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A novel approach, which is capable of characterizing different types of ice accretion, was developed by leveraging
the significant discrepancies in attenuation characteristics of ultrasonic waves traveling in different ice types (i.e., rime
or glaze). While the theories of acoustic attenuation in pulse-echo configuration for a multilayer structure were
formulated, a feasibility study was also performed to demonstrate the ultrasonic-attenuation-based technique to
characterize two different types of ice samples representative of typical rime and glaze ice accretion seen over airframe
surfaces. Significant differences were found in the ultrasonic attenuation characteristics between the two compared
ice samples over the frequency range of 5-15 MHz. The attenuation coefficients of the rime-like ice sample were found
to be much greater than those of the glaze-like ice sample at any given ultrasonic frequencies. While the values of
ultrasonic attenuation coefficients would increase with ultrasonic frequency for both the ice samples, the attenuation
coefficients of the rime-like ice were found to have a much greater increasing slope (i.e., d/d f) and wider scattering
range than those of the glaze-like ice. Such information could be used to develop ice-type-specific de-icing systems to
reduce de-icing operational costs for aircraft operation in cold climate.
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amplitude of an ultrasonic wave at the transducer front
Fourier transform of actual ultrasonic pulse

factor of beam spread

phase velocity of ultrasonic wave in propagation medium
thickness of top layer in ultrasonic measurement, cm
Fourier transform of ultrasonic pulse

thickness of ice layer in ultrasonic measurement, cm
wave propagation constant

reflection coefficient at an interface

transmission coefficient at an interface

acoustic velocity in ice layer

voltage of ultrasonic pulse

acoustic impedance of material

equivalent path length

attenuation coefficient of ultrasonic wave

system efficiency factor

time interval between the echoes from two interfaces
= angular frequency of ultrasonic wave
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I. Introduction

IRCRAFT icing has been considered as one of the most serious

hazards to impact flight safety [1]. Ice accretion can destroy the
smooth airflow over lift and control surfaces, which decreases the
ability of aircraft to generate lift [2]. Additionally, the uncontrolled
shedding of ice that has built up on aircraft surfaces may severely
damage aircraft components [3]. From an economic perspective, ice
accretion can increase the costs of flight operations due to the use
of anti/de-icing equipment and fluids. Moreover, the time spent
in performing de-icing procedure can cause flight delays or
even cancelations, which can then significantly impact airline
performance and, hence, total operation costs [4]. The morphology of
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ice accretion on aircraft surface can be either rime or glaze, depending
on weather conditions [5]. Rime ice usually forms at low air
temperatures (typically below —10°C) when aircraft fly through
clouds with low liquid water content (LWC) and small water droplets.
Such rime ice appears to be white and opaque, and it is formed
containing many microbubbles and cracks [6]. If the air temperature
isrelatively high (i.e., just below the freezing point), glaze ice tends to
form, especially when an aircraft encounters cloud with a higher
LWC and larger super-cooled droplets. In the case of glaze ice
accretion, the impinged droplets will deform and run back over the
aircraft surfaces as liquid before freezing downstream, which results
in smooth, clear, and dense ice shapes [6]. Because of the different
physical mechanisms occurred in the two icing processes, rime ice
generally conforms to the shape of aircraft surfaces, and it therefore
has a smaller effect on aircraft performance, whereas glaze ice forms
and covers more surfaces and has a more severe effect on the aircraft
flight performance.

To reduce the potential harmful effects of aircraft icing, a number
of anti/de-icing systems have been developed, which can be
considered in three groups, including freezing-point depressants,
thermal melting, and surface deformation [7]. With these anti/de-
icing approaches, the amount and the rate of ice removal are mainly
determined by the volume of de-icing fluid or electrical power
applied. For rime ice accretion, because of the porous nature of the
structures in ice layers and typically smaller area on the aircraft
surfaces on which it forms, it is relatively easier to remove. In
comparison, glaze ice is much denser and typically has a higher
adhesion to aircraft surfaces and extends farther downstream on a
wing surface over a larger area. Therefore, more de-icing fluid or
power is required to remove glaze ice accretion [7]. In looking at
performance optimization, most of the current de-icing systems were,
however, developed without considering the characteristics of the
accreted ice. De-icing systems are usually operated using the same
procedures and strategies, regardless of the ice type. As a result, a lot
of potentially unnecessary de-icing actions are performed during
flight operations to ensure effective removal of ice on aircraft surfaces
[8,9]. In looking to improve flight operational performance in
cold weather, methods and techniques for ice detection and
characterization are highly desirable that can potentially improve and
optimize de-icing.

