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Abstract: In order to cope with the problem of ice porosity measurement in aircraft icing scenarios, an ultrasonic
porosity measurement method based on dynamic wavelet fingerprint technology is proposed and evaluated. The
propagation process of ultrasonic longitudinal waves is analyzed by theoretical model and finite element simulation,
and the mechanism of the influence of pore size and other factors on porosity measurement is illustrated. Combined
with 60 sets of ultrasonic measurement data of 20 ice samples, wavelet fingerprint images are generated, and 11-D
key features are extracted. Based on the principal component analysis and polynomial fitting, the realized porosity
measurement root mean square error (RMSE) reached 1.144%, which shows the proposed method is more stable
and accurate than the traditional peak fitting method.
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0 Introduction

Icing phenomena are a huge safety hazard for
all types of aircraft' ™. Even very thin ice growing
on avionics surfaces can cause pilots or autopilots to

perform fatal misoperations*”.

For instance, Air
France 447 took 228 lives due to icing on the pitot
tube. At the same time, icing on fuselage surfaces
will reduce lift-to-drag ratios, increase stall speeds,
and threaten engine operation, all of which are par-
ticularly deadly for small and medium-sized air-
craft”, as Continental Express Flight 3407 and
Florida Flight 90 both crashed due to wing or tail ic-
ing, resulting in a large number of air and ground ca-
sualties.

Almost all aircraft are equipped with increasing-

ly advanced de-icing systems to cope with icing phe-

*Corresponding author, E-mail address: gejf@hust.edu.cn.

nomena”"”

. To achieve the goal of high energy effi-
ciency, icing detection devices are playing an in-
creasingly indispensable role in these systems. In re-
cent years, many ice detection techniques based on

different principles have been developed'®”, includ-

ing resonance' """, optical fiber*'*', spectral absorp-
tion' "', microwave'"”, radar'®, impedance"*',
ultrasound'®*” | etc. These ice sensors are applied

in different fields with their own advantages.

The ultrasonic signal describes the relaxation
absorption, scattering, and dispersion of acoustic
waves in the ice layer, and contains rich information
on the morphology, phase, pore distribution, and

adhesion of the ice layer™"

. At present, ultrasonic
icing detection is mainly divided into two catego-
ries, guided-wave detection and pulse-echo mea-

surement. Guided-wave detection is associated with
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the bottom surface properties of the ice layer, and

guided-wave detection array techniques have

emerged with better surface detection capability ™.

Ultrasonic echoes, on the other hand, are
more suitable for measuring the internal structure of
ice. Many researchers have studied the acoustic
properties of sea ice and proposed empirical formu-
las for porosity measurements'™ , but they are still
not sufficient for use in ice measurements on the sur-
face of structures such as aircraft. Liu et al.”™
achieved a preliminary identification of glazed ice
and rime ice by means of echo attenuation coeffi-
cients and hypothesized that there should be a posi-
tive correlation between porosity and {requency char-
acteristics of attenuation coefficients. In 2021, Men-
donck et al.'™' confirmed from a measurement per-
spective that ice porosity is not only associated with
attenuation characteristics, but also affects ultrason-
ic propagation velocity. In 2022, Wang et al. *
used ultrasonic pulse echoes to conduct an in-depth
study of the freezing characteristics of the water film
on the ice surface, and accurately measured the
thickness of the ice layer and the water film by intro-
ducing a transition layer. In the same year, Wang’s

leam[%]

proposed the first ultrasonic pulse-echo mea-
surement of ice surface roughness, which achieved
the expected results and also illustrated the effect of
ice surface morphology on the echo amplitude.
Their research results are of great significance to the
development of ice growth models.

In order to more accurately identify ice patterns
in aircraft icing scenarios, help pilots quickly assess
flight conditions, and improve the energy efficiency
of anti-icing systems, this paper proposes an ice po-
rosity measurement method using dynamic wavelet
fingerprinting techniques. The time-frequency char-
acteristics of the ultrasonic pulse echo signal are ana-
lyzed by wavelet decomposition, and the corre-
sponding features are extracted by combining with
fingerprint slicing. Through simulation analysis and
icing experiments, the advantages of fingerprint fea-
tures over traditional methods in porosity measure-

ment are evaluated.

