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A B S T R A C T   

An experimental campaign was conducted to investigate the dynamic icing process on an Aluminum-Conductor- 
Steel-Reinforced (ACSR) power cable with twisted outer strands and characterize the resultant wind loads 
experienced by the power cable under both dry rime and wet glaze icing conditions. In addition to recording the 
dynamic icing process over the cable surface with a high-resolution imaging system, the three-dimensional (3D) 
shapes of the ice layers accreted on the cable model were also quantified by using a novel 3D profile scanning 
system. While the evolution of the wake flow behind the iced ACSR cable was quantified with a Particle Image 
Velocimetry (PIV) system, the variation of the wind loads experienced by the cable model was also examined 
based on the measurements of force/moment transducers. Under the dry rime icing condition, opaque, grainy ice 
was found to accrete only within the impinging zone of airborne water droplets over the cable frontal surface 
without any noticeable water runback flow over the cable surface. In comparison, substantial unfrozen water was 
observed to run back over the cable surface under the wet glaze icing condition, causing the formation of 
transparent, glazy ice layer over a much wider area over the cable surface. Correlating with the formation of 
more complicated glazy ice humps/horns over the ACSR cable surface, the accumulated ice mass was found to 
grow much faster during glaze icing process, in comparison to that of rime icing case. While the resultant wind 
loads acting on the iced ACSR cable was found to decrease gradually with the increasing icing time under the 
rime icing condition, the corresponding values were found to increase continuously under the glaze icing 
condition.   

1. Introduction 

Electrical power transmission cable icing is a well-known problem 
for people living in cold climate. Power cable icing has been reported to 
degrade the power network reliability greatly. In extreme conditions, 
the atmospheric icing could result in significant damages to electrical 
power distribution networks, causing long term power disruption [1–4]. 
The importance of effective icing control for power transmission cables 
is highlighted by a number of catastrophic incidents/accidents in recent 
years. For example, a major icing storm in Ontario and Quebec, Canada 
in winter of 1998 caused loss of power to about one million customers 
with a duration of 3–30 days. Since several miles of transmission and 
distribution cables were destroyed, the cost was estimated to be over one 
billion Canadian dollars for reconstructing the damaged power cables 

along with a social cost due to the incident exceeding 3.0 times of the 
estimated cost [5]. 

Ice accretion characteristics on power cables are of great important 
to predict the potential risks. It was found that the variations in shape, 
density, and size of the accreted ice layers would affect the wind loads 
experienced by the power cables significantly. While the accreted ice 
weight would increase the vertical loads experienced by the power ca
bles and the supporting structures, the combined effects of wind and ice 
may result in transverse loads increasing significantly. It may also 
induce significant vibrational loads, especially when the ice depositions 
over the cable surfaces are asymmetric [6]. Wind-induced-vibrations 
(the vibrations induced by unsteady vortex shedding) are known to 
cause detrimental effects on the durability and reliability of the cables 
and related components. Damping devices are usually used to mitigate 
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these vibrations. The situation can change dramatically when ice ac
cretes on the power transmission cables since the vibrations of iced ca
bles may occur outside the design frequency of the dampers. Galloping, 
which is another kind of wind-induced instability to cause low fre
quency, large amplitudes vibrations, can also occur on iced power cables 
[7]. Furthermore, power cable icing may also cause flashover, in which 
power transmission cables would be in motion due to lift forces induced 
by icing and come in contact to cause unwanted electrical discharges 
between them. This may also happen as accreted ice chucks shed from 
the cables, resulting in sudden vertical motion [8–10]. 

Advancing of technology for safer and more efficient operation of 
power transmission cables under atmospheric icing conditions requires 
the development of innovative, effective anti-/de-icing strategies. Doing 
so requires a keen understanding of the underlying physics pertinent to 
the dynamic icing process over the surface of power transmission cables 
and the resultant wind loads induced by the ice accretion. While several 
numerical and experimental investigations have been conducted in 
recent years to study power transmission cable icing phenomena 
[11–16], most of them focused on characterizing the global features of 
the icing process, like providing measurement data for the validation of 
ice morphogenetic models, quantifying variations of the accumulated 
ice mass with the cable diameter, and estimating the maximum loads 
caused by wet snow/ice accumulated on power cables. Little can be 
found in literature to quantify the dynamic ice accretion process and 
characterize the evolution of the shapes of the ice layers accreted on 
power cables under different icing conditions. It should also be noted 
that almost all the previous studies were conducted with the power 
transmission cables being simplified as cylindrical test models with 
smooth cable surfaces. However, in reality, Aluminum-Conductor-Steel- 

Reinforced (ACSR in short) cables/conductors with rather rough, 
twisted outer strands are the most commonly used cables for overhead 
power transmission in primary and secondary distribution networks. In 
comparison to the ice accretion over smooth surfaces of simplified, cy
lindrical cable models, the influences of the rough, twisted outer strands 
of the ACSR cables on the icing characteristics under different icing 
conditions have not been well studied. 