To address this need, many ice detection and monitoring
techniques have been investigated, which use either direct or indirect
measurement approaches. Indirect measurement approaches usually
detect icing events based on monitoring flight performance metrics,
such as a lift decrease or drag increase, or from measurements of
weather conditions, such as air humidity and temperature [4,10].
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As ice forms on aircraft surfaces, the flight performance can be
affected very quickly. Therefore, for safety reasons, direct methods
for ice detection are generally preferable. Most of the direct
measurement approaches provide icing warnings with data from
measuring aircraft surface properties with changes in mass, reflective
index, electrical/thermal conductivity, dielectric coefficient, or
inductance, in which extensive physical principles were used (i.e.,
vibration [11], electrooptical [12], fiber-optical [13], radio frequency
[14], micromechanical sensor [15], and inductive devices [16]). For
many of these techniques, however, only laboratory implementations
have been achieved due to the constraints in real applications. For
example, the diaphragm sensors and the electrooptical sensors are
required to be flush-mounted on the exterior surface of an aircraft,
which is not desirable because they may affect the aircraft
aerodynamic performance. The fiber-optic sensor requires a light
transmission window for signal sending/receiving, which could also
be a big challenge for aircraft implementations [9].

Ultrasonic techniques have been widely studied and applied for
aircraft icing researches [8]. As reported by Hansman and Kirby [17],
an ultrasonic pulse-echo technique was developed to provide real-
time thickness measurements of rime and glaze ice accretion. The
water/ice layers were characterized using ultrasonic echoes where
signals were generated at interfaces. The interface reflections
were displayed on an oscilloscope for qualitative analysis of the rime
and glaze accretion process. Ultrasonic guided-wave technologies
have also been developed in recent years for ice detection and
classification based on the dispersion characteristics of the phase and
group velocity curves for waves in the multilayer system [8,18,19].
Although great details of the modeling concepts and numerical
calculations on the wave propagation characteristics for different
types of ice were presented in those studies, only very limited
experimental data, without classification of different ice types, were
given to validate the model predictions [8].

In terms of implementations on aircraft, various ultrasonic
transducers and systems have been fabricated to provide in situ ice
detection. One example of a recent implement was that provided by
Liu etal. [20], who developed two types of flexible ultrasonic sensors
that were used to monitor in situ structural thickness and ice buildup.
These transducers were easily attached on the inside of the curved
airfoil surfaces on aircraft.

In the present study, a new ultrasonic-attenuation-based approach,
which is capable of quantitatively characterizing the types (i.e., rime
or glaze) and thickness of ice accretion pertinent to aircraft icing
phenomena, is introduced to further extend the capability of ice
detection and characterization with ultrasonic techniques. The new
method is developed by leveraging the discrepancies in attenuation
characteristics of the ultrasonic waves traveling in test samples of
different ice types as reported in previously published literatures
[21-24]. In the text that follows, the fundamental basis and theories
for ultrasonic attenuation in pulse-echo mode are introduced briefly
at first. Then, two different types of ice samples representative of rime
and glaze ice accretion typically seen over aircraft surfaces are
characterized based on attenuation of ultrasonic waves in a pulse-
echo configuration. A feasibility study is also performed to
demonstrate the implementation of the ultrasonic-attenuation-based
technique by analyzing the measured ultrasonic attenuation
characteristics of the two ice samples along with quantitative

comparison of the measurement results with the data reported in
previously published literature.

