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Abstract

Neutron radiography (NR) can investigate the diffusion mechanisms of moisture transport within the silica gel
material. Dynamic neutron radiography (DNR) possesses the possibility to investigate the moisture profile inside the
silica gel filter. The technique explained the relationship between moisture movement and time. This study
investigated the diffusion mechanisms (absorption and infiltration) of moisture in the silica gel filter by state-of-the-art
dynamic neutron radiography (DNR) technique and advanced software. This study also measured the ability of the
DNR technique to find out the diffusion coefficients of a silica gel filter material as a function of temperature and

time.
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Introduction

The importance of this work was arising from degrading
refrigeration cycle efficiency as a result of moisture build-up in the
Freon gas cooling cycle [1,2]. The presence of efficient silica gel filter is
significant in cooling cycle; to avoid cycle efficiency regression.
Understanding moisture profile and moisture dynamic inside the silica
gel filter is important for equipment maintenance program. Moisture
profile distributions and immigration inside the silica gel filter material
were monitored and studied by the dynamic neutron radiography
(DNR) technique. Moisture transient distribution and absorption/
infiltration behaviour in a silica gel filter wall surface were visualized.
The experiment was performed at the neutron radiography (NR)
facility at the Egyptian Second Research Reactor (ETRR-2). The facility
has the following characterization parameters, summarized in table 1

(3].

n flux density [n.cm2s™] ~1.5 x 107
L/D — ratio 117.3

Cd - ratio 10.26
beam diameter [cm] 22
y-background at full power 5.5 Sv/h
source strength [n/s] 28 x 108

Table 1: The main characteristics of the NR facility in the ETRR-2.

Neutrons vs. other Non-Destructive Techniques

NR is currently a well-known technique, which is employed for
non-destructive testing in a number of industrial and environmental
applications [4]. The technique is effective in detecting infiltrations of

hydrogen or light materials due to the particular behaviour of
scattering neutron cross sections. Heavy elements with high atomic
number have more resistance against the penetration of x- or gamma
rays through them, than the light elements [5]. On the other hand, the
interaction of neutrons with matter is completely different. There is no
specific relation between the atomic number of elements and their
neutron interaction cross-sections. But the neutron beams can be
scattered by light hydrogenous materials, better than by heavy ones.
Consequently, distinguishing light materials is distinctive by neutron
radiography. In this study, NR is a suitable technique for investigating
water profile inside a silica gel filter. In general, neutrons are not better
than x or gamma rays, but may give complementary results when x-
rays or gamma-rays fail [6].

Analysis by x-ray

Since the absorption of x-rays depends on the density and the
atomic number, moisture has low x-ray absorption coefficient than
silica gel material. Moisture content can only be measured with very
low resolution [7,8] and spatial resolution.

Analysis by gamma ray

Gamma ray attenuation can be used to monitor moisture diffusivity
in pore materials. Moisture contents can be determined from the
difference of densities between moist and dry material. The absorption
coefficient of water is approximately the same as the dry porous
materials. It is necessary to carry out a dry measurement involving
precise site location. This can cause considerable difficulties. Reliable
determination of water content is not possible by this technique [9].

Previous Work

Previous work did not mention the diffusion coefficient of the water
absorption/infiltration into a silica gel filter material [10-15], but
instead silica gel particles. Diffusion mechanisms of the moisture
within the silica gel particles were investigated theoretically by a
proposed model for simultaneous heat and mass transfer in a thin
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packed bed of desiccant particles [10]. T. Patsahan and M. Holovko
proposed a computer simulation model to study water molecules
confined in silica gel particles [11]. A spherical gel (Si O,) composite
was designed as a porous medium of silica gel. The diffusion
coefficients of water molecules were calculated at different
temperatures and water densities. I. Mamaliga et al., characterized
water vapour diffusion into spherical silica gel particles of diameter
3.57 mm [12]. The effective diffusion coeflicient was experimentally
calculated by knowing particle’s porosity and the slope of the
adsorption isotherm.