1 Ultrasonic Propagation Model

Most of the existing studies employ the peak
value of ultrasonic echo for porosity characteriza-
tion, and this method has been verified to have good
feasibility and certain accuracy. In fact, the relation-
ship between porosity and ultrasonic echo is very
complex as the acoustic waves need to go through
refraction, reflection, scattering and absorption pro-
cesses in the ice layer. The parameters of the model

are listed in Table 1.

Table 1 Relevant parameters of acoustic wave propaga-

tion in medium

) Density/ Velocity/
Medium N
(geem™) (mes ')
Air 0.012 9 330
Ice 0.918 3 600
Organic glass 1.180 2670

A typical propagation path of an ultrasonic lon-
gitudinal wave in an ice layer is shown in Fig.1(a).
By using the Snell’s Law and the Zoeppritz’s Equa-
tion, the results of waveform mode conversion of
longitudinal waves at the refraction interface can be
obtained. As shown in Fig.1(b) and Fig.1(c), R,/
R;/S,/S; are the normalized amplitudes of reflected
and transmitted longitudinal and transverse waves,
respectively. When the incident angle is 5°, if the
longitudinal wave is incident from the organic glass
into the ice layer, the transmitted transverse wave
amplitude is only 1.63% of the incident wave. If the
longitudinal wave is incident from the ice layer into
the organic glass, the transmissive transverse wave
amplitude is only 2.44% of the incident longitudinal
wave. Therefore, in order to simplify the analytical
model of the propagation process of acoustic waves
in the medium, the waveform conversion caused by
the incident at small angles can be ignored, and the
acoustic intensity received by the transducer is com-
posed of the longitudinal reflected acoustic intensity
and the transmissive acoustic intensity.

The effect of refraction and reflection on the re-
turn amplitude is well defined, and for porosity mea-
surements the propagation of ultrasonic pulses is al-

so influenced by absorption and scattering effects.



120 Transactions of Nanjing University of Aeronautics and Astronautics Vol. 40
Pt p=p
s cos 0, cos 0, cos 4, (3)
i 7 - t
c ¢ c
O pores 01C1 0101 02C3
(o]

O Icelayer

Organic glass

= e
SR =]

o
)

Normalized amplitude
N
'

0.0

0 20 40 60 80 100
Incidence angle / (°)
(b) Wave incident from organic glass into ice

1.0
0.8
0.6
0.4
02F
0.0

Normalized amplitude

0 20 40 60 80 100
Incidence angle / (°)
(c) Wave incident from ice to organic glass

Fig.1 Ultrasonic longitudinal wave propagation modeling

and numerical analysis results

According to the boundary conditions of acoustics at
the partition interface, the acoustic pressure and the
normal mass velocity v, should be continuous at the
a =0 position. For a sufficiently small volume ele-
ment in an acoustic field with medium density o and
acoustic pressure p, the equation of motion of the
medium when there is an acoustic disturbance in the
x direction is
dv,  do
TR

Therefore, the velocity v, of the mass is ob-

(1)

tained by integration as follows

a s
14

xr oc
where 0 is the angle between the direction of acous-

7}.1 -

tic wave propagation and the x-axis, and ¢ the wave
speed. From the Sneer’s Law, it follows that §,=

0,, thus obtaining

where ¢, and ¢, denote the acoustic velocity of the
longitudinal wave in the medium. The expression of

the acoustic intensity in the medium is given by
pZ

I=—
Zoc¢

(4)

where ¢, 1s the propagation velocity of the acoustic
wave in the medium. On the other hand, because
the area of the acoustic beam changes at oblique inci-
dence, the acoustic intensity transmission coeffi-
cient does not fully represent the energy relationship
of transmission, so the average acoustic energy flow
W is introduced, which is the average acoustic ener-
gy per unit time through the area S vertical to the di-
rection of acoustic propagation, shown as

w, I.S, 11 Cos 0. o

T W, LS cos

(,0202 cos 0, — p,c; cos 61)2

(,ozcg cos 0, + pic, cos 61)2 )
LW 1S neosd_

w. B I.S. ~ cos g,
4o,c,p2c, cOS G, cos 0,

(mcz cos 0, + pic, cos 01)2

where the incident acoustic wave cross-sectional ar-
ea S;, the reflected acoustic wave cross-sectional ar-
ea S, and the transmitted acoustic wave cross-sec-
tional area S, also comply with the Snell’s Law, so
the reflection coefficient r, and the transmission co-
efficient 7, of the acoustic energy flow can be ex-
pressed by the incident energy flow W;, the reflect-
ed energy flow W, and the transmitted energy flow
W ; ri1s the acoustic intensity reflectance and ¢, the
acoustic intensity transmittance.