II. Theories for Ultrasonic Attenuation
in Pulse-Echo Mode

In a typical ultrasonic pulse-echo measurement, the ultrasonic
pulse is first emitted into the object being investigated using a
transducer. If the object is composed of multiple layers with different
acoustic impedances, the ultrasonic waves will be partially
transmitted/reflected at each of the layer interfaces. The reflected
waves (i.e., echoes) will be detected by the same transducer and
measured as a voltage—time signal. Such ultrasonic pulse-echo
measurements are commonly used in ultrasonic thickness gages, in
which the material thickness is measured by determining the time
interval between the various waves reflected from the interfaces [25].

When ultrasonic wave travels through a medium, its intensity
diminishes with distance. In a nonattenuating ideal material, the
wave amplitude is only reduced by the beam spread. In real
materials, however, the wave is also reduced in amplitude by
scattering and absorption. The combined effects of scattering and
absorption cause what is known as attenuation [26]. Ultrasonic
attenuation is defined as the decay of wave amplitude as it
propagates through a material. In the present study, ice samples with
different internal morphologies were characterized using an
ultrasonic pulse-echo method, where the ultrasonic attenuation is
expected to vary due to differences in the ice crystal structure and
the porosity, which cause scattering.

A schematic of the propagation paths of ultrasonic waves in pulse-
echo in a multilayer object is shown in Fig. 1. In this multilayer
model, the top and bottom layers are made of the same material, and
the sample layer being measured, which in this case is the ice, is
sandwiched between these plates. As the ultrasonic waves travel
through the top layer, a fraction of the energy is reflected at the first
interface (i.e., ice—top interface), whereas the remainder is
transmitted into the ice and then partially reflected at the second
interface (i.e., ice—bottom interface).

The ultrasonic waves traveling in the multilayer model can be
described by the basic equation [Eq. (1)] for a progressive wave [27]:

A = Age™* cos(kx — wt) 1)

where A is the amplitude of the ultrasonic wave along the X
coordinate; A is the amplitude of the ultrasonic wave at the origin
(x = 0); ais the attenuation coefficient; k is the propagation constant
(k =2z /2 = w/c); w is the angular frequency (v = 2zf); and c is
the phase velocity in propagation medium.

For a conventional ultrasonic transducer, the ultrasonic pulse is a
superposition of harmonic waves with many different frequencies,
and it can be expressed as shown in Eq. (2) [27]:

[+

L / Fo(w)e ™ cos(kx — wt)dw 2)
2r

—00

u(x, 1) =

where Fy(@) can be given by the Fourier transform of u(0, 7).
The signal that is measured for the reflected waves is a
combination of the pressure signals that are, in effect, convolved,
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Fig.1 Schematic of the ultrasonic pulse-echo paths in a multilayer object.
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with the transducer and electronics characteristics, the reflection and
transmission at interfaces, as well as the beam spread. Therefore, to
describe the measured ultrasonic pulse-echo waves, additional terms
need to be added, and these are given in Eq. (3):

U, = % /[ﬁ(w) “R-T-Cy(w) - Fo(w)e e dw  (3)

where ff(w) is the system efficiency factor, R and T are the reflection
and transmission coefficients at the interfaces, and C, (w) describes
the effects of beam spread.

The ultrasonic attenuation in the ice layer was derived by
comparing the amplitude spectra of the primary echoes (i.e., the first
echoes in time sequence) that are reflected from the ice—top and
bottom interfaces. The Fourier transform of u, can be expressed in
the form given as Eq. (4):

B(u,) = B(w) = B(f) = f(®) - R- T - C,(») - Fo(w)e™ (4)

If the thickness of the top layer is d, the amplitude spectrum of the
primary echo from the ice—top interface can be written as

Bo(f) = B(f)T01R2T19C(2d, f)FO(f)e_2"0d 5)

where T, and T, are the transmission coefficients when the
ultrasonic waves travel forward and backward through the ice—top
interface; R, is the reflection coefficient at the ice—top interface;
C(2d, f) is the beam diffraction correction term in the top
layer; and ag is the ultrasonic attenuation coefficient in the
top layer.

