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Abstract: Ice accretion on transmission lines poses a severe threat to the safety of power grids. To achieve early icing 
warning and online ice thickness measurement， it is necessary to consider the effect of the rough ice layer on ultrasonic 
echo signals during the early icing stage. This study applied a sinusoidal equivalent roughness model to simplify the ice 
layer profile， and used PZFlex to numerically analyze the effects of the rough structure scale on the ultrasonic pulse-

echo signals. The reflection coefficient of the ice-air layer interface was introduced to characterize small-scale 
roughness. It is found that the attenuation of pulse-echo signals is dominant by the height of rough structure. As the 
roughness upper ice layer increases， the interface reflection coefficient gradually decreases. When the roughness 
exceeds the critical value， the reflection coefficient shows independent with roughness. As the threshold of reflection 
coefficient is set as 0.25， the effective measurement range of roughness under different center frequencies of excitation 
signal sources is determined. The relationship between the reflection coefficient and roughness upper ice layer is 
established， enabling the quantitative identification of rough ice layer using the ultrasonic pulse-echo technique. The 
research can provide a technical basis for the accurate measurement of ice thickness above transmission lines.
Key words：ice accretion on cables； ice roughness measurement； ultrasonic measurement technology； reflection 
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0 Introduction 

Ice accretion on overhead lines directly threat⁃
ens the stability of power grids and induces issues 
such as grid overload［1］， line galloping［2］， tower in⁃
clination［3］， and insulator pollution flashover［4］， 
which severely endangers the safety of power sys⁃
tems. Traditional mechanical de-icing systems lack 
accurate operation instructions； therefore， ice moni⁃
toring on transmission lines is crucial for preventing 
grid freezing disasters.

Currently， the ice accretion state monitoring 
technologies for high-voltage transmission lines are 

mainly categorized into the weighting method， ten⁃
sion-inclination method， optical fiber method， im⁃
age method and simulated conductor method， etc［5］. 
Most of the aforementioned detection methods are 
based on the principle of electromagnetic measure⁃
ment， which are susceptible to interference and un⁃
able to achieve long-distance online quantitative 
measurement of ice thickness or identification of ice 
types.

To improve the stability of online ice accretion 
monitoring for lines， ultrasonic detection is intro⁃
duced for transmission lines icing. Previous studies 
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have demonstrated the feasibility of using ultrasonic 
waves to detect cable icing［6］. In 2023， Yang et al.［7］ 
proposed a method for detecting the ice thickness of 
10 kV overhead transmission lines using ultrasonic 
waves， with the relative error of the measured ice 
thickness being less than 10%. Liu et al.［8］ proposed 
a method for direct ultrasonic detection of ice thick⁃
ness on distribution lines using steel rods to simulate 
conductors， where the maximum error was less 
than 10%. However， the smooth surface of the sim ⁃
ulated conductors fails to reflect the actual icing 
state.

The two aforementioned studies introduced ul⁃
trasonic detection technology for cable icing detec⁃
tion. However， for ultrasonic detection， the attenua⁃
tion of echo signals is particularly pronounced when 
encountering different ice layer roughnesses. There⁃
fore， identifying the surface roughness of ice depos⁃
its warrants special attention. To date， ice rough⁃
ness measurement techniques are divided into con⁃
tact and non-contact types. Traditional contact meth⁃
ods［9］， e.g.， ice tracing and hot wax molding［10］， are 
inefficient， error-prone， and damage ice structures， 
leading to incomplete roughness data. Non-contact 
methods like close-range photogrammetry［11-13］ or la⁃
ser scanning［14-16］ reconstruct ice profiles： The for⁃
mer uses multiple cameras but has large errors due 
to camera placement， glaze ice transparency and 
complex data processing； the latter is widely used 
for high-precision， multi-scale measurement［15］ but 
requires developer due to optical properties of ice， 
leading to difficulty of real-time measurement.