In the present study, an experimental campaign was conducted to 
investigate the dynamic icing process over the surface of an ACSR cable 
model and to examine the variations of the wind loads acting on the iced 
cable model during the dynamic icing process. A section of an ACSR 
power transmission cable, which is typically utilized for high-voltage 
electrical power transmission, was used as the test model in the pre
sent study. The ACSR cable model was mounted horizontally in an icing 
research tunnel under typical wet glaze and dry rime icing conditions. 
While the dynamic icing process on the cable surface was recorded with 
a high-resolution imaging system, the three-dimensional (3D) shapes of 
the iced cable model were characterized with a 3D profiler scanning 
system. Meanwhile, the wake characteristics behind the iced cable 
model were quantified with a digital Particle Image Velocimetry (PIV) 
system, the resultant wind loads experienced by the iced cable model 
were also measured by using a pair of high-sensitive moment/force 
transducers. The primary objective of the presents study is to charac
terize the effects of the rough, twisted outer strands wrapping around 
the ACSR cable on the dynamic icing process over the cable surface and 
the resultant wind loads acting the ACSR cable model, in comparing to 
those of simplified power cable model with smooth surface under the 
same icing conditions as reported in the published literature [21]. 

Fig. 1. ISU-IRT and the ACSR cable model.  
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2. Experimental setup and measurement systems 

2.1. Icing research tunnel and ACSR cable model 

The experimental investigation was performed in an Icing Research 
Tunnel available at Iowa State University (i.e., ISU-IRT in short). The 
test section of ISU-IRT is optically transparent with the dimension of 2.0 
m (length) × 0.4 m (width) × 0.4 m (height). As shown schematically in 
Fig. 1, a 30-hp motor (Baldor™) was used to drive airflow circulating 
inside the tunnel with the airflow velocity up to 60 m/s. With a bell- 
shaped contraction section with a large area ratio of 10:1 was 
installed upstream of the test section to ensure smooth and uniform 
airstreams flowing into the test section of ISU-IRT. The turbulence in
tensity level of the incoming airflow in the test section was found to be 
within 2.0 %, as measured by using a hotwire anemometry system. With 
a refrigeration system powered by a 40-hp compressor (Vilter™), the 
airflow inside the ISU-IRT can be cooled down to − 25 ◦C. A feedback 
control system was used to maintain the airflow at the desired testing 
temperature with the fluctuations within ± 0.5 ◦C. An array of eight 
spray nozzle/atomizers (IKEUCHI BIMV 8002) were mounted inside the 
ISU-IRT to inject tiny water droplets into the airflow. Based on the 
measurement results of a LaVision’s ParticleMasterTM system, the water 
droplets exhausted from the spray nozzles/atomizers were found to 
range from 10 μm to 100 μm in size with the mean-volume-diameter 
(MVD) being about 20 µm. By manipulating the flowrate of water flow 
supplied to the spray nozzles, liquid water content (LWC) level of the 
airflow inside ISU-IRT can be adjusted from 0.1 g/m3 to 5.0 g/m3. The 
ISU-IRT has been used to study various atmospheric icing phenomena 
over a wide range of icing conditions [17–21]. 

A section taken of the most-commonly-used ACSR power trans
mission cable provided by a local electric power company was selected 
as the test model in the present study. The ACSR cable model has an 
outer diameter of 29 mm with the span length of 400 mm. As illustrated 
in Fig. 1, the ACSR cable model has sixteen twisted aluminum outer 
strands with the diameter of each strand being 4.7 mm. With the twisted 
outer strands wrapping around the cable surface, the ACSR cable has a 
much rougher surface, in comparison to simplified, cylindrical cable 
models used in previous studies (i.e., the simplified cable model shown 
schematically in Fig. 1b). Sessile water droplets were found to have a 
contact angle of about 65◦ on the ACSR cable surface, indicating that the 
hydrophilic nature of the ACSR cable surface, which is found to agree 
well with the surface wettability of ACSR power cables reported in the 
literature [22]. 

2.2. Selection of the parameters for experiments 

Ice accretion over a structural surface may be categorized as rime, 
glaze, or mixed icing, depending on the conditions under which the icing 
event occurs [23–25]. If the ambient temperature is relatively low (i.e., 
typically below − 8.0 ◦C) and the incoming airflow is relatively dry (i.e., 
Liquid Water Content, LWC ≤ 1.0 g/m3), the airborne supercooled water 
droplets would freeze immediately as impacting onto the structural 
surface, forming rime ice. At relatively warmer temperatures just below 
the water freezing temperature (typically above − 8.0 ◦C) with relatively 
high LWC levels of the incoming airflow (LWC > 1.0 g/m3), the 
impinging supercooled droplets would be frozen partially with the rest 
of the impacted water droplets in liquid phase running back along 
structural surface. The runback water was frozen into ice later at further 
downstream locations, forming glaze ice with more complex ice shapes. 
Mixed icing refers the situation with simultaneous appearance of both 
rime and glaze icing characteristics. 