Computational fluid dynamics (CFD) simulation was modelled to
clarify water absorption characteristics by granular size of silica gel
spherical particles of sizes 1, 2, 3, 3.5 and 5 mm with different
porosities [13,14]. An error in effective diffusion coefficients was
estimated for water absorption in silica gel particles [15]. The literature
showed that the effective diffusion coefficients (for gel particles) ranged
from 1.5 x 107! to 2 x 10719 m?/s at temperatures within 315-395 K.

The Scope of the Study

NI has been developed at the ETRR-2, as a non-destructive tool for
many applications; due to its transparency to heavy elements and high
sensitivity to the light elements. The technique is a particularly
powerful tool with respect to silica gel/water imaging; due to its high
contrast between hydrogen and silica gel material, and high spatial
resolutions, after applying advanced imaging processing technique.
This work is crucial to verify maintenance program schedule for the
chilled cooling system at the ETRR-2.

State of the Art Neutron Imaging Facility at the ETRR-2

The commissioning of the state- of- the-art new neutron imaging
(NI) system [16,17] started at the end of March 2012 under the
framework of TC communication between the Egyptian Atomic
Energy Authority (EAEA) and the IAEA. The layout of the system is

shown in Figure 1. The NI system was installed to replace the old
fashion static based film neutron radiography.

Scintillator Object

Neutron Beam
Mirror -\\l_',__'" N = - h
| [ r +—— Turn Table
]
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H
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Figure 1: Layout of the NI system with a scintillation screen and
cooled CCD camera commissioned in the ETRR-2.

For NI, the neutrons are attenuated and a sufficient amount of light
is produced by a scintillation screen that detected with a CCD camera.
The scintillation screen used had a composition of LiF:ZnS:Cu. The
neutrons interact with lithium due its large cross section to produce an
alpha particle (4He**) and tritium (3H) daughter products.

The energy from alpha particle is deposited into zinc sulphide (ZnS)
and efficient phosphor producing visible light. The copper element acts
as a wavelength shifter to produce light in the yellow-green region,
which has an average wavelength of 525 nm. The CCD camera with its
lenses, mirror and integrated cooling unit is housed in a shielded light
tight aluminium box. Table 2 summarizes the CCD camera system
with the technical specifications. Camware program was employed for
camera control and image acquisition. Image acquisition and image
processing was accomplished by using Image J.

Equipment

Specifications

CCD thermo-electrical cooling camera system compact with power supply.

- High resolution (2048 x 2048 pixel).

- 14bit dynamic range.

- image rate of 14.7 fps full

- low noise of 9 e-@ 10MHz.

- image memory M camera (camRAM up to 4GB).
- pixel sMe (hor x ver) is 7.4 7.4 1.11,

- Low dark current.

Lens

Mirror

45 degree highly reflectivity polished silicon

SLiF+ZnS scintillator

Light tight box

- Aluminium.

Table 2: Technical specifications of the equipment used for the NI in the ETRR-2.

The Principle Background

The principle of the NR was an intensity projection of the object on
the CCD detector [4]. The images contain spatial information on the
attenuation of the radiation in the object that depends on material

composition, thickness and density. The image contains qualitative and
quantitative information on the structure of the object.

The mechanism for the water vapour movement through a silica gel
material is surface diffusion. Surface diffusion is the transport of
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adsorbed molecules on the pore surface [10]. The determination of
diffusion coefficients was based on the diffusion equation in cylinder
coordinate (1).

1

where:

m, is the water content in the radial direction (r),
D, is the diffusion coefficient,

t is the time in seconds.

The initial condition for the water contents is 0 at time 0. The gel
filter was instantaneously exposed to the water vapour flow with time.

Geometric Set Up

Figure 2 represents a schematic diagram of the moisture diffusion
inside the silica gel filter. The filter has 20 cm length, 15 cm diameter
and 2.5 cm wall thickness. The moisture diffusion mechanism is
surface diffusion toward the wall thickness (radial direction). The filter
was placed inside a stainless steel containment can with 10 cm inlet
aperture and 5 cm outlet aperture. The filter inner wall surface was
exposed to a stationary water vapour flow for 25 min. The moisture
generation was performed by increasing the water temperature at a
constant increment from 25°C to 100°C for 10 min in addition to 15
min. after reaching vaporization. Figure 3 shows the filter arrangement
layout inside the can.