In summary， current techniques struggle with 
initial icing stage and transient roughness measure⁃
ment. Ultrasonic pulse-echo （UPE） technology 
shows advantages， which uses echo parameter 
changes to measure thickness and properties of ice［17］. 
Jr Hansman et al.［18］ noted that ice surface properties 
affected ultrasonic signals， and Liu et al.［19］ reported 
that frequency-dependent attenuation characterized 
glaze and rime ice. However， it is harder to measure 
ice surface roughness than ice thickness/density due 
to its spatiotemporal variations［20］. Relative research 
focus on the application of UPE on roughness sur⁃
face measurement in other fields. Okajima et al.［21］ 

estimated planar Manning roughness coefficients us⁃
ing the peak-to-peak value of reflected ultrasonic 
pulses. Ma et al.［22］ developed an ultrasonic reflection 
coefficient phase spectrum technique to measure coat⁃
ing interface roughness （6.2—12.7 μm）. Hériveaux 
et al.［23］ used a sinusoidal equivalent model to char⁃
acterize bone-implant interface roughness via quanti⁃
tative ultrasound. The results indicate that both of 
soft tissue thickness and interface roughness attenu⁃
ate ultrasonic reflection coefficient. These studies 
confirm that surface roughness reduces ultrasonic in⁃
terface reflection coefficients， which is beneficial to 
support UPE for measuring roughness upper ice lay⁃
er of transmission lines.

Up to now， UPE technology has been initially 
applied in the field of aircraft icing［24］， but there 
have been no reports on its application in the icing 
monitoring of transmission lines， especially in the 
quantitative characterization of surface roughness. 
There is still a lack of detailed research on the influ⁃
ence of the roughness upper ice layers on the attenu⁃
ation of ultrasonic signals.

Within the range of actual roughness ice on 
transmission lines， this study numerically analyzed 
the attenuation of echo signals caused by the rough 
structure between air-ice layer interface. Determin⁃
ing the attenuation of echo signals caused by rough⁃
ness parameters provides a basis for selecting trans⁃
ducer frequency parameters in experimental mea⁃
surements. Another approach involves simulating 
equivalent simplified real ice roughness to reduce ex⁃
perimental costs， thereby obtaining the relationship 
between a wide range of ice roughness values and ul⁃
trasonic echo parameters， which guides ultrasonic 
identification of ice surface roughness. This paper 
used a sinusoidal equivalent model to describe the 
ice layer shape. The change of surface roughness is 
adjusted by the amplitude height and period of the si⁃
nusoidal function. Ultrasonic echo signals under 
multi-frequency excitation signals and different sur⁃
face roughness are obtained through numerical simu⁃
lation. The reflection coefficient affected by the ice 
layer shape is introduced to characterize ice rough⁃
ness at different scales. The relationship between 
the effective identification range of roughness upper 
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ice layer and the frequency of the excitation signal is 
established.

1 Methods and Theories 

1. 1 Establishment of a simulation model for ice 
layers　

As a powerful professional tool in acoustics， 
PZFlex software is specifically developed for piezo⁃
electric and ultrasonic applications. The software 
adopts an explicit finite element algorithm， which is 
suitable for simulating piezoelectricity， ultrasonic 
wave propagation， and long-range wave propaga⁃
tion.

To study the influence of roughness at different 
scales on the attenuation of ultrasonic pulse-echo sig⁃
nals， the models and simulations of roughness ice 
are solved via PZFlex in this paper. The actual phys⁃
ical model is a complex-shaped cable with accreted 
ice. However， due to the small size of the applied 
transducer and the single-point measurement of the 
ice layer above its geometric center， the numerical 
model can be simplified to a 2D axisymmetric mod⁃
el. The process mainly involves model construc⁃
tion， mesh generation， material parameter configu⁃
ration， and boundary conditions.

Due to the symmetry， a 2D axisymmetric mod⁃
el is used to reduce computational load. The model 
includes four parts： Pressure loading area， alumi⁃
num substrate， ice layer， and roughness. A non-

structured mesh is used， with grid refinement for 
the ice layer interior； the rest adopts a 20 μm per 
grid， satisfying the requirement of at least 15 grids 
per wavelength. The upper surface of ice layer is set 
as a total reflection interface， while other boundar⁃
ies are total absorption interfaces to reduce oscilla⁃
tion interference from secondary interface echoes. In 
the study， the transducer has a diameter of 6 mm. 
As the width of the load application area should be 
smaller than the model width， the width of both ice 
layer and substrate is set as 15 mm. The thickness 
of substrate， ice layer and load application area are 
5， 1.6 and 0.5 mm， respectively. The rough profile 
on the ice surface is implemented via a sinusoidal 
function， with a single roughness element illustrated 

in the local enlarged view of Fig.1， where S0，S1 and 
S2 represent the regions areas. The curve expression 
of roughness is expressed as

y = A ⋅ sin ( )2π
T

x (1)

where A is the amplitude and T the period.