Meanwhile, the energy dissipation in the form
of absorption and scattering during acoustic wave
propagation can be considered to follow the expo-
nential decay law. In the case of neglecting inelastic
scattering, Mie scattering occurs when the ice pore
size is comparable to the ultrasonic pulse wave-
length, and the attenuation factor is directly related
to the pore density and size. Assuming that a path of
length Ax in the ice layer is filled with spherical
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pores of radius r; and spatial density K, and defining
the proportion of energy loss due to Mie scattering
as Qs, the total scattering equivalent weakened
cross-sectional area oy 18
os= Qqsmri KS;Ax (6)
Thus, the total dissipation power of the acous-
tic wave Pi( Ax) is
P(Az)=P(x)— P(x+ Ar)=
P(2)G =P(2)QurikAr (]
Therefore, by deriving the differential equa-
tion, it can be seen that the acoustic power in the
case of considering the scattering effect can be ex-
pressed as
Pi(x):Pief(.)sm‘_fKr:PiefiiQstI/Mr.() (8)
where R, is the porosity calculated based on the
spherical pore radius and spatial density. From the
derived results, it is clear that for the Mie scattering
effect, the porosity and the pore size jointly deter-
mine the amplitude of the acoustic power. At the
same time, the absorption effect of the ice layer fol-
lows the Beer Lambert’s Law, and a is the absorp-
tion coefficient, shown as
I =1Ie “ (9)
Therefore, the expression for the echo acoustic
power P, taking into account the acoustic absorp-

tion and scattering effects, is

Ps= P,( Ty 1 ZW1'7’W2'1W3‘37(uﬂﬂlk)}r)

a,= Qsnri Kz (10)
2d
x:
cos 0,

where d is the ice thickness, a, the scattering attenu-
ation coefficient, and a, the absorption attenuation
coefficient.

Assuming that the ice absorption attenuation
coefficient is 0.01 cm ™" and the energy loss ratio Qs
caused by Mie scattering is 0.2, the trend of the to-
tal reflected acoustic power coefficient Cp of the
3 mm ice layer with the porosity R, and pore size r;
is shown in Fig.2. The results of the theoretical
model analysis point out that the peak of the ultra-
sonic echo is roughly exponentially decaying with
the rise of the porosity, but it is also influenced by

the pore size, the absorption coefficient of the ice

layer and other factors. Therefore, the porosity mea-
surement only with reference to the echo peak has
certain limitations. On the other hand, in the actual
measurement process, the ice surface roughness,
phase conditions and other factors also determine
the amplitude of the echo peak. Overall, there are
many factors associated with the echo peak, which
will cause instability of the features in some specific
cases and lead to interference of the measurement re-

sults.

Pore size / mm

4 6 10
Porosity / %

Fig.2 Relationship between total reflected acoustic power

coefficient Cp and pore distribution

2 Simulation and Feature Extrac-

tion

Based on the theoretical model above, a finite
element simulation is performed using the acoustic
module of COMSOL multi-physics field simulation
software. Modeled according to the form of single-
crystal ultrasonic probe, the diameter of the probe
delay block is 6 mm, and the thickness of the ice
layer above it is set to 2 mm, where the delay block
and the ice layer materials are chosen as organic
glass and — 20 °C solid water, respectively. The ran-
dom porous bubble model is used, and the modeling
and meshing results are shown in Fig.3(a) when the
porosity is 6%. The physical field is chosen as pres-
sure acoustic, transient module, considering heat
conduction and scattering effects. The bottom of the
delay block is set as the excitation source, and its
center frequency is 10 MHz, as shown in Fig.3(b).

Other boundary conditions are set as hard acoustic
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field boundary, and the ice layer is coupled with the
delay block using consistent boundary pairs and con-
tinuity.

