coefficient remains constant when porosity reached average
value 0.83 and in this point gas permeability coefficient should be
calculated. Cracking of gel at this point is very often observed. The
presented method is applicable only to the period of complete satura-
tion i.e. above the critical moisture content where all pores are filled
with water.

Calculation of the liquid permeability coefficient was performed
until the sample cracked, in order to avoid errors resulting from
loosing connection between the sample and needle of the pressure
sensor. Similar values of liquid permeability coefficient, in the
range of 2.5-10"° - 4.5:10"* m? (Fig.10 and Fig.11), were obtained
by Lee and Quesnel [1998] for water in TMOS silica gels based on
traditional method of measurement by the hydraulic method. In that
work, experiments were performed under constant temperature 45°C
and the gel remained fully saturated and didn’t shrink due to water
evaporation.

Conclusions

The liquid permeability of prepared silica hydrogels was measured
by the new method based on direct measurement of the internal
pressure in the sample using a modified pressure sensor.

Below the saturation point, liquid permeability coefficient remains
constant.

Most of the earlier studies focus on permeability of bodies of con-
stant internal structure represented by one value of permeability
coefficient. The present method allows for easy and fast identifica-
tion of the liquid permeability coefficient in saturated porous solids
of varying internal structure (voidage) owing to the variable shrink-
age during drying. However, this method is applicable only to the
period of complete saturation of the material with solvent. The pres-
sure gradient is seldom the only driving force in drying process in
real situations. During drying different types of materials, mass
transfer takes place by two-phase flow in which the vapor compo-
nent is dominant. The calculations presented in this work do not
cover such cases and more elaborated model is necessary to identify
permeability in such experiments.
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