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Application of Statistical Image Analysis in Quantication
of Neutron Radiography Images of Drying
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The statistical approach to the thermal neutron radiography picture analysis is applied to evaluation of the
experimental results obtained for drying of rectangular and cylindrical samples of granulated and rigid porous
materials. We have shown that the time dependence of the standard deviation of image brightness reects the
appearance and motion of the drying front observed during second period of the drying process. The results are
discussed within a simple two-region model of the drying sample image.
PACS: 87.59.bf, 07.05.Pj, 61.05.Tv, 81.05.Rm, 47.56.+r, 47.55.nb
specimen. In particular, the drying front [9, 17, 18, 21]

1. Introduction

and its motion across the sample volume have been viAlthough drying has been studied for almost a cen-

sualized and quantied from the recorded sequences of

tury, the role of various processes of mass and heat trans-

neutron radiographs. The aim of present work has been

fer within a drying systems is still discussed [18] and

the statistical description of the neutron radiographs

new experimental data on drying are welcomed and thoroughly analyzed. It is considered that the simplest dry-

corresponding to the main phases of drying process in
capillary-porous samples of dierent shape.

ing systems are those formed of capillary porous media.
For these systems the traditional division of drying into
three main periods, named constant rate (CRP), rst
and second falling rate periods (FRP) according to the
time behavior of rate of mass decrease of drying specimen remains valid [15]. The CRP is determined by the
evaporation rate from the sample surface and eciency
of capillary forces driving the water to the sample surface from the water lled pores.

In the rst FRP the

ow of water lms covering the surfaces of partially lled
with water capillary channels is important. During the
second FRP the moisture is transported from the moderately wet central core to the sample surface by vapor diffusion through capillaries [13]. At this stage the rather
sharp boarder surface called the submerged or receding
(from sample surface) drying front limiting the wet core
is formed [39]. One should note that during last twenty
years a relevant progress in the investigations of drying
has been brought about by application of new imaging
techniques like NMR [10], X-ray [11, 12] and thermal neutron imaging [1323], which permit detailed observation
of spatial moisture distribution in the porous sample.
Recent application of thermal neutron radiography
(NR) in the observations of drying processes of capillary-porous media has created new possibilities of determination of moisture distribution inside the body of drying

The merit of neutron imaging in revealing the presence
of water in porous media stems from very strong scattering of thermal neutrons by hydrogen nuclei, which removes neutrons from the incident beam producing dark
regions in the images of water containing samples [1316].
Due to small attenuation of neutrons by most materials,
the NR provides the possibility of revealing the spatial
distribution of water in the sample body [1, 5, 1322].
The radiography studies of processes consist in quantication of the images not only with pure visual inspection of noise corrected and contrast enhanced radiographs. Usually, in order to nd some emerging features in the samples studied the pictures are analyzed
for changes in brightness as well as distribution of grey
levels among pixels [18, 21]. In this work we suggest the
additional use of the brightness standard deviation as a
measure of picture diversication that delineates patterns
emerging during the observed process.

In the analysis

the digital representation of the picture of the sample is
considered as the stochastic matrix whose elements take
values from the set of the encoded grey levels.
The statistical approach to the neutron radiographs
analysis is here demonstrated with the experimental results obtained for drying of rectangular and cylindrical
samples of granulated and rigid porous materials.

2. Experiments
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The experiments were carried out at the neutron radiography station (NGRS) at the MARIA nuclear research reactor of NCBJ [1923]. The drying process was
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observed with on-line registration of the sample mass

remember that the drying front is a surface boundary

and temperature as well as sequences of neutron radio-

of a wet core region in the sample's volume.

graphs for the whole process. The experimental system

istered neutron radiographs reveal the shrinking of the

was essentially the same for drying of mortar rectangular

inner dark region towards the centre of the sample. This

block and quartz sand cylinders. The sample was dried
◦
in the drying tunnel with 60 C hot air stream owing
3 −1
from above at the rate of 0.03 m s
(stream veloc−1
ity ≈ 3 m s
). The sample's temperature and mass

region represents the sample's inner wet region, which

were recorded every 10 s and the neutron radiographs

siderably the standard deviation of the image brightness.

every 2 s.

Further on, the receding front disappears leaving more or

The reg-

contains the amount of water detectable by neutrons.
Due to signicant dierence in brightness of the observed
two regions the emergence of this pattern increases con-

Two samples made of dierent porous materials were

less uniform image. In eect the maximum is observed in

investigated. The rst sample made of aged special mor-

the time dependence of the standard deviation of image

tar was a rectangular block of 48 mm

× 52 mm × 14 mm,

brightness. At the end of the process the sample image

which was saturated with water by immersion for 48 h.

was almost uniform for both rectangular and cylindrical

With the eective porosity of the mortar of

samples.

initial mass content of water in the sample

≈ 60%, the
was ≈ 26%.