The ultrasonic echo simulation results for dif-
ferent porosity ice layers are shown in Fig.3(c).
When the pore radius 7, i1s in the range of 0.025 mm
to 0.05 mm, the time domain signals of 10 MHz ul-
trasonic longitudinal wave propagation in ice layer
with 2 mm thickness are obtained by setting the po-
rosity Rpto 1%, 5% and 9%, respectively. The re-
sults indicate that the primary echo peaks of 1%,
5% and 9% porosity ice are 3.62X10° Pa, 1.49X
10° Pa and 0.72X10° Pa, respectively, i.e., when
the ice thickness and pore radius are comparable,
the primary echo signal decays exponentially with
the increase of porosity, and the fitted curve R* val-
ue reaches 0.996, which is consistent with the con-
clusion in the theoretical model.

To describe the effects of different pore distri-
butions on the ultrasonic echo signals, a random

pore model is used to set the porosity to 1%, 5%

Ice layer with pores
) MOSE

Organic glass

Excitation wave Mashed model
(a) Simulation model
80 |- R .
Excitation wave
g
Q
f’g” 0
S
80" [ i i
0.0 0.6 0.9

t/ps

Acoustic pressure / 10° Pa

t/ps
(c) Simulation results for different porosity

Fig.3 Ultrasonic ice detection model and finite element

analysis results

and 9%, and the pore radius ranges to 0.025—
0.05 mm, 0.05—0.1 mm and 0.1—0.2 mm, respec-
tively for the combination of pore distributions. A to-
tal of 9 models are created. The data processing of
the received echo signals using the time-frequency
analysis of dynamic wavelet fingerprints is per-
formed with Morlet complex wavelet basis decom-
position, and the wavelet fingerprint images are ob-
tained by equidistant slicing. Typical images of me-
dium and large size pore models are shown in Figs.4
(a—1f). As shown in Fig.4(b), the upper boundary
longitudinal coordinate Y, of the fingerprint is ob-
tained by graying out and calculating the connected
domain of the wavelet fingerprint image, and the
pore distribution information is characterized togeth-
er with the primary echo peak acoustic pressure
P,.... By randomly changing the pore coordinates for
each pore distribution, three sets of simulation ex-
periments are conducted to obtain the relationship
between pore distribution and two features. The ex-

ponential function is used to fit the feature results,

(a4) R, = 1%
70 0.1—0.2 mm
(a) Dynamic wavelet fingerprint images

7y 0.1—0.2 mm

(a6) R,=9%
732 0.1—0.2 mm

0.6 - = Small-1% ® Medium-1%
A Large-1% v Small-5%
0.5p - » = ®Medium-5% <« Large-5%
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(b) Relationship between fingerprint features and pore distribution

Fig.4 Dynamic wavelet fingerprint images and characteris-
tics of ultrasonic echoes with different pore distribu-

tions
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and the results show that the pore distribution has a
strong correlation with the primary echo peak acous-
tic pressure P, and the fingerprint upper boundary
longitudinal coordinate Y,, and with the increase of
porosity and pore radius, Y, becomes larger and
P, decreases.

Obviously, the peak of the primary echo is still
a very important feature, but not the only one. In
the actual measurement scenario, the peak ampli-
tude is easily disturbed, but the overall waveform of
the ultrasonic echo is relatively stable. Therefore,
by extracting wavelet fingerprint image features,
the stability of porosity measurement can be effec-

tively improved.

3 Experiment Setup

The ultrasonic longitudinal wave ice detection
experimental platform is designed according to the
above theory and simulation model, including pulse
signal generator, ultrasonic probe and high-preci-
sion constant temperature experimental chamber
and other equipment, and the platform is built, as

shown in Fig.5(a). The excitation voltage of the sig-

Deionized
water

N

nal generator is set to —50 V, and the probe is se-
lected as a single crystal longitudinal wave straight
probe with a measured center frequency of 6 MHz.
In the experiments, the ambient temperature is
—12 °C and the icing thickness is 3 mm. A total of
60 measurements were performed on 20 ice sam-
ples, which are grouped as shown in Table 2. The

true values of porosity in the table are obtained by

Table 2 Grouping of icing experimental data

Porosity
Ice Case
Group range/
sample number
%
Low porosity &
1—4 1—10 0—0.97
small bubbles
Low porosity &.
5—7 11—18  0.75—2.02
large bubbles
Medium porosity &.
8—9 19—26 1.8—2.2
small bubbles
Medium porosity &.
10—14 27—38  1.21—5.05
large bubbles
High porosity &
g Y 15—17 39—50  5.17—8.59
small bubbles
High porosity &.
gy Y 18—20 51—60  6.99—13.93
large bubbles
Two-phase