To formulate the amplitude spectrum of the primary echo from the
ice-bottom interface, the diffraction term was first calculated using
an equivalent path length z, which is equal to the summation of the
actual path length in the top layer and the equivalent path length of the
ice layer in the top layer, which is given as Eq. (6):

UA
2z =2d e
b4 + U

2h (6)
1

where U, and U, are the sound velocities in the ice layer and top
layer, and £ is the thickness of the ice layer. Therefore, the amplitude
of the primary echo from the ice—bottom interface can be derived, and
this is shown as Eq. (7):

By (f) = B(NT01T12R3T21 T1oC 2z, f)Fo(f)e 2 @de2mh  (7)

where T, and T,; are the transmission coefficients when
the ultrasonic waves travel forward and backward through the
ice-bottom interface, and R,; is the reflection coefficient at the
ice-bottom interface. C(2z, f) is the equivalent beam diffraction for
the primary echo from the ice-bottom interface; a;(f) is the
ultrasonic attenuation coefficient in the ice layer. The reflection
coefficients at the ice—top and ice-bottom interfaces are given as
Eqgs. (8) and (9):

R =R, =R _’Zice_zl 8
1 — A2 — /K21 — ( )
Zl +Zice
ZZ _Zice
Ry = Ry; = Ryy =| — ¢ &)

2 23 32 Zice +ZQ

where Z; and Z, are the acoustic impedances of the top and bottom
layers, and Z;.. is the acoustic impedance of the ice layer. The
relationships between the transmission coefficient and reflection
coefficient at the two interfaces are given as Eqs. (10) and (11):

Toi - Tio=1—-R} (10)

Ty Ty = I—R% (11

The beam diffraction correction term has been derived and
evaluated in many studies. Here, an exact expression for the Lommel
diffraction correction integral derived by Rogers and Van Buren [28]
was applied, and this is in the form shown as Eq. (12).

C=1—-e@MJ2n/s)+ i],2n/s)] (12)

where s = 2nz/ka’; k= w/V; o = 2xf; J, and J, are Bessel
functions of the first kind; and a is the radius of the circular piston
source. The magnitude of the diffraction correction is more usually
given in a simpler form as shown in Eq. (13):

| [cos@r/s) — Jy(2n /) 1/2
€l = { +[sin(27/5) — JOI @n/9)F } 9

The correction terms are used in the amplitude spectrum equations
[Egs. (5) and (7)]. By comparing the two frequency-dependent
amplitude spectra [Eq. (14)], the ultrasonic attenuation in the sample
layer, which in this case is ice, can be derived and is given in Eq. (15):

By(f) _ R, CQ2d, f) Q2ah

= 4
B(f)  (I-R)R, CCz. /) (19

_ | Bo(f) , CQd.f) R,
u(f )_ﬂ[‘)‘"&m bz &"(I—R%)Rz] ()

In the present study, the time-domain responses of the echoes from
the ice—top and ice-bottom interfaces were measured using an
ultrasonic pulse-echo technique. The amplitude spectra of the echo
waves were calculated by using a fast Fourier transform (FFT).
Because the correction terms have been quantitatively evaluated, the
frequency-dependent ultrasonic attenuation coefficient can be
calculated.

III. Experimental Evidence
A. Experimental Setup for the Attenuation Measurements

A schematic of the experimental setup for the attenuation
measurements with an ultrasonic pulse-echo method is shown in
Fig. 2. In the present study, two well-polished aluminum plates were
used as the top and bottom layers, and the measured layer was
deposited in between the two plates. The top and bottom plates were
fixed so as to be parallel and placed within a low-temperature-
resistant plastic tank, in which various materials can be deposited
(e.g., water, ice). The ultrasonic transducer, with element diameter of
3.175 mm (0.125 in.) and nominal center frequency of 10 MHz, was
attached to the top plate and connected to the pulser/receiver as shown
in the figure. The pulser/receiver was a modified commercial
ultrasonic inspection unit (Omniscan iX), which has a sampling
frequency of 100 MHz. Although the pulser/receiver was used to
generate and receive pulse-echo signals, a host computer was used to
control the measurements and to collect and process the pulse-echo