Water Vapor Relief

Surface Diffusivity

surface
1

Silica Gel Wall surface

n

! B - - .
Water Vapor Flow

Figure 2: Schematic drawing of moisture diffusion mechanism
inside cross section view of the silica gel filter.

The function of the stainless steel can was to save water vapour, and
allow the inner surface to expose to the moisture at a constant
increment in relative humidity (RH). The arrangement, shown in
Figure 4, was placed in front of the NR beam tube and the moisture
was produced constantly by an electrical moisture generator device.

Moisture Relief

Qutlet Can Opening 5 cm Diameter

tainless Steel Containment Can
Silica Gel Wall Thickness Silica Gel Filter

T~ Inlet Can Opening 10 cm Diameter

Moisture Inlet Flow

Figure 3: Schematic diagram of the silica gel filter inside the
stainless steel containment can. The can acted as a humidification
box with reservation of a constant increase in relative humidity.
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Figure 4: Basic experimental setup at the NR facility for detecting
diffusion mechanism inside the silica gel filter. The function of the
moisture generator was producing moisture with a constant
increment in relative humidity.

The New In the Experimental Work

This new in this work was determining the diffusion coeflicient of
the moisture inside the silica gel filter material. Also, this work
monitored 3D of the diffusion mechanisms, absorption and
infiltration, of the moisture inside the silica gel filter by the DNR
technique. Furthermore, this work studied the temperature-dependent
diffusion coeflicients within the silica gel filter material rather than gel
particles.

The DNR monitored the infiltration mechanism inside the wall of
the gel filter in both radial (r) and vertical (z) directions. Assuming a
dry filter at the beginning, the resultant images were insufficient to
extract data, so advanced image processing technique was needed.

Employed Software and Image Processing Technique

Image ] was employed for imaging processing and data extraction.
Enhance contrast tool was used to obtain image information. Equalize
histogram (EH) option was used with saturated pixel 0.4%. Saturated
pixels determined the number of pixels in the image that are allowed to
become saturated. By increasing this value, the contrast was enhanced.
This value should be greater than zero to prevent a few outlying pixels
from causing the histogram stretch not to work as intended [18].
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Equalized histogram (EH) technique

The initial radiographed images were represented by close contrast
values. The EH tool was adjusted to increases the global contrast of the
images and modify the dynamic range [19]. By EH, the minimum
detectable intensities were better distributed and visualized. The
sensitivity was enhanced and ranged from 0 to 1 normalized to the
moisture absorbent mass at the end of the experiment.

This EH technique possessed a method for effective and efficient
mean brightness preservation and contrast enhancement. The method
prevented intensity saturation and has the ability to preserve image
fine details.

Moisture Profile and Data Analysis

The surface plot tool was used to monitor 3D infiltration pattern
inside the inner wall surface of the silica gel filter after 5 min. and at
60°C. The EH technique was applied before the surface plot.

Figure 5 shows the moisture infiltration profile inside the wall of the
silica gel filter. The selective scanned lines AA, BB, CC, DD and EE are
shown in Figure 6. The moisture profiles for the positioned scanned
lines are plotted and are shown in Figure 7.

Figure 5: Surface plot showing moisture infiltration profile inside
the wall of the silica gel filter after 5 min. The EH provided a
sophisticated method for modifying the dynamic range and
contrast of the image.

Figure 6: The positioned scanned lines AA, BB, CC, DD and EE.

Figure 7 showed that the scanned lines profile had different
behaviors [20]. The optical density axis (I/I0) represents dimensionless
mass fraction water content [20,21], the axis presented moisture mass
absorption at time t (5 min.) normalized to the moisture absorbent
mass at the end of the experiment. The other axis represents the wall
thickness of the filter.