In the present study, the incoming airflow speed was set at V∞ = 20 
m/s (i.e., the typically wind speed experienced by power cables in icing 
events) with the corresponding Reynolds number of the test model being 
ReD ≈ 50,000. Both glaze and rime icing events were simulated. Based on 
the results reported in literatures [21,26–28], while the relevant 

parameters for a typical glaze icing process were selected as LWC = 2.0 
g/m3 and T∞ = − 5.0 ◦C, the corresponding valves were LWC = 1.0 g/m3 

and T∞ = − 15.0 ◦C for the rime icing experiment. The icing experiment 
duration was set at 1,000 s for all the test cases. 

2.3. Characterization of the dynamic ice accretion process on the ACSR 
cable surface 

A high-resolution digital camera (PCO Tech, Dimax Camera of 2 K 
pixels × 2 K pixels in resolution) with an optical lens (Nikon, 60 mm 
Nikkor 2.8D) was used to record the dynamic icing process on the ACSR 
cable. While the camera was positioned vertically above the test model 
with a distance about 1.2 m, low-flicker illumination for the image 
acquisition was provided with high-power, halogen lamps (AmScope, 
HL250-AS). 

A 3D profiler scanning system was also used to measure the shapes of 
the iced cable model. The 3D profiler scanning system is based on a 
novel digital-image-projection (DIP) technology with a structured light 
triangulation principle [29]. An optical projector was used to project a 
digital image with known characteristics onto the surface of the object of 
interest (i.e., the iced cable in the present study). Due to the ice accretion 
on the cable surface, projected patterns would appear deformed when 
observed from any direction other than the projection axis. The 3D 
shapes of the iced cable model can be reconstructed via a comprehensive 
image processing procedure to calculate the displacement of the pro
jected patterns in the acquired images of the iced cable in related to the 
reference images without any ice accretion on the cable surface. Further 
information about the technical basis and measurement procedure of the 
3D profiler scanning system can be found in our recently published 
papers [29–31]. 

For the 3D profiler scanning, the field view was set to be at the 
midspan of the ACSR cable model with a measurement window size of 
100 mm by 100 mm. Same as that described in Peng et al. [31], the 3D 
ice shape scanning was conducted with the iced ACSR cable model still 
inside the ISU-IR. During the 3D profiler scanning operation, the airflow 
in the ISU-IRT was paused with the ambient temperature being kept at 
frozen cold. It takes about 30 s to finish the scanning operation, the 
morphology changes of the accreted ice structures on the ACSR cable 
model due to the 3D profile scanning operation are believed to be small. 
It should be noted that, the same system was also used by Veerakumar 
et al.[21] to measure the shapes of 3D printed hemispherical roughness 
elements on a test plate for the measurement accuracy estimation. Based 
on the measurements of about 500 points around a given hemispherical 
roughness element with a nominal height of 8.0 mm, the measurement 
uncertainty of the 3D profiler scanning system was found to be about 
150 μm, i.e., ~ 2.0 % of the targeted height of the measurements. 

2.4. A digital Particle image Velocimetry (PIV) system to quantify the 
wake flow characteristics 

A digital PIV system was used to quantify the evolution of the wake 
flow behind the ACSR cable model before and during the icing process. 
For the PIV measurements before starting icing experiments, incoming 
airflow was seeded with ~1 μm oil droplets using a smoke generator for 
the PIV measurements. The airborne super-cooled water droplets were 
used as the tracer particles for the PIV measurements after starting ice 
accretion experiments. It should be noted that, since the supercooled 
water droplets suspended in the incoming airflow were estimated to 
have a mean volume diameter (MVD) of approximately 20 μm, the 
corresponding Stokes number of the airborne water droplets was esti

mated to be about 1.0 (i.e., St =
ρpdp

2U
18μD ≈ 1.0, where ρp is the density of 

water droplets, dp is droplet diameter, U is the droplet flying velocity, μ 
is the dynamic viscosity of air, and D is the diameter of the cable model 
[32]), indicating a reasonable dynamic response of the airborne water 
droplets to follow the incoming airflow. Laser sheet illumination for the 
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PIV measurements was provided by a double-pulsed Nd:YAG laser 
(Evergreen, Big Sky Laser, 200 mJ @ 532 nm with a frame rate of 15 Hz) 
along with a set of mirrors and lenses with the laser sheet thickness being 
about 1.0 mm in the measurement region. PIV images were acquired by 
using a high-resolution digital camera (i.e., 2048 pixels by 2048 pixels, 
PCO-TechTM) and a Nikon lens (focal length 60 mm). The timing for the 
laser illumination and PIV image acquisition wase synchronized by 
using a digital delay generator (Berkeley Nucleonics, Model 565) to set 
the time interval between each pair of successive PIV image acquisitions 
being 30 μs. A frame-to-frame cross-correlation technique was adopted 
to calculate the instantaneous flow velocity vectors from the acquired 
PIV images with an interrogation window size of 32 pixels × 32 pixels. 
An effective overlap of 50 % of the interrogation windows was employed 
for PIV image processing, resulting in a spatial resolution of about 1.50 
mm × 1.50 mm for the PIV measurements. The commercial PIV image 
processing software package of LaVision FlowMasterTM was used to 
derive the instantaneous flow velocity vectors from the acquired PIV 
images, and the uncertainty for instantaneous PIV results was estimated 
to be about 2.0 %. 