signals.
ﬁ Pulser/Reciever
Host
] Computer
<LESSETIR <

Fig. 2 Experimental setup for the attenuation measurement with
ultrasonic pulse-echo method.
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The integration of the ultrasonic transducer, pulser/receiver, and
host computer forms a typical ultrasonic pulse-echo system. The
Omniscan iX unit is designed to operate with a phased array and was
modified so as to be capable of generating, amplifying, and sending
voltage pulses to multiple discrete ultrasonic transducers. With the
high-voltage excitation, the transducer will emit ultrasonic pulses
into the test sample. As the pulses arrive at interfaces, they are
partially reflected, and signals are received by the transducer. The
echo signal is received, amplified, and digitized in the Omniscan iX
unit. Semicustom software is used to control the system functions,
signal generation, data collection, and processing in the host
computer.

B. Validation of the Ultrasonic Attenuation Model

To validate the theoretical model for calculation of the ultrasonic
attenuation in the multilayer object, data for determining ultrasonic
attenuation in water were first collected, processed, and examined.
The plastic tank was filled with distilled water at room temperature.
The methodology developed in this study, for determining the
ultrasonic attenuation, was then applied to the sequence of echo
signals.

The data for ultrasonic attenuation in water (at room temperature),
as a function of frequency, are shown as Fig. 3. The proposed
methodology, as well as software implementation, was validated by
comparing the results from the present experiments with the data for
ultrasonic attenuation in water (at room temperature) previously
reported by Krautkrimer and Krautkridmer [29]. Itis seen that there is
good agreement with attenuation based on fundamental physical
constants.

The measurement accuracy in the present work was mainly limited
by the digitizing resolution in the ultrasonic pulse-echo system.
Based on the uncertainty analysis, the attenuation measurement
accuracy was estimated to be £0.003 Np/cm, and there was a
correlation coefficient of 98% between the data sets.

C. Ultrasonic Attenuation in Ice Samples
1. Ice Sample Preparation

The two forms of ice investigated in the present study are rime
and glaze ice, which are typically seen for in-flight ice accretions
over aircraft surfaces. While the forms of rime and glaze ice were
only described qualitatively in most of previous studies [2,6,30], a
process was developed in the present study to prepare rime-like and
glaze-like ice test samples to obtain quantitative measurement data
of the ice samples. A series of water distillation and forced freezing
procedures were developed to prepare samples that are, at least in
qualitative terms, similar to those previously reported [31] for rime
and glaze ice.

To prepare the rime-like ice sample, the plastic tank with the fixed
aluminum plates was placed in a refrigerator with the temperature set

o
o
X

o Experimental data in the present study
—Krautkrimer and Krautkrimer [29]

o
=]
Py

e
=
=

Attenuation Coefficient (Np/cm)

5 6 7 8 9 10 11 12 13 14 15
Frequency (MHz)
Fig. 3 Comparison of ultrasonic attenuation in water from the present
experiments and the previously reported results by Krautkrimer and
Krautkrimer [29].

b) Clear Ice (Glaze-like Ice)

Fig. 4 Laboratory prepared ice samples representing a) rime, and
b) glaze ice structures.

below —10°C, whereas water was chilled to near 0°C. When the
aluminum plates were chilled to below —10°C, the near zero-degree
water was sprayed onto the bottom plate. It was found that, as the
droplets impacted on the aluminum surface, they froze immediately.
Small ice particles formed and built up between the plates. An ice
layer containing many air bubbles and ice grains was formed as
shown in Fig. 4a. The ice sample appeared to be very opaque and
white with void randomly distributed, which is similar to the rime ice
samples used in previous studies [30].

To prepare a glaze-like ice sample, water was double-boiled to
eliminate dissolved air. The sample was permitted to cool between
boiling, and an interval of 30 min was left between the boiling
operations. The double-boiled water was then slowly added into
the plastic tank to fill the gap between the top and bottom
aluminum plates. The tank was then placed in the refrigerator,
with temperature set at —5°C. An ice layer gradually formed with
no observable bubbles or cracks trapped inside, as shown in
Fig. 4b. The ice sample processed in such a manner appeared
to be very dense and clean, which is similar to the glaze ice
samples observed in both ground and in-flight aircraft icing
tests [3,17,31].