The moisture profile took a smooth decay with the filter thickness at
the upper part of the filter, as shown in the line AA. In contrast to the
line AA, the profile EE was sharply decreased with the filter wall
thickness at the inferior part. At the intermediate lower region
(scanned line DD), the profile took a constant behaviour through 2 cm

filter thickness, and decreased dramatically in the region from 1.5-2.5
cm. The other lines BB and CC had almost the same behavior.

—
i

Optical Density

Figure 7: The moisture profiles for the scanned lines after 5 min.

Physical analysis of intensities profile

The diffusivity can be intuitively described as the ease of the spread
of water particles [21]. The results of Figure 7 were consistent with the
literature [21]. The study indicated that the diffusion process is
anomalous and there is no one master curve for the water profiles. The
study showed that the water diffusivities were increased as the water
content increased, this is clear for the scanned line profile DD. From
the scanned line EE, it is clear that the efficiency of the lower part of
the filter for water infiltration was insufficient for water mobility.

Moisture Dynamic and Diffusion Mechanisms

The moisture pattern images are shown in Figure 8. The
corresponding scanned lines were also presented in Figure 9.

Figure 8: Surface plot for the moisture profile after 10, 15, 20 and 25
min. at 100°C.

OMICS J Radiol
ISSN:2167-7964 ROA, an open access journal

Volume 4 « Issue 5 « 1000205



Citation:

Abdelhady A, Abd EI Bar WI, Mongy T (2015) Diffusion Mechanism and Quantitative Measurement of Moisture Transport in Porous

Silica Gel Filter Using Dynamic Neutron Radiography Technique. OMICS J Radiol 4: 205. doi:10.4172/2167-7964.1000205

Page 5 of 7

From Figure 8, there is a sufficient amount of moisture absorption
from 10 to 15 min. The maximum absorption capacity occurred at 15
min. As the time was increased, the efficiency of the silica gel filter for
moisture absorption was decreased, showing decrease in optical
densities, as clear in the profiles 20 and 25 min.

Figure 10 shows the behaviour of the moisture profile after 5 min. The
figure indicated that the maximum moisture concentration occurs at
the moisture-wall interface region. Figure 11 shows the moisture
dynamic in z direction. The maximum infiltration capacity happened
after 25 min.

Figure 9: The scanned lines profiles after 10, 15, 20 and 25 min. at
100°C.

Physical description of the diffusion mechanisms

From Figure 9, it is clear that the water diffusivity is temperature
dependent. The water diffusion coefficient was increased with
temperature. This is combatable with the literatures [22, 23 and 24].
The dependence can be understood according to the driven equation
(2) [23]:

_ 1 8810710

0,81_dp
gV - i RD T g dx (2)

where:

g, is the vapour diffusion flux density in Kg/m?s,

p is the water vapour diffusion resistance factor of dry porous
material,

RD is the gas constant for water vapour in J/Kg K,
P is the partial pressure of water vapour,

x is the spatial coordinates in m and,

T is the absolute temperature in Kelvin.

From the equation, it is clear that water vapour permeability rises
with temperatures [23].

The experimental results were in close agreement with predictions
based on the fundamental handbook [23]. According to DIN 52615, if
the mean relative humidity (RH) in the specimen is increased, the
water-vapour permeability rises in a non-linear fashion. This is clear
for the profiles 15 min., in which the moisture diffusivity increased
with increasing RH, and the maximum moisture absorption was
occurred.

As the filter was partially saturated, the efficiency for moisture
absorption was reduced, as shown in the profiles 20 and 25 min., in
which the lower moisture absorption was occurred.

Moisture profile in z direction

To investigate moisture profile in vertical z direction, the interactive
3D surface plot tool in Image ] was employed. The plot profile in

a5 Filter will Thickne 53

Figure 10: Moisture profile in z direction after 5 min. exposure to
moisture. The plot shows layer moisture degradation through the
wall of the filter material.

Figure 11: Moisture dynamic in the wall of the silica gel filter with
increasing RH in z direction.