The sinusoidal function is mainly described by 
two parameters： Amplitude A and period T. Rough⁃
ness Ra is the arithmetic mean of the absolute val⁃
ues of profile deviations within the sampling length. 
Therefore， the roughness formula for this model is 
calculated as

Ra = 1
l ∫

0

l

A ⋅ sin ( )2π
T

x dx (2)

For l = T/2， the calculated roughness Ra is 
expressed as

Ra = 1
l

⋅ AT
π = 2A

π (3)

According to above derivation， the average 
roughness Ra can be adjusted only by changing the 
peak value A in the sinusoidal function. Additional⁃
ly， in all numerical cases， the average height of the 
surface roughness is regarded as the origin of the y-

axil. It is assumed that all media have uniform and 
isotropic mechanical properties. The substrate mate⁃
rial is 7075 aluminum alloy. The material proper⁃
ties［25-26］ used in the simulation， with references， are 
presented in Table 1.

Fig.1　Schematic diagram of a simplified 2D symmetric 
finite element model for rough ice surfaces
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1. 2 Finite element simulation　

Dynamic equations were solved in the time do⁃
main via the PZFlex software. Post model construc⁃
tion and material assignment， the loading excitation 
signal were configured， and mesh generation was 
conducted. A Ricker wavelet served as the ultrason⁃
ic pulse excitation source.

To explore frequency-dependent roughness 
measurement ability， the simulation included excita⁃
tion signals with center frequencies （fc） of 3.2， 5.3， 
7.5， 10， 12.8， and 15.5 MHz. During model estab⁃
lishment， the grid size is first determined by the sig⁃
nal’s center frequency. A non-structured mesh is ad⁃
opted， with a requirement of at least 15 elements 
per wavelength in the material. For grid size in the 
ice layer， the maximum center frequency is used to 
calculate the minimum wavelength， with the formu⁃
la given below

λmin = vp /fc (4)
To explore the roughness-dependent echo sig⁃

nal， the roughness parameter was varied within the 
range of 0—1 000 μm in the study. For grid indepen⁃
dence verification， the roughness size and the center 
frequency were fixed at 25 μm and 10 MHz， respec⁃
tively. The grid size was evenly varied within the 
range of 1—10 μm. The verification results are pre⁃
sented in Fig. 2 and Fig. 3. The results indicate that 
when the grid size exceeds 5 μm， both the ampli⁃
tude and phase of the echo signal are unstable. To 
ensure clarity， only echo signals for grid sizes of 1—
5 μm are presented in Fig.2. Observing the ice layer 
echo signals， the amplitude fluctuation of the echo 
peak is blow 1% when the grid size is smaller than 
4 μm， indicating that the echo peak at the air-ice in⁃
terface is stable. Fig.3 presents the phase errors be⁃
tween the air-ice interface echo， substrate-ice inter⁃
face echo， and the set thickness within the range of 

1—10 μm. The results show that the peak time of 
the interface echo stabilizes when the grid size is be⁃
low 3 μm. Considering the grid size for stability of 
echo signals， the grid size is set as 3 μm， to save 
computing loads and ensure the accuracy of numeri⁃
cal calculation results.

An un-structured rectangular mesh was adopt⁃
ed to reduce the number of meshes. For time-do⁃
main calculations， the maximum stable time step 
was set based on the minimum mesh size， as follows

Δtmax = dmin /cp (5)
where dmin denotes the minimum mesh side length， 
and cp the maximum longitudinal wave speed in the 
model material.

The maximum stable time step is multiplied by 
a safety factor k0 =0.8 to obtain the maximum simu⁃
lation timestep. Thus， the actual timestep ts used in 
the simulation is given by

ts = k0 ⋅ Δtmax = 0.38 × 10-9 ( s ) (6)
Signal acquisition frequency is

Fig.2　Variations in echo signals from the upper surface of 
the ice layer corresponding to different grid sizes

Fig.3　Phase deviation between rough ice layer height and 
original height corresponding to different grid sizes

Table 1　Material attribute

Material

Ice
Aluminum

Mass density 
R/(kg·m-3)

900
2 690

Longitudinal 
velocity vp/

(m·s-1)
3 900
6 306

Shear velocity 
vs/(m·s-1)

2 120
3 114
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f0 = 1
ts

(7)

The sampling frequency meets the requirement 
of being greater than 10 times the center frequency. 
The simulation time is determined based on the tran⁃
sit time of the multi-layer material thickness， and is 
ultimately set to 5 μs through calculations.