2. Acoustic Velocity in Ice samples

To enable calculation of the wave reflection coefficient [Egs. (8)
and (9)] at interfaces, it is necessary to first evaluate the acoustic
velocity and impedance in the ice samples. The acoustic velocity was
determined by measuring the time-of-flight and propagation path and
the relationship is shown as Eq. (16) [25]:

2h
U= Az (16)
where U is the acoustic velocity in the ice layer, 4 is the thickness of
the ice layer, and At is the time interval between the echoes reflected
from the ice-top and ice-bottom interfaces. In this study, the
thickness of the ice layer (i.e., the gap between the aluminum plates)
was measured to be 6.00 £ 0.02 mm using a digital caliper.
Examples of the time-domain responses of the ultrasonic pulse-
echo signals in the rime-like and glaze-like ice samples are shown in
Fig. 5. In both of the ice samples, two echo sequences can be
observed, with one being from the ice—top interface and the other
from the ice-bottom interface.
To find the time intervals between the pulses in the echo sequences,
an autocorrelation algorithm was applied to the digitized waveforms
[32]. The correlation process gave the transit time interval by
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Fig.5 Ultrasonic pulse-echo signals in the a) rime-like, and b) glaze-like
ice samples.

measuring the time delay between the corresponding peaks in the
autocorrelation function. For example, the time delay between the
ice—top and ice-bottom echoes for the rime-like ice sample was
3.05 £ 0.05 us, whereas the time delay for the glaze-like ice sample
was 3.15 £ 0.05 us. Thus, the acoustic velocity in the two ice
samples can be calculated using Eq. (16), and these velocities
are 3.93 + 0.08 and 3.80 £ 0.08 mm /s for the rime-like and glaze-
like ice samples, respectively.

The velocities measured using the preceding method were
compared with previously reported values [31,33-35], and selected
data are given in Table 1. It can be seen that the acoustic velocity only
exhibits a modest sensitivity to ice types [31]. The data values for
velocity from the present study are in agreement with the values
given by Hansman and Kirby [31]. The acoustic velocity in the rime-
like ice sample is slightly faster than that in the glaze-like ice sample.
In addition to any differences due to composition (ice and bubbles), it
has been previously found that sound speed in ice is temperature-
dependent, with a faster velocity being seen at lower temper-
atures [33].

The densities for the samples were measured using p = m/V,
where p is the density, m is the mass of the ice sample that can be
measured using the OHAUS Scout® Pro Balance with an accuracy of
+0.01 g, and V is the volume of the ice sample (i.e., the gap
volume between the top and bottom plates). The densities for the
rime-like and glaze-like ice samples are measured to be 0.88 £ 0.02
and 0.90 £0.02 g/cm?3, respectively. It has been previously
demonstrated by Vargas etal. [36] that the ice density does not change

Table 1 Acoustic velocities in ice

Ice type Acoustic velocity inice, mm/us Data source

General ice 3.98

Filipczynski et al. [35]

South Pole ice
Bubble-free ice

3.85 (at zero depth)
3.87 (T = -10°C)

Abbasi et al. [34]
Vogt et al. [33]

Bubble-free ice 3.85(T = -5°C) Vogt et al. [33]
Rime ice 3.93 Hansman and Kirby [31]
Rime ice 3.95(T = —10°C) Present study
Glaze ice 3.78 Hansman and Kirby [31]
Glaze ice 3.80 (T = =5°C) Present study

significantly when the morphology of the ice changes. The only
changes are when there are bubbles present. The ice densities
measured in the present study are consistent with those for rime and
glaze ice reported by Vargas et al. [36] as shown in Table 2. These
density and velocity data were then used to calculate the acoustic
impedance (i.e., Z = pc) in the ice samples.

3. Ultrasonic Attenuation in the Ice Samples

The reflection and transmission terms were calculated using
Eqgs. (8-11), and the diffraction correction was estimated using
Rogers and Van Buren’s theory [28]. The frequency-dependent
ultrasonic attenuation coefficients for the ice samples were then
determined using the amplitude spectra, obtained from the digitized
ultrasonic pulse-echo signals. A fast Fourier transform (FFT) was
applied to gated segments (with a length of 1.5 us) of the time-
domain response that correspond to the echoes reflected from the ice—
top and ice-bottom interfaces.