Standard Determination of Vapour Diffusion
Coefficients

Procedures for measuring vapour diffusion coefficient [25] were
standardized under DIN 25 615. A plate-shaped specimen of the tested
material was placed atop a vessel. As vapour generation production
around the vessel edges, a constant RH was set up. Once a steady state
diffusion flow was set up, a constant weight change in the test vessel
per unit time was occurred. The change in weight was corresponding
to the diftusion flow.

Determination of Temperature Dependent Diffusion
Coefficients

The experiments indicated that the diffusion coefficient of the
moisture inside a silica gel material is dependent on both temperature
and time. The diffusion coefficients of the moisture were calculated
based on the fundamental reference [26]. The reference stated that, the
moisture diffusivity can be calculated from the moisture profile
measured at various times after start of water uptake or start of
moisture redistribution. The profiles are measured on specimens that
are absorbing free water from their boundary or from the
redistribution process occurring when the absorption process is
interrupted.
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Reference [24] represented determination of moisture diffusivity in
concrete by solving the diffusion equation. The differential equation
was solved by mathematical solutions under specific temperature
conditions and 50% RH. Moisture diffusivity calibration curves were
obtained. The distinction of this work was determination of moisture
calibration curves by a trustable experimental technique. Equation (1)
was the basis for determination the diffusion coefficient of the scanned
line AA, at different moisture exposure time (t). The governor
equations that substituted into the diffusion equation were extracted
from fitted trend curve profile from Figure 12. The figure presented the
scanned line profile AA at different temperature and time. Table 2
summarized the governing equations as a function of radial direction r,
temperature (T), time interval (At) and the resultant diffusion
coeflicients Dc for the scanned line AA at 1.5 cm filter wall thickness
(r=0.015 m). From the obtained values, it is clear that increasing Dc
with T and time.

1.2 m = 011480+ 0195612+ 0:1629r + 0.982
m, = -0.1393r* + 0.4565r - 0.4126r% - 0.0356r +

—*= 5min.
—#— 10 min.

15 min.
e 20min.
e 25min.

Optical Density
o
B

m, =-0.0967r* + 0.2663r*- 0.2419r"% QY5551+

Related Moisture Content me/m=

m,=-0.08r + 0.2703- 0.32r2 + 0.04r + 0.52
2 3

0 1
Filter Wall Thickness (em)

Figure 12: Scanned line profiles AA at different moisture exposure
time.

t (min) At (s) T(°C) Equation Dc (m?/s) x 105
5 RV 25-60 m,= -0.1148r3+0.1956r2-0.1629r-00.982 1.318
10 600 60-100 m,= -0.1393r4+0.4565r3-0.4126r2-0.0356r+0.9788 7.151
20 300 100 m,= -0.081r%+0.27r3-0.32r2-0.04r+0.82 6.337
15 600 100 m,= -0.0967r+0.2663r3-0.2419r2-0.0555r-0.8892 33.71

Table 2: Dc for the silica gel material at 0.015 m thickness.

2Am/m, (dimensionless related moisture content) [20,21]=0.04
(Absorption process was dominant from 5 t010 min.).

bAm/me=-0.17 (Infiltration process was dominant from 10 to 20
min.). “Am/m,=-0.05 (Infiltration process was dominant from 20 to 25
min.). Am /m.=-0.28 (Infiltration process was dominant from 15 to
25 min.).

m, is moisture content at the end of the experiment.

Comparison results

The temperature dependent moisture diffusion coefficients were
calculated for concrete and raged from 10° to 107 m?/s in the
literature [24]. The diffusion coefficient of the silica gel material is
much higher (=10"> m?/s); because the silica gel removes moisture by
adsorption onto the surface of its numerous pores beside absorption
into the bulk of the gel filter material.

Conclusion

Neutron radiography technique is a powerful tool for investigation
moisture characteristic absorption of the silica gel filter. The results
indicated that accurate quantitative measurement data had obtained.
The technique used DNR in monitoring the moisture profile and
mechanisms inside the gel filter.
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