flow generator

J

AN N
/| W\ 7/ [ W

Digital microscope

Oscilloscope

*

ﬁ Ultrasound probe

Pulse generator

T

(a) Ultrasonic experimental platform

Voltage / V

Pore size
Small «<— Large

High

L
ow Porosity

(b) Ice types with different porosity distributions

t/ ps
(c) Ultrasonic echo waveform with different pore size distributions

Fig.5 Experimental setup for ultrasonic icing detection and some results
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means of image processing. The bubble size statis-
tics in the digital microscope images indicate the val-
ue of the ice pore volume ratio, and stable porosity
results are obtained by averaging over multiple ac-
quisitions. The pictures of ice samples with different
porosity and pore size are shown in Fig.5(b) , and
partial ultrasonic signals corresponding to the case
of average pore size less than 100 pm are shown in
Fig.5(¢c).

4 Results and Discussion

Dynamic wavelet fingerprint image extraction
is conducted on the ultrasound echo data. Morlet
complex wavelet basis decomposition is employed
to obtain fingerprint images by equidistant slicing as

shown in Fig.6. The typical fingerprint images of

different groups have obvious differences in finger-
print complexity and shape contour. Feature extrac-
tion 1s performed for these differences, and the fea-
ture definitions and their Pearson correlation coeffi-

cients are shown in Table 3.

@R, =0.1% (b)R,=20%  (c)R,=22%

@R, =62%  (f)R,=7.0%

(R, =48%
Fig.6 Typical fingerprint images of ice samples with differ-

ent porosity

Table 3 Feature definitions and Pearson correlation coefficients

Pearson correlation

Feature Description -
ur HPt coefficient
Peak Primary echo peak voltage —0.82
Convex area Minimum convex polygon area of fingerprint image —0.80
External rectangular area Minimum external rectangular area of fingerprint image —0.80
. . Diameter of the circle with the same area as the convex polygon of the
Equivalent diameter . . —0.79
fingerprint image
. . The length of the short axis of the ellipse with the same normalized sec-
Elliptic short axis : o —0.67
ond-order central moment as the fingerprint image
o . The length of the long axis of the ellipse with the same normalized sec-
Elliptic long axis ) o —0.82
ond-order central moment as the fingerprint image
. . The minimum distance between any two boundary points of the convex
Minimum Feret diameter . o —0.81
polygon that encloses the fingerprint image
. ) The maximum distance between any two boundary points of the convex
Maximum Feret diameter . o —0.68
polygon that encloses the fingerprint image
Centroid X The horizontal coordinate of the centroid of the fingerprint image —0.18
Centroid Y The vertical coordinate of the centroid of the fingerprint image 0.83
Y, Fingerprint image upper boundary vertical coordinate 0.84
Y, Fingerprint image lower boundary vertical coordinate —0.60
Lateral span Fingerprint image lateral span —0.60
Vertical span Fingerprint image vertical span —0.83
Fingerprint number Number of fingerprint ridges —0.81

The 11-D features with correlation coefficients
higher than 0.75 with respect to porosity are select-
ed for principal component analysis (PCA), and the
results are shown in Fig.7. Based on the PCA re-
sults, the first two principal components explained
more than 97% of the variance. Therefore, the first
two principal components are chosen as features to

fit polynomial surfaces for the porosity measure-

ment.

In the traditional method, the peak value is
used as the only characterization of porosity. As
shown in Table 3, the correlation coefficient be-
tween peak value and porosity is only 0.82 due to
factors such as ice surface roughness, pore size, and
ice absorption coefficient, which will lead to a large

error in porosity measurement. According to the ex-
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Fig.7 Results of principal component analysis of 11-D

features

perimental results, the R* value of the fitted expo-
nential curve for the peak data is only 0.754 2 and
the root mean square error (RMSE) is 1.503%,
while the R* value of the fitted quadratic polynomial
curve is only 0.796 1 and the RMSE is reduced to
1.381% , as shown in Fig.8(a). A quadratic polyno-
mial fit using the better features in the fingerprint im-
age, such as Y, resulted in an R* value of 0.752 1
and an RMSE of 1.509%. When a binary cubic sur-
face fit is performed using two principal compo-
nents, a small improvement is achieved with an R
value of 0.877 3 and an RMSE of 1.144%, as
shown in Fig.8(b).