From the derived formula for roughness， it can 
be seen that this expression is determined solely by 
the amplitude A. However， based on the inferred 
physical propagation of acoustic waves， variations 
in the period parameter T also induce changes in the 
model and consequently affect the echo signal. 
Therefore， the parameter B=T/A was defined. 
With the amplitude A kept constant， simulations 
were conducted to investigate the effect of period T 
on the reflection coefficient of ultrasonic echo sig⁃
nals by varying period. The results are presented in 
Fig.4.

Parameter B was assigned non-uniform values 
within the range of 0—100. It can be observed that 
parameter B exerts a certain influence on the echo 
signal. When B>10， the rough profile curve tends 
to approach a straight line， regraded as smooth sur⁃
faces. When B<10， variations in the period cause a 
relative error of 3% in the reflection coefficient. 
However， in actual measurements， ultrasonic detec⁃
tion acquires the average value of reflected echoes 
from the rough surface within the ice layer surface 
detection range. Thus， the influence of the period 
parameter is minimal. Furthermore， there is no 
need to decouple the effects of the period and ampli⁃

tude on the echo characteristic parameters. In subse⁃
quent simulation cases， the period was set to T=
2A， and the roughness value in the simulation was 
adjusted solely by varying the amplitude parameter. 
The settings of the ice layer roughness parameters 
are presented in Table 2.

1. 3 Signal processing　

In this study， ultrasonic echo signals from 
multi-layer medium interfaces with/without rough⁃
ness were obtained via simulation calculations. The 
signals in the time domain were recorded and subse⁃
quently processed using MATLAB software. First， 
the Hilbert transform is applied to the echo signals， 
and the transformation results are presented in 
Fig. 5. The solid line represents the original signal， 
while the dashed line denotes the signal envelope. 
Two gates #1 and #2 are set： Gate #1 covers the 
complete echo signal from the substrate-ice inter⁃
face， while Gate #2 covers the complete echo signal 
from the ice-air interface. After envelope process⁃
ing， the echo amplitudes pA-I （substrate-ice inter⁃
face） and p'I⁃a （ice-air interface）， along with their 
corresponding peak time t1 and ti， are identified with⁃

Fig.4　Effect of period variation of the sinusoidal function on 
roughness and reflection coefficient

Table 2　Settings for roughness in the simulation model

Serial number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Amplitude
A/m

0.00E+00
3.93E-05
7.85E-05
1.18E-04
1.57E-04
2.36E-04
3.14E-04
3.93E-04
4.71E-04
5.5E-04

6.29E-04
7.07E-04
7.85E-04
8.64E-04
9.43E-04
1.10E-04
1.26E-04
1.41E-04
1.57E-04

Cycle
T

1.00E-03
7.86E-05
1.57E-04
2.36E-04
3.14E-04
4.72E-04
6.28E-04
7.86E-04
9.42E-04
1.10E-03
1.26E-03
1.41E-03
1.57E-03
1.73E-03
1.89E-03
2.20E-03
2.51E-03
2.83E-03
3.14E-03

Roughness
Ra/μm

0
25
50
75

100
150
200
250
300
350
400
450
500
550
600
700
800
900

1 000
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in the two gates， respectively. The real-time ice lay⁃
er thickness is calculated using t1 and ti based on the 
ultrasonic transit time in the structure， which is 
used to compute ultrasonic attenuation in the ice. 
The substrate-ice interface echo amplitude pA-I is ac⁃
quired. The echo amplitude pI-a for the ice-air inter⁃
face with a smooth surface is calculated theoretically 
and numerically. In addition， under the same ice lay⁃
er thickness， this study obtains the ice-air interface 
echo amplitude p'I⁃a when small-scale roughness ele⁃
ments exist on the ice surface. The formula for the 
ultrasonic reflection coefficient R'I⁃a at the ice-air in⁃
terface with a rough structure is as follows