The second sample was a cylinder of 20 mm diameter and
30 mm height prepared from quartz sand. This sample
was produced by extrusion and immediately placed inside a dryer tunnel, the initial mass content of water was

≈ 16%

of weight and the eective porosity

≈ 40%.

The samples were investigated separately in the drying
tunnel at the NGRS [1921]. Each of them with appropriate cover on its top was placed on aluminum support
rod with its lower end resting on the electronic balance
tray.

The balance provided standard accuracy of 0.1 g

for items of mass less than 500 g. The sample support
incorporated the K-type steel sheathed thermocouple of

Fig. 1. The time evolution of the rectangular mortar
sample image during drying. Parts (a)(c) correspond
to the times 6920, 8400, and 9610 s, respectively.

0.5 mm diameter. The thermocouple penetrated the sample vertically from its lower end into the bulk with thermocouple head placed at the distance of

≈ 15

mm from

the sample bottom.
The NR comprises the neutron beam collimators, u× 250 mm2 ), mirror, optical zoom

orescent screen (250

lenses and CCD camera. The high sensitivity CCD camera, Hamamatsu ORCA-ER (1280×1024 pixels, 12 bits),
is used in the system. The collimating
reported experiments was

≈ 165

L/D

ratio during

and the exposure time

was 1.6 s. The projection ratio provided by the optical

µm/pixel.
≈ 65 mm from

system was 154

The sample was placed at the

distance of

the converter screen. The im-

TM 4.60, Sig-

age analysis was performed with the LUCIA

maScan Pro 5.0.0 and ImageJ 1.43u software packages.
Before image analysis pre-processing procedures including the correction of pixel brightness for the black current, normalization for neutron beam ux uctuations,
as well as the median ltering was applied.

Fig. 2. The time evolution of the cylindrical quartz
sand sample image during drying. Parts (a)(c) correspond to the times 2100, 2500, and 2840 s, respectively.
In the stochastic analysis we treat the sample image
as a stochastic matrix with elements corresponding to
image pixels and given by brightness of the pixels. The

3. Results

sample image was cropped from the all sequences of the
recorded neutron radiographs with a simple procedure.

The time dependence of the brightness of the neutron

In particular, the image of mortar sample was a matrix

310 × 340 elements, and for sand quartz sample it
110 × 200 matrix of integers from 0 to 255 (in case of

image of the sample corresponds to the changes in its

with

water content. During the rst period of the process the

was

samples were uniformly saturated with water. However,

8 bit encoding of the grey level). For each sample image

H(b)

in the second period of drying the darker central region

the brightness histogram

emerged (Figs. 1 and 2). That darker inner region was

case of discrete stochastic variable

separated from the lighter outer region by a discernible

ber of pixels with given brightness

boundary corresponding to the drying front. One should

lated with ImageJ software package. The time evolution

was determined. Since in

b the H(b) is the numb it was easily calcu-
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∫ n
b H(b)db
,
⟨bn ⟩ = ∫
H(b) db
(⟨ ⟩
)1/2
∆ = b2 − ⟨b⟩2
.
The average brightness

(1)

(2)

⟨b⟩

of the sample image in-

creased very steeply with time during the rst period of
drying and levelled o rather smoothly at the advanced
period for both samples studied (Fig. 3). The time dependence of the standard deviation

∆

is more complex

with one maximum observed for the rectangular sample (Fig. 4a) and two maxima for the cylindrical one
(Fig. 4b).
4. Discussion

It is obvious that the increase in average brightness of
the sample's image is due to main feature of the drying
i.e. the decreasing sample's average water content. The
observations of the maxima in the plots of the brightness
standard deviation can be attributed to the development
of the outer almost dry layer in the sample surrounding

Fig. 3. The time variation of sample image brightness
for mortar (a) and quartz sand (b) samples.

the inner wet core. The time evolution of two image regions of dierent brightness corresponds to the kinetics
of the dry and wet parts of the sample. The appearance
of the dry outer layer produces a light frame surrounding the darker central region in neutron radiographs. The
border between those regions is the image of the receding
drying front separating the wet core from the dry outer
region.

In eect the diversity in the gray level distri-

bution in the sample image appears enhancing the standard deviation of brightness.

As the thickness of that

lighter frame grows, the standard deviation initially increases and attains a maximum when the areas of both
regions are equal.