In the ultrasonic echo measurement, the peak
amplitude is sensitive to the influence of ice struc-
ture and chance factors. However, the fingerprint
image reflects the time-frequency behavior of the
whole echo curve, which has the characteristics of
relative stability. Therefore, by extracting features
from the fingerprint image, it helps to make up for
the shortcomings of the peak in terms of stability.

The results of two ultrasonic measurements of
the same ice sample (Ice sample #19), Case 56 and
Case 57, are shown in Fig.9. The first measure-
ment involved a small amount of burr on the ice sur-
face, which is relatively rough. The burrs on the ice

surface are melted by using a flattening mold before

10 SGRE T ...... ""'EXpeﬁmanta’l data
£ [ "%  ** - - -Polynomial fitting
= LI A :

g 5+ . QQ:;- ;. SO
g e
ﬂ-{ ..-.? : \.‘\. L]
oF I ———“—Ir—tn‘t_g —
1 3 5 7
Peak voltage / V

(a) Quadratic polynomial fitting for peak of ultrasonic echo

Porosity error / %

o Experimantal data I Polynomial fitting
(b) Polynomial surface fitting results of principal components

Fig.8 Porosity measurements from peak fitting and wavelet

fingerprint analysis

the second measurement, resulting in a significant
increase in the peak value, and the peak difference
between the two measurements reaches 38.6%. By
calculating the porosity utilizing the ultrasonic echo
peak, then the two measurement results are 7.10%
and 9.40%, respectively, and the true porosity la-
bel is 8.75%, so the measurement error reaches
19.0% and 7.3%. The conventional method is diffi-
cult to meet the application requirements of porosity
measurement in terms of accuracy and stability
when dealing with the peak instability.

When fingerprint image features as well as

peak value are introduced for porosity characteriza-

Voltage / V

Fig.9 Ultrasonic echo curves obtained from two measure-

ments of Ice sample £19
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tion and two principal components are employed for
surface fitting, the results of the two measurements
are 8.64% and 8.22%, respectively. The true po-
rosity label is 8.75% (Measured by digital micro-
scope and calculated based on the volume ratio of
the pores) and the measurement error is 1.3% and
6.1%. The results are significantly better than the
peak characterization method.

The method of fitting surfaces by dynamic
wavelet fingerprint features to a certain extent reduc-
es the influence brought by peak variations on poros-
ity measurements, but still cannot obtain sufficient-
ly low R* values and RMSE values. On the one
hand, it is more difficult to obtain the true value of
ice porosity, and it must be assumed that there is a
large uncertainty in the porosity label data, which al-
so leads to the expansion of the error of measure-
ment results between the traditional and the pro-
posed method in this study. On the other hand, the
proposed method still cannot fundamentally solve
the measurement problems caused by ice structural
parameters such as ice roughness and pore size. De-
coupling porosity from key structural factors such as
pore size at the feature level is the only way to
achieve more stable and accurate porosity measure-
ment results. At the same time, the data set in-
volved in this study needs to be expanded. With the
support of sufficient data, regression models using
algorithms such as SVR will be considered to obtain

more accurate porosity measurements.

5 Conclusions

This research work goes one step further on
the basis of the previous research on ice porosity
measurement utilizing echo peaks. In this paper, the
propagation process of ultrasonic longitudinal waves
in ice is analyzed, and the influence mechanism of
pore structure on porosity measurement is clarified
by constructing a quantitative model and finite ele-
ment simulation, and a porosity measurement meth-
od based on dynamic wavelet fingerprint technology
is proposed. The porosity characterization using fin-
gerprint image features can effectively reduce the in-

fluence of peak variations on porosity measurement,

but still cannot obtain ideal measurement results.
The experimental data show that the RMSE of the
method reaches 1.144 %, which has some advantag-
es over the traditional method, and the main source
of error may be the difference of pore size and sur-
face roughness under the same porosity. On the oth-
er hand, the nonlinear effect of ice pores can also be
characterized by wavelet fingerprint images, so it is
promising to decouple the pore size factor and real-
ize the measurement of pore distribution by this
method. The iterative work will be carried out
around the measurement of ice pore distribution in
order to obtain the ice structure parameters more ac-

curately and quickly.
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