R 'I⁃a = p 'I⁃a

p I⁃a
(8)

A comparison of simulation results between 
smooth ice surfaces and ice surfaces with rough pro⁃
files reveals that the waveform and phase of the 
echo signal at the substrate-ice interface are both af⁃
fected by ice surface roughness. From the signal 
comparison in Fig.5， it is evident that when small-
scale roughness elements exist on the ice surface， 
the echo amplitude at the ice-air interface decreases 
significantly， accompanied by phase delay. This 
conclusion is further confirmed by observing the 
shift in the peak points of the envelope. Thus， it is 
feasible to characterize the influence of roughness on 
ultrasonic echo signal by using the reflection coeffi⁃
cients.

Fig.6 illustrates the entire process of extracting 
characteristic parameters of ultrasonic echo signals. 
First， after determining the simulation model， 

roughness parameters are input. The reflection coef⁃
ficient is then obtained by applying the aforemen⁃
tioned signal processing method and extracting am ⁃
plitude parameters via envelope processing. By pro⁃
cessing the original ultrasonic pulse-echo signals， 
the ultrasonic reflection coefficient at the ice-air in⁃
terface was obtained. A corresponding relationship 
can be established between the reflection coefficient 
R 'I⁃a and roughness parameters Ra. Therefore， the 
reflection coefficient can be used to calculate and 
predict the surface roughness of the ice layer.

2 Results 

2. 1 Effect of surface roughness on ultrasonic 
signals　

A series of numerical simulations were per⁃
formed using the roughness parameters listed in Ta⁃
ble 2. Glaze ice was selected as the representative 
ice type for simulations due to its hazard. The ultra⁃
sonic attenuation coefficient inside the simulated ice 
layer was set to 0.05 Np ⋅mm-1. The theoretical ice 
density was ρ ₍i ₎ = 900 kg⋅m-3， and the longitudinal 
wave speed was set to 3 900 m ⋅ s-1. In a homoge⁃
neous solid， longitudinal waves propagate in a 
straight line with relatively low energy loss， produc⁃
ing a clear “emission-bottom echo” signal.

The original echo signals undergo preprocess⁃
ing. After that， the ultrasonic echo envelopes， un⁃
der different roughness conditions， are shown in 
Fig.7. The results show that with the increase of ice-

air interface roughness， the echo amplitude decreas⁃
Fig.5　Schematic diagram of ultrasonic echo signal feature 

parameter extraction

Fig.6　Flowchart for extraction of ultrasonic echo signal 
characteristic parameters

280



No. 2 LU Qingwen, et al. Reflection of Ultrasonic Wave on the Substrate⁃Ice Layer⁃Air Interface: The Role of …

es irregularly and the arrival time of the peak shifts 
progressively later. For a perfectly smooth ice sur⁃
face （Ra = 0）， the echo amplitude at the ice-air in⁃
terface was pI-a = 0.85.

Using the feature-extraction method described 
in Fig.6， the ultrasonic reflection coefficient of the 
ice-air interface was determined as a function of sur⁃
face roughness， as shown in Fig. 8. The simulation 
was performed at a center frequency of 7.5 MHz. 
The resulting curve agrees well with previously pub⁃
lished results on effect of surface roughness［24］.

From Fig.8， when the surface roughness in⁃
creases from 0 to 150 µm， the interface reflection 
coefficient R 'I⁃a decreases from 1 to 0.23. For rough⁃
ness values exceeding 150 µm， R 'I⁃a stabilizes at 
about 0.2， showing a slight rise followed by a fur⁃
ther decline. This behavior occurs because the sinu⁃
soidal roughness profile has alternating peaks and 
valleys. When the roughness becomes sufficiently 
large， the ultrasonic wave can resolve the height dif⁃

ference between the peaks and valleys， causing the 
ice-air interface echo to split into two distinct sig⁃
nals. Consequently， the reflection coefficient de⁃
rived from the envelope analysis shows a slight in⁃
crease before continuing to decline as roughness 
grows. For example， at a center frequency of 
7.5 MHz， when the roughness is in the range of 0 —
100 µm， the echo signals are aliasing； once the 
roughness exceeds 100 µm， the echo signals be⁃
come separated. The reflection coefficient decreases 
by as much as 80%， demonstrating that the ultra⁃
sonic reflection coefficient R 'I⁃a is highly sensitive to 
roughness variations. Furthermore， the accuracy of 
using R 'I⁃a as a quantitative indicator of surface rough⁃
ness is confirmed.