Further on, the lighter outer region

overwhelms the dark core producing more even distribution of gray levels and reducing the brightness standard
deviation.

This reasoning can be explained more de-

nitely using a very simple model of the image consisting
of two regions, a dark one denoted as

W,

corresponding

to wet part of the sample, and a light denoted as

D

due

to dry part.

Denoting by pW and pD = 1 − pW the fractions of the
sample image areas, and by bW and bD the corresponding
brightness of the wet and dry regions, respectively, one
gets for the average brightness

Fig. 4. The time variation of the standard deviation of
the sample image brightness for mortar (a) and quartz
sand (b) samples.

⟨b⟩ = bW + (bD − bW )pD ,

(3)

and for the square of the standard deviation

2

∆2 = pD (1 − pD )(bD − bW ) .

(4)

It is obvious that the standard deviation attains here

pD = 1/2 which corresponds to
the equal fractional areas of the images of the wet and
only one maximum for

of the image histogram revealed very profound changes
in its shape during drying. At the beginning

H(b)

con-

sisted of a single peak corresponding to uniform image
with dark grey pixels.

Then a broadening and shift of

b

dry regions.
In order to explain the two maxima found in the
vs.

t

∆2

plot for the cylindrical sample one should consider

region was observed. With

the non-uniformity of the homogeneous cylinder image

determined histograms the moments of brightness can be

due to the dierent neutron path for the rays transmitted

calculated according to usual denitions

through the outer and central regions of the cylinder.

the histogram to the larger
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The scattered neutrons smooth the distribution of the

At the beginning of the second period the dry outer re-

brightness over the cylinder image [15, 16, 18, 1921].

gion begins to develop yielding two distinct regions in the

We have proved recently [21] that during the rst dry-

cylindrical sample image as it was found for the rectan-

ing period the saturation with water is uniform across

gular sample. As the light frame becomes wider the stan-

the sample. With decreasing water content the scattered

dard deviation of brightness initially increases to reach a

neutrons component becomes less important and in eect

maximum and then decreases as the partial area corre-

at the end of the rst drying period stronger diversica-

sponding to the wet region image diminishes.

tion in the gray level distribution is produced yielding

We should note that the standard deviation given by

initial increase observed in the standard deviation versus

Eq. (4), depends on the area of the inner core region im-

time plot.

Then the decreasing but still homogeneous

age provided as well as on the dierence in brightness of

saturation of the sample with water produces smaller

the two distinct regions observed. In eect the determi-

attenuation of neutrons that reduces the dierences in

nation of the rate of the drying front motion by the anal-

brightness between outer and central parts of the cylin-

ysis of the time variation of brightness standard devia-

der image.

tion is dicult. We believe that the direct determination

In eect the rst maximum in the standard deviation

of the front position from neutron radiographs provides

is produced (Fig. 4b). This reasoning can be expressed

more reliable data for analysis of the drying front kinetics

quantitatively with results of the analysis of our data

during the last stage of the process.

obtained previously for drying of similar quartz cylin-

b(x)

der [21]. The brightness proles

along the line per-

5. Conclusions

pendicular to the sample axis at its middle were tted
representing the

We have shown that the drying front occurring in the

attenuation and the scattering of the parallel neutron

second drying period can be visualized with thermal neu-

beam, respectively.

tron radiography for samples of dierent shape made of

with two components,

a(x)

and

s(x),

Almost linear decrease with time was found for neu-

dierent materials.

We proposed and applied the sta-

tron macroscopic cross-section and the scattering neu-

tistical approach of picture analysis to prove that the

tron component amplitude by tting the neutron image

standard deviation of the sample image brightness is ap-

brightness proles.

Using these results the brightness

propriate measure of the inhomogeneities emerging in

moments for line proles were calculated by numerical in-

the drying sample. In particular the existence and time

tegration of attenuated and scattered beam components

evolution of the inner wet core was analyzed. A simple

[21] over the sample image width (2R):

two-region model was presented for qualitative explana-

⟨bn ⟩ = (2R)−1

∫

tion of single maximum in standard deviation dependence

R

bn (x)dx.

(5)

−R

on time during development and motion of the drying
front across the rectangular sample. The two maxima in

The calculation results reveal a small initial increase

brightness standard deviation on time dependence were

of the brightness standard deviation with and its sub-

explained in terms of the vanishing scattered neutrons

sequent sharp decrease when the scattering component

contribution to the image brightness proles and subse-

disappeared (Fig. 5).

quent emergence of two distinct regions.

The atness of that maximum is

due to the one-dimensionality of the model.
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