The amplitude spectra of the reflected signals from the ice—top and
ice-bottom interfaces for the rime-like ice sample are shown in
Fig. 6a. It is seen that, for each signal, it has a center frequency close
to 10 MHz, which corresponds to the transducer nominal frequency.
The amplitude diminishes to near zero at frequencies lower than
about 3 MHz and higher than about 18 MHz. A band-pass filter with
—6 dB bandwidth was applied to minimize possible effects of
processing low-amplitude signals and noise on the attenuation
coefficient. Because the beam diffraction correction and wave
reflection coefficient have been quantitatively evaluated
[Egs. (8-13)], by comparing the two frequency-dependent amplitude
spectra as shown in Eq. (14), the responses are then deconvolved
to obtain a frequency-dependent attenuation coefficient in the
frequency range of 5.5-14.0 MHz using Eq. (15) for the rime-like ice
sample as shown in Fig. 7.

A similar process was applied to the data shown in Fig. 5b for the
glaze-like ice sample. The spectra for the two signals are shown in
Fig. 6b. The data used for analysis were limited to within the
transducer response —6 dB bandwidth to minimize possible
unreliable or inaccurate data due to processing low-amplitude
signals and noise on the attenuation coefficient. The attenuation
coefficient variation in a frequency range of 7.5-14.5 MHz for the
glaze-like ice sample is shown in Fig. 7.

By comparing the frequency-dependent ultrasonic attenuation in
the rime-like and glaze-like ice samples, it can be found that, over the
frequency range of 5-15 MHz, while the attenuation increases with
frequency in both of the ice samples, at a given frequency, the
attenuation has a higher value for the rime-like ice sample. It is
also noted that, based on the linear regression lines for the attenuation
data, the linear slope (da/df) for the rime-like ice sample is
much greater than that for the glaze-like ice sample. It is also seen that
there is more scatter in the individual data points for the rime-like
ice, which is consistent with scattering in a more complex
micromorphology.

IV. Discussion

For the ultrasonic attenuation in other bubble/grain-filled
materials, for example, the carbon/epoxy laminates, the attenuation
curve typically shows linear behavior with frequency, as seen in
Fig. 7, and the curve slope is found to increase as the void content
increases [37]. It is therefore suggested that the slope of the
attenuation curve for ultrasonic waves in ice is related to the void
content in the ice structures.

Table 2 Total densities in ice

Ice type  Total density in ice, g/cm? Data source

Rime ice 0.873 Vargas et al. [36]
Rime ice 0.88 +0.02 Present study
Glaze ice 0.857 ~0.905 Vargas et al. [36]
Glaze ice 0.90 +0.02 Present study
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glaze-like ice samples.

Glaze-like Ice

Fig. 8 Microstructures of the rime-like and glaze-like ice samples.

Rime-like Ice

The microstructures of the rime-like and glaze-like ice samples
are shown in Fig. 8. It is clear that bubbles of various sizes are
randomly distributed in the rime-like ice sample, together with
ice grains of various shapes. In contrast, the glaze-like ice is

Table 3 Acoustic attenuation in ice at frequency of 1.1 MHz

Acoustic attenuation

Ice type coefficient, Np/cm Data source
Sea and freshwater ice 0.173 Bogorodskii et al. [43]
Rime-like Ice 0.374 Present study
Glaze-like Ice 0.102 Present study

homogeneous, without any observable scattering sources. The
void content is estimated to be 9.7% for the rime-like ice sample
and 0% for the glaze-like ice sample. It has been previously
demonstrated that the acoustic attenuation in ice is typically
caused by the wave absorption in ice and the bubble/grain-induced
scattering [21].

In physical acoustics for bubble—ultrasound interaction, there are
three distinct scattering regimes, which depend on the magnitude of
the parameter A/2zD, where A is the wavelength, and D is the
diameter of the bubbles/ice grains. In the Rayleigh regime, where
1/2zD > 1, the scattering coefficient is proportional to D3 f*; in the
Stochastic regime, where 0.5 < 1/2zD < 1, the scattering increases
as a function of Df?; and in the geometric regime, where
A/2xD < 0.5, the scattering is no longer dependent on frequency but
is inversely proportional to bubble/grain diameter [21].

In the present study, the mean diameter of the air bubbles was
estimated to be 100 ym, whereas the ultrasonic wavelength was
calculated to be 390 um. It was calculated that 1 /27Dy ,pe is in the
0.5-1 range and therefore that the bubble related scattering is mainly
in the stochastic regime, and it is proportional to f>. The mean
diameter of the ice grains in the ice sample was estimated to be
50 pm, and the parameter was calculated to be 1/27Dgryin > 1. The
ice-grain caused scattering is therefore in the Rayleigh regime and is
proportional to f4.

The behavior seen in the measured attenuation data in the ice
samples suggests that the interaction is the result of the combined
effect of different scattering and absorption mechanisms. The
equations of the linear regression lines formulated for the attenuation
data in the rime-like and glaze-like ice samples are given as Egs. (17)
and (18):

Aime (Np/cm) = 0.067 x f(MHz) + 0.3 a7

Ggtaze(Np/cm) = 0.020 X f(MHz) + 0.08 (18)

The present study considers ultrasonic attenuation in ice at
high frequencies (e.g., f > 5.0 MHz). Although there is a significant
literature that considers acoustic and ultrasonic waves in ice
(e.g., [37-42]), unfortunately, there is only a limited literature that is
available to give data for comparison with that from the present study.

Bogorodskii et al. [43] evaluated the acoustic attenuation in sea and
freshwater ice in the frequency range of 200-1100 kHz, and they give
attenuation data at f = 1.1 MHz. Based on the equations for the
linear regression line formulated in this study, the acoustic attenuation
at the same frequency (i.e., f = 1.1 MHz) can be estimated. The data
based on the work by Bogorodskii and the present study were
compared, and this is shown in Table 3. It is seen that the attenuation
coefficient (nepers per centimeter) reported by Bogorodskii et al. [43]
is in between of the data values from the present study for the rime-like
and glaze-like ice estimated using the linear equations. The results
from the present study are therefore consistent with the limited data
that can be deduced from the literature.

V. Conclusions

In the present study, a novel ultrasonic-attenuation-based
approach, which is capable of quantitatively characterizing the types
(i.e., either rime or glaze) and thickness of the ice accretion pertinent
to aircraft icing phenomena, was developed by leveraging the
discrepancies in attenuation characteristics of ultrasonic waves
traveling in different types of ice. The theories of acoustic attenuation
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in pulse-echo configuration for a multilayer structure were formulated
with the considerations of interface reflection/transmission, beam
diffraction, and the transducer and electronics characteristics.
A feasibility study was also carried out to demonstrate the
implementation of the ultrasonic-attenuation-based technique by
analyzing attenuation characteristics of ultrasonic waves in two
different types of ice samples representative of rime and glaze ice
accretion typically seen over airframe surfaces.

Significant differences were found in the ultrasonic attenuation
characteristics (e.g., the amplitude level, the scattering scale, and the
linear slope) between the two compared ice types over the frequency
range of 5-15 MHz. The absolute values of the attenuation
coefficients for the rime-like ice sample were found to be much
greater (i.e., with an excess amplitude varying from 0.75 to
1.2 Np/cm) than those of the glaze-like ice sample at any given
frequencies. While the attenuation coefficient was found to increase
with the ultrasonic frequency for both ice samples, the increase slope
of the attenuation coefficient (i.e., da/df) for the rime-like ice
sample was found to be much greater, in comparison to that of the
glaze-like ice sample. The measurement data of the ultrasonic
attenuation coefficients were also found to have a much wider
scattering range for the rime-like ice sample. Such information could
be used to develop ice-type-specific anti-/de-icing systems, which
could significantly reduce de-icing operational costs and ensure more
efficient and safer aircraft operation in cold climate.
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