2. 2 Influence of center frequency on rough‑ 
surface echoes　

The sensitivity of ultrasonic roughness detec⁃
tion varies with center frequency. To examine this 
effect under constant ice-layer thickness， the sur⁃
face roughness was fixed at 100 µm while the cen⁃
ter frequency of the ultrasonic excitation source was 
varied. The corresponding ice-air interface echo sig⁃
nals are shown in Fig.9. A higher excitation signal 
frequency results in a narrower bandwidth， higher 
detection sensitivity， and greater signal attenuation. 
Simulation results show that as the center frequen⁃
cy increases， the amplitude of the echo signal at 
the rough ice-air interface decreases monotonically. 
Furthermore， applying a high-frequency excitation 
source， two complete echo signals can be ob⁃
tained， corresponding to the peak and trough points 
of the rough profile， respectively. This leads to 
greater attenuation of the high-frequency excitation 
signal under the same ice thickness and roughness 
conditions.

For ultrasonic pulse-echo detection signals with 
different center frequencies， there are significant dif⁃
ferences in the identifiable scale range of material 
surface rough structures due to variations in their in⁃
herent wavelengths， attenuation coefficients， and 
detection sensitivity characteristics. High-frequency 
signals are more capable of identifying small-scale 
roughness values but suffer from greater energy at⁃

Fig.8　Reflection coefficient versus surface roughness

Fig.7　Influence of roughness on echo signals envelopes
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tenuation. However， low-frequency signals are suit⁃
able for larger-scale rough structures. These differ⁃
ences directly affect the measurement range and ac⁃
curacy of rough features. To further investigate the 
capability of the ultrasonic pulse-echo technique for 
quantitative measurement of wide-range roughness， 
physical property measurements of ice layers with 
rough profiles were conducted under different center 
frequencies. The resulting reflection coefficients are 
presented in Fig.10. When Ra = 50 µm， the reflec⁃
tion coefficient decreases monotonically as the cen⁃
ter frequency increases. When Ra increases to 
200 µm， the reflection coefficient shows significant 
decrease once center frequencies exceeds 5.3 MHz. 
After the reflection coefficient falls below 0.25， in⁃
terface echoes in the original signal waveform exhib⁃
it aliasing and low amplitude， making it impossible 
to distinguish from clutter. With a further increase in 
roughness size， the reflection coefficient shows no 
obvious change， and direct identification of rough⁃
ness parameters via interface echo signals becomes 
infeasible in the situations.

The detection range of roughness measurement 

for different frequencies is shown in Fig.11.

In this study， a critical threshold of R 'I⁃a = 0.25 
was used to distinguish the effective center frequen⁃
cy. As the center frequency increases， the upper lim ⁃
it of effective roughness identification decreases， 
while the accuracy of identifying small-scale rough⁃
ness improves. The results show that as the trans⁃
ducer frequency increases， the upper limit of rough⁃
ness measurement generally shows a decreasing 
trend. Meanwhile， the lower limit of roughness 
measurement gradually approaches 0 and stabilizes 
as the frequency increases. The result indicates that 
high-frequency transducers possess the capability to 
identify smaller-scale surface roughness features.

The higher the transducer frequency， the lower 
the upper limit of surface roughness can be accurate⁃
ly measured， while the stronger the ability to identi⁃
fy smaller rough structures. To quantitatively ana⁃
lyze the roughness identification range for different 
frequencies f， the fitted formula is as follows

Ramax = 607 exp (- f/2.9 )+ 99.36 (9)

Ramin =
ì
í
î

-11.63f + 87 f ≤ 7.5
0 f > 7.5

(10)

The influence laws of frequency and roughness 
on the ultrasonic reflection coefficient at the ice-air 
interface were refined via simulation calculations. 
The ice surface roughness range was determined. 
Then， the center frequency of the excitation source 
was selected. After extracting the characteristic pa⁃
rameters of the original signals， the corresponding 
relationship was obtained as shown in Fig.12.