2.5. Wind load measurements with moment/force transducers 

The variations of the wind load acting on the ice accreting cable 
model was measured by using a pair high-sensitivity force/moment 
transducers (i.e., ATI-IA Mini 45) mounted at two ends of the cable 
model. The force/moment transducers are composed of foil strain gage 
bridges, which can measure the aerodynamic forces along three mutu
ally perpendicular axes, and the moment about each axis. The precision 
of the force/moment transducer is ± 0.25 % of the full range (10 N). In 
the present study, the two force/moment transducers were synchronized 
via a 16-bit data acquisition system (NI USB-6218). The unsteady 
aerodynamic force acting on the test model were measured at a data 
acquisition rate of 2,000 Hz. 

3. Experimental results and discussions 

Before starting the experiments, the icing tunnel was operated at the 
desired frozen-cold temperature for about 30 min to enable the tunnel 
reaching thermal equilibrium before turning on the spray system. After 
turning on the spray system, tiny water droplets exhausted from the 
nozzles/atomizers would be cooled down rapidly to become super
cooled water droplets. Upon impinging onto the model surface, the 
supercooled water droplets would be solidified to start icing process 
immediately. While the primary objective of the present study is to 
examine the characteristics of the dynamic icing process over the ACSR 

cable surface and the resultant wind loads acting on the cable model, the 
effects of the twisted outer strands wrapped around the ACSR cable 
model on the ice accretion process were also investigated by comparing 
the measurement results of the present study to those reported in 
Veerakumar et al. [21] by exposing a simplified cylindrical cable model 
(with no twisted outer strands) to the same icing conditions. 

3.1. Characteristics of icing process over the ACSR cable surface under 
the rime icing condition 

Fig. 2 presents typical ice accretion images to show the dynamic rime 
icing process on the ACSR cable surface with LWC = 1.0 g/ m3, T∞ =

− 15 ⁰C, and V∞ = 20 m/s. The images were taken before (i.e., t = 0 s,) 
and after turning on the spray nozzles/atomizers. It can be observed 
that, at relatively low temperature of T∞ = − 15 ⁰C, since all the released 
latent heat of fusion associated with the solidification of the impinged 
water droplets can be dissipated efficiently via the strong convective/ 
conductive heat transfer over the cable surface [27], all the impacted 
water droplets would be frozen into ice instantly. As a result, accreted 
ice was observed to be restricted within the direct impingement zone of 
the airborne droplets over the cable front surface without any noticeable 
traces of water runback on the cable surface. The accreted ice layer was 
opaque and milky-white with a grainy appearance, which are typical 
characteristics of rime icing process [27]. As the icing time progressed, 
the ice layer accreted over the cable front surface was found to become 
thicker and thicker, causing the twisted outer strands on the front cable 
surface being buried under the ice layer completely after about 400 s of 
the rime icing experiments. 

The 3D profiler scanning results given in Fig. 3 can be used to 
characterize of the rime icing process more quantitatively. The outer 
profiles of the accreted ice layer at any cross sections can also be 
extracted from the 3D profile scanning results of the iced ACSR cable. 
While Fig. 4(a) presents the variations of the outer profiles of the iced 
ACSR cable model in the middle section as the icing time progresses, the 
outer profiles of the iced cable at five different spanwise location after 
undergoing 1,000 s of the rime icing experiments were given in Fig. 4(b). 

As shown in Fig. 4(a), the accreted rime ice layer was restricted 
within the direct impinging zone of the airborne droplets with the 
azimuthal angular limits at θupper-limit ≈ +80⁰ and θlower-limit ≈ − 80⁰. 
Similar to that reported in a previous study [33], the rime icing process 
would be influenced mainly by the droplet collection efficiency distri
bution over the cable frontal surface. Corresponding to the higher 
droplet collection efficiency near the cable leading edge [34], the ice 
layer accreted near the cable leading edge was found to be much thicker 
than those at further downstream locations. Thus, as the time 

Fig. 2. Acquired images of the rime icing process over the ACSR cable surface.  
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progresses, the iced ACSR cable model was observed to have more 
streamlined outer profile, resulting in continuous reduction of the 
aerodynamic drag force on the iced cable model, which was confirmed 
quantitatively from the wind loads measurements to be presented in 
next section. 

As also shown in Fig. 4, the ACSR cable model was horizontally 
mounted in ISU-IRT with the gravitational force being perpendicular to 
the incoming airflow. The ice layers accreted on the upper and lower 
cable surfaces were found to be almost symmetric, suggesting that the 
gravitational force would not affect the rime icing process. Since the 
outer profiles of the iced ACSR cable were almost identical at different 
spanwise sections, it indicates that the rime ice accretion was rather 
uniform along the spanwise direction. Such experimental observations 
were quite different from those of glaze icing process to be discussed 
later, where the accreted ice layer was found to become vary signifi
cantly in different spanwise sections. It should be noted that very similar 
ice accretion characteristics were also observed by Veerakumar et al. 
[21] on a simplified cable model. It suggested that, since supercooled 
water droplets would be frozen into solid ice instantly upon impinging 

onto the cable surface under the rime icing condition, the differences in 
the surface textures/roughness for the cable models (e.g., the twisted 
outer strands over the ACSR cable surface versus the smooth surface on 
the cylindrical cable) had very limited influence on the rime icing pro
cess. This is vastly different from the glaze icing process to be discussed 
in the later section. 

The variation characteristics of the resultant wind loads experienced 
by the iced ACSR cable model were also examined. Fig. 6 presents the 
temporal evolution of the aerodynamic drag data during the rime icing 
experiment. It should be noted that, while the duration for the wind load 
measurements was set to be 1,100 s, the icing process started at 100 s 
after the force measurements. Based on the measured drag data before 
turning on the water spray, the mean value of the measured aero
dynamic drag, Dno-ice, was determined, which is referred as the com
parison baseline in examining the effects of ice accretion on the resultant 
wind loads experienced by the ACSR cable model. 

As mentioned in Veerakumar et al. [21], the drag coefficient of a 
“clean” cylindrical cable (i.e., without any ice accretion) was found to be 
CD = 1.16 at ReD ≈ 50,000. Since the twisted outer strands wrapping 

Fig. 3. Measured shapes of the iced ACSR cable model during the rime icing process.  

Fig. 4. Outer profiles of the rime ice layer accreted on the ACSR cable model.  
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around the ACSR cable would be able to function as “turbulators” to 
promote a faster boundary layer transition of the airflow on the ACSR 
cable surface, the drag coefficient of the “clean” ACSR cable became 
slightly smaller with CD = 1.05. The measured drag coefficient of the 
“clean” ACSR cable agreed well with the numerical simulation result 
reported in Qi et al. [35]. 

Since the projected area of the iced ACSR cable may vary substan
tially due to the ice accretion, especially for the glaze icing cases, instead 
of using drag coefficient (i.e., the value that depends on the projected 
area of the iced cable), variations of the icing induced wind loads are 
presented by normalized drag data (i.e., normalized by the corre
sponding value of the “clean” cable model, Dno-ice). Fig. 5 gives the 
measured aerodynamic drag during the rime icing process. The aero
dynamic drag of the iced ACSR cable model was found to fluctuate 
significantly both before and after starting the icing process, which is 
believed to be closely related to the unsteady wake vortex shedding from 
the cable model as reported by Chen et al.[36]. In the present study, 
while instantaneous force data were collected at the acquisition rate of 
2.0 kHz, moving averaged values of the instantaneous measurements (i. 
e., averaged at every 5 s) were also given in the plot for comparison. 

As described above, since all the impacted supercooled water drop
lets would be frozen into ice instantly upon impinging onto the cable 
surface under the rime icing condition, the accreted ice layer was 
restricted within the droplet direct impinging zone over cable front 
surface. As icing time progressed, the thickness of the rime ice layer 
accreted over the cable front surface was found to increase continuously. 
However, the iced ACSR cable model was found to change its outer 
profile gradually, becoming more streamline-liked in shape. Thus, the 
aerodynamic drag was found to decrease gradually with the increasing 
ice accretion time. Due to the substantial ice accretion over the cable 
front surface after 1,000 s of the rime icing experiment, the averaged 
aerodynamic drag of the iced ACSR cable was found to reduce to ~ 85 % 
of its original value (i.e., without ice accretion). A similar drag reduction 
trend was also observed in examining the effects of rime ice accretion on 
the wind loads acting on simplified cylindrical cables [21,31]. 

The evolution characteristics of the wake flow behind the iced ACSR 
cable model was also investigated by using a digital PIV system. While 
instantaneous PIV measurements were conducted at a frame rate of 15 
Hz, ensemble-averaged flow field was determined based on 150 frames 
of instantaneous PIV measurement results (i.e., ensemble-averaged 
value in every 10 s). Fig. 6 shows the ensemble-averaged airflow fields 
around the ACSR cable model at six representative time instances before 
(i.e., t = 0 s) and after starting the rime icing experiment (i.e., t = 200, 
400, 600, 800 and 1000 s, respectively). Simplified shapes of the ice 
layer accreted on the cable front surface were also plotted for illustra
tion. In comparison to that of the “clean” cable given in Fig. 6(a), the 
wake flow behind the iced ACSR cable model was found to be more or 
less constant during the rime icing process or even becoming slightly 

narrower and shorter as shown in Fig. 6(c) and Fig. 6(d). The narrower 
and/or smaller wake region behind the iced ACSR cable model implies 
less momentum deficits in the wake flow, resulting in a less aerodynamic 
drag for the iced ACSR cable model. 

Following up the method given in Hu & Koochesfahani[37], aero
dynamic drag acting on a cable model can also be estimated based on 
PIV measurement results, i.e., calculating the momentum deficits in the 
cable wake with following equation: 

CD =
2
D

∫ H

− H

(
U(y)
V∞

(

1 −
U(y)
V∞

)

−
Urms(y)2

− Vrms(y)2

V∞
2 +

1
2

(
Ufree− stream

)2

V∞
2

− 1

)

dy

(1)  

where V∞ is the incoming wind speed, U(y) is the ensemble-averaged 
streamwise velocity profiles of the wake flow. Urms and Vrms represent 
the root-mean-square (i.e., r.m.s.) values of the streamwise and trans
verse components of the airflow velocity. Ufree-stream is the freestream 
speed of the airflow outside the wake region which is slightly more than 
the incoming wind speed due to the finite width of test section. The last 
term on the right-hand side accounts for the corresponding pressure 
changes in free stream. For the test cases of the present study, the upper 
and bottom boundary lines of the control volume for the drag calcula
tion were set Y/D = 2.0 and Y/D = -2D. While the upstream boundary 
line of the control volume was set at X/D = -2.0, the downstream 
boundary line was set at X/D = 5.0. The estimated aerodynamic drag 
coefficients based on the PIV measurements were also plotted in Fig. 5 
for comparison. While the aerodynamic drag values derived from the 
PIV measurements agree with the direct force measurement data well in 
general, the continuous drag reduction trend was also reveal clearly 
based on the estimated aerodynamic drag data derived from the PIV 
measurements. 

3.2. Characteristics of the icing process over ACSR cable surface under 
the glaze icing condition 

The experimental study was also conducted with the ACSR cable 
model being exposed to a typical glaze icing condition with the relevant 
parameters of T∞ = − 5 ⁰C, V∞ = 20 m/s and LWC = 2.0 g/m3. Fig. 7 
gives acquired images to reveal the glaze icing process on the ACSR 
cable model. Instead of forming opaque, grainy ice only on the cable 
front surface under the rime icing condition, the ice layer accreted over 
the ACSR cable surface under the glaze icing condition were found to be 
transparent with a glazy appearance. Unfrozen water runback was also 
observed on the ice accreting cable surface, resulting in a much wider ice 
coverage on the cable surface with the accreted ice layer reaching to the 
downstream locations far beyond the droplet direct impinging zone. In 
comparison to the grainy rime ice structures, the accreted glaze ice 
structures on the ACSR cable model were found to become much more 
complex, i.e., forming irregular-shaped ice humps/horns protruding 
further into the incoming airflow. 

Similar as that described in Liu and Hu [27], corresponding to the 
higher LWC level under the glaze icing condition, a much greater 
amount of airborne water droplets would impinge onto the cable surface 
within the same time duration, in comparison to those of rime icing 
scenario. Thus, the total amount of the released latent heat of fusion 
would increase significantly due to the solidification of the greater 
amount of the impacted water mass. However, due to the warmer 
ambient temperature under the glaze icing condition (i.e., T∞ = − 5 ⁰C), 
convective and/or conductive heat transfer would become much less 
effective in removing the released latent heat of fusion from the cable 
surface. As a result, only a portion of the impacted supercooled water 
droplets would turn into solid ice on the cable surface with the rest of the 
impacted water droplets remaining in liquid. Driven by the airflow Fig. 5. Measured aerodynamic drag during the rime icing process.  
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around the cable surface, the unfrozen water was found to run back over 
the ice accreting cable surface. However, since the ambient temperature 
was frozen cold, the runback water would be cooled down continuously, 

and frozen into ice eventually at further downstream locations (i.e., 
beyond the direct impinging zone of the airborne water droplets). With 
more airborne droplets impinging onto the cable surface as the icing 

Fig. 6. PIV measurement results during the rime icing process.  

Fig. 7. Acquired images to reveal the glaze icing process on the ACSR cable model.  
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time progresses, the accreted ice layer on the ACSR cable surface grew 
rapidly, as depicted clearly in Fig. 7. 

In comparison to that over the simplified cylindrical cable model as 
described in Veerakumar et al. [21], the runback process of the unfrozen 
water flow was found to be changed substantially due to the existence of 
the twisted outer strands on the ACSR cable model. More specifically, 
the twisted outer strands wrapping around the ACSR cable model were 
found to serve as hindrances to delay the runback of the unfrozen water, 
causing the accumulation of more runback water near the separation 
points over the cable surface. Thus, the projected aera of the iced ACSR 
cable model was found to increase rapidly as the time increases. As 
shown clearly in Fig. 7, the nonlinear interactions among the complex 
multiple flow system (i.e., runback water flow, frozen-cold incoming 
airflow, and cable surface) caused the formation of multiple, irregular- 
shaped ice humps/horns, protruding outward from the cable surface. 

The characteristics of the glaze icing process were illustrated more 
quantitatively from the 3D profiler scanning results given in Fig. 8. The 
outer profiles of the iced ACSR cable model at five spanwise sections 
after undergoing 1,000 s of the glaze icing experiment were given in 
Fig. 9 for a quantitative comparison. It can be seen clearly that much 
more complicated ice structures (i.e., irregular-shaped ice humps/ 
horns) accreted over the cable surface due to the existence of the 
runback of the unfrozen water flow over the cable surface. In addition to 
the formation of the irregular-shaped ice humps/horns, the glaze ice 
layer accreted on the ACSR cable model was also found to vary greatly 
along the spanwise direction. This is completely different from the rime 
icing scenario where a uniform ice layer was observed along the cable 
span. Furthermore, unliked the rime ice layer being restricted within the 
droplet direct impinging zone over the cable frontal surface (i.e., be
tween θupper-limit ≈ 80◦ and θlower-limit ≈ − 80◦), the accreted ice layer on 
the ACSR cable had a much wider coverage under the glaze icing con
dition. As indicated in Fig. 9, the accreted glaze ice layers were found to 
extend to a much wider region between θlower-limit ≈ − 135◦ and θupper-limit 
≈ +125◦ in general. For occasional cases (e.g., the section #2 given in 
Fig. 10), the accreted glaze ice layer was found to cover almost entire 
cable surface. 

It should also be pointed out that, under the effects of the 

gravitational force, the water runback flow on the lower cable surface 
was more readily to break into rivulets, promoting the formation of 
irregular-shaped ice humps/horns. It indicates that the glaze icing pro
cess would be affected substantially by the gravitational force. Since the 
irregular-shaped ice humps/horns can further protrude into airflow to 
intercept more airborne droplets, thereby, to further accelerating the ice 
accretion process. They would also induce large-scale separations of the 
incoming airflow from the iced ACSR cable surface. Therefore, the 
aerodynamic drag of the iced ACSR cable model was found to increase 
continuously as the ice accretion process progresses, which was 
confirmed from the aerodynamic force measurement results given in 

Fig. 8. Measured 3D shapes of the iced ACSR cable during glaze icing process.  

Fig. 9. Outer profiles of the glaze ice layer accreted on the ACSR cable surface.  
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Fig. 10. 
As shown quantitatively in Fig. 10, the temporal evolution of the 

aerodynamic drag experienced by the ACSR cable model during the 

glaze icing process became significantly different from those of the rime 
icing process. Instead of exhibiting a continuous drag reduction trend 
under the rime icing condition, the aerodynamic drag was found to in
crease monotonically with the ice accretion time under the glaze icing 
condition. This can be explained by the fact that, since only a portion of 
the impinged supercooled water droplets would to be frozen into solid 
ice instantly under the glaze icing condition, the wind-driven runback of 
the unfrozen water mass over the cable surface would cause the for
mation of a transparent, glazy ice layer to cover a much wider area over 
the cable surface. As the time progresses, the thickness of the accreted 
glaze ice layer was found to increase continuously, causing the projected 
area of the iced ACSR cable model growing subsequently. Hence, the 
aerodynamic drag values were found to become greater with the 
increasing ice accretion time under the glaze icing condition. Further
more, the formation of irregular-shaped glaze ice humps/horns on the 
cable surface would also induce large-scale airflow separation, leading 
to a greater aerodynamic drag for the iced ACSR cable. While a similar 
drag increasing feature was also reported by Veerakumar [21] with a 
simplified cylindrical cable being exposed to the same testing condition, 
the aerodynamic drag of the iced ACSR cable was found to have a much 

Fig. 10. Measured aerodynamic drag during the glaze icing process.  

Fig. 11. PIV measurement results during the glaze ice accreting process.  
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faster increase rate. For example, while the aerodynamic drag acting on 
the iced cylindrical cable increased 45 % after undergoing 1,000 s of the 
glaze icing experiment [21], the corresponding value was found to 
became 80 % for the iced ACSR cable. It confirms again that the dif
ferences in the textures/roughness over the cable surfaces (i.e., twisted 
outer strands for the ACSR cable model vs. smooth surface for the 
simplified cylindrical cable model) would influence the glaze icing 
process substantially. 

Fig. 11 gives typical PIV results to quantify the wake flow behind the 
ACSR model during the glaze icing process. In comparison to those 
behind the “clean” ACSR cable, the wake flow characteristics were found 
to vary significantly due to the glaze ice accretion. As the ice accretion 
time increases, the glaze ice layer accreted over the ACSR cable surface 
was found to grow rapidly, causing a substantially greater projected area 
of the iced ACSR cable in the airflow direction. As a result, the recir
culation zone behind the iced ACSR cable became wider and longer. The 
irregular-shaped ice humps/horns over the cable surface would also 
contribute to the formation of the bigger and wider recirculation region 
behind the iced ACSR model. The longer and wider recirculation zone 
imply greater momentum deficits in the wake flow, resulting in a larger 
aerodynamic drag experienced by the iced ACSR cable model as 
revealed quantitatively from the aerodynamic force measurement re
sults given in Fig. 10. 

Based on the PIV measurement results given in Fig. 12, the aero
dynamic drag of the ACSR cable model can also be estimated with the 
formula given in equation (1). The estimated drag coefficients based on 
the PIV measurements were also given in Fig. 10 for comparison. It can 
be seen clearly that the estimated aerodynamic drag data derived from 
the PIV results agreed reasonably well with the directly measured drag 
data. The increasing drag trend for the iced ACSR cable due to glaze ice 
accretion was also confirmed from the estimated drag data based on the 
PIV results. 

3.3. Accumulated ice mass on ACSR cable under different icing conditions 

Based on the 3D profiler scanning measurement results under 
different icing conditions, the total volume of the ice layers accreted on 
the ACSR cable surface can be determined quantitatively. According to 
Liu et al. [38], while the density of glaze ice is about 900 kg/m3, and the 
corresponding value is 880 kg/m3 for typical rime ice. Hence, the total 
mass of the ice structures accumulated on the ACSR cable surface can 
also be estimated quantitatively. 

Fig. 12 presents the accumulated ice mass on the ACSR cable model 
under different icing conditions in the term of kilogram per meter in 
cable span (i.e., Kg/m). The measured ice mass accreted on a simplified 
cylindrical cable model under the same icing conditions reported in 
Veerakumar et al.[21] are also given in the plot for comparison. While 
the accumulated ice mass would grow continuously with the icing time 

as expected, the growth rates under different icing conditions were 
found to vary substantially. Under the rime icing condition, while the 
measured values of the accumulated ice mass on the two compared cable 
surface were found to be almost identical, the growth profile was fitted 
well with a linear function. It indicates again that, with the same nom
inal cable diameter, the differences in the textures/roughness over the 
cable surface (i.e., rough twisted outer strands for the ACSR cable vs. 
smooth surface for the cylindrical cable) were found to have almost no 
effect on the rime icing process. 

However, the situations were found to become completely difference 
under the glaze icing condition. The ice mass accumulated on the ACSR 
cable surface was found to grow much faster than that on the simplified 
cylindrical model. For example, the accumulated ice mass on both the 
ACSR cable and simplified cylindrical cable models was found to be 
about 0.20 kg/m after 1,000 s of the rime icing experiment with LWC =
1.0 g/m3. In comparison, with the glaze icing experiments being per
forming with LWC = 2.0 g/m3 (i.e., 2.0 times of the rime icing case), the 
accumulated ice mass on the cylindrical cable was found to increase to 
0.59 kg/m (i.e., ~3.0 times of the rime icing case) after undergoing 
1,000 s of the glaze icing experiment. The corresponding value became 
1.06 kg/m (i.e., > 5.0 times of the rime icing value) on the ACSR cable 
surface. It indicates again that the differences in the cable surface tex
tures/roughness would affect the glaze icing process substantially. 

The experimental results are closely correlated to the different icing 
characteristics over the cable surfaces. As described earlier, since all the 
supercooled water droplets would turn into solid ice instantly upon 
impinging onto the cable surface under the rime icing condition, 
accreted rime ice structures were found to be restrained within the direct 
impingement zone of the droplets over the cable frontal surface. Since 
rime icing process would depend mainly on the water collection effi
ciency distribution over the cable surface (i.e., associated with the shape 
of the test model) [27], it is almost independent to the surface textures/ 
roughness of the test model. As aforementioned, while the rime ice 
accreted over the cable front surface would make the iced cable model 
becoming more “streamline-liked” in shape, the projected area of the 
iced cable model was almost unchanged during the rime icing process. 
As a result, the accumulated ice mass on the cable surface would grow 
linearly as the ice accretion time progresses. 

However, since only a portion of the impacted supercooled water 
droplets could be frozen into solid ice immediately under the glaze icing 
condition, the rest of the impacted water droplets would remain in liquid 
over the cable surface. Driven by the incoming airflow, the unfrozen 
water mass was found to run back freely over the cable surface to 
transport the water mass from the cable front surface to further down
stream locations, causing the formation of runback ice in the down
stream regions beyond the direct impinging zone of the airborne 
droplets. As the time increases, the glaze ice layer accreted over the 
cable surface was found to grow rapidly, causing the continuous in
crease in the projected area of the iced cable. Hence, the airborne water 
droplets would be intercepted by the cable model over a much wider 
range, resulting in the faster and nonlinear growth of the ice mass 
accumulated on the cable surface. While such processes were found to 
take place over both the cylindrical and ACSR cable surfaces, additional 
effects of the twisted strands on the runback of the unfrozen water over 
the ACSR cable surface were found to cause substantial changes to the 
glaze icing process. 

As described in Hansman & Turnock [39], the behavior of unfrozen 
water flowing over an accreting ice surface would greatly influence the 
resultant shapes of the glaze ice structures on the model surface. Due to 
the significant differences in the surface textures/roughness, the water 
runback characteristics on the rather rough ACSR cable surface became 
substantially different from that on the smooth surface of the simplified 
cylindrical cable. Even though the incoming airflow was kept same, 
unfrozen water would flow much more swiftly over the smooth surface 
of the cylindrical cable model. Due to existence of the twisted outer 
strands over the ACSR cable surface, runback process of the unfrozen Fig. 12. Time evolution of the ice mass accreted on the ACSR cable model.  
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water was slow down substantially with the water being easily trapped 
into the gaps between adjacent strands, causing thicker ice layers 
accreted near the separation points of the ACSR cable model. As a result, 
the iced ACSR cable model was found to have a greater projected area, in 
comparison to the cylindrical cable case. This would create a cascading 
effect to enable more airborne water droplets being intercepted by the 