The results in Fig.12 show that there is a 

Fig.9　Effect of frequency variation on ultrasonic echoes 
from a rough ice surface

Fig.10　Ultrasonic reflection coefficient of the ice-air inter⁃
face versus roughness

Fig.11　Roughness measurement range at different frequen⁃
cies
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monotonic relationship between roughness and re⁃
flection coefficient within a certain range. The red 
solid lines represent the fitting curves of roughness 
and ultrasonic reflection coefficient under different 
frequencies. The formula of the fitting curve is as 
follows

Ra = a1 ⋅ exp (-R 'I⁃a /a2 )+ a3 (11)
where a1， a2 and a3 are the coefficients of the equa⁃
tion， and their variation relationships are expressed 
in Table 2.

The ultrasonic reflection coefficient R 'I⁃a varies 
within the range of 0.2 —  1， corresponding to a 
roughness measurement range of 0 —  300 μm.

3 Conclusions 

To investigate the reflection of ultrasonic echo 
signals on the substrate-ice layer-air interface， a 
novel multilayer model with a sinusoidal profile was 
introduced to simulate ultrasonic reflections from 
the roughness shape upper the ice layer. By adjust⁃
ing the amplitude and period of the sinusoidal func⁃
tion， the available measure ranges of roughness ice 
surface at different center frequencies are quantita⁃
tively analyzed. The main findings are as follows.

（1） With the same center frequency， as the 
surface roughness increases， the amplitude of echo 
signals decreases and the phase of the peak point de⁃
lays. The interface reflection coefficient gradually 
decreases until it shows independent of roughness 
and reflection coefficient.

（2） For small-scale roughness， as the center 
frequency increases， the both of the echo signal am ⁃
plitude and the reflection coefficient also decrease 
monotonically. For large-scale roughness， increas⁃
ing the center frequency leads to a significant decline 
in the reflection coefficient until it shows indepen⁃
dent of the roughness and center frequency.

（3） As the center frequency increases， the up⁃
per limit for identifying effective roughness decreas⁃
es， while the accuracy in identifying small-scale 
roughness increases.

（4） The reflection coefficient threshold is set 
as 0.25， the ice surface roughness value is quantita⁃
tively characterized through the interface echo sig⁃
nal， and the calculation formulas for roughness is fit⁃
ted for various center frequency.

Applying ultra-pulse echo technology to moni⁃
tor the transient icing process of transmission lines， 
it is important to select an appropriate transducer fre⁃
quency for ice layers with different roughness to 
maximize the monitoring range. The research can 
provide a technical basis for the accurate measure⁃
ment of ice thickness on transmission lines.
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基底‑冰层‑空气界面超声波反射：粗糙度参数的作用

陆庆文 1， 王 渊 1， 王敬鑫 1， 王 岩 1， 朱春玲 1，2， 朱程香 1，
 李 斌 3， 任战鹏 3

（1.南京航空航天大学航空学院，南京  210016，中国； 2.南京航空航天大学航空航天机械结构力学与控制国家重

点实验室，南京  210016，中国； 3.中国飞机强度研究所强度与结构完整性全国重点实验室，西安  710065，中国）

摘要：输电线路结冰对电网安全构成严重威胁。为实现冰冻早期预警与在线冰厚测量，需考虑结冰初期粗糙冰

层对超声回波信号的影响。本文采用正弦等效粗糙度模型简化冰层截面，运用 PZFlex 软件研究不同粗糙结构尺

度对超声脉冲回波信号的影响。引入冰层⁃空气界面反射系数表征小尺度粗糙度。研究发现脉冲回波信号衰减

主要受粗糙结构高度主导：随着冰层表面粗糙度增大，界面反射系数逐渐降低；当粗糙度超过临界值时，反射系

数与粗糙度呈现无关性。以反射系数阈值 0.25 为基准，确定了不同中心频率激励信号下粗糙度的有效测量范

围。建立了反射系数与粗糙冰层的关联，实现了利用超声脉冲回波技术对粗糙冰层进行定量识别。该研究为输

电线路冰厚精确测量提供了技术依据。

关键词：线缆结冰；冰粗糙度测量；超声测量技术；反射系数

研究亮点：

1. 引入超声换能器应用于线缆覆冰监测，通过仿真考虑冰表面粗糙度建立中心频率适用范围。

2. 提出了基于界面声波反射系数定量表征冰层表面粗糙度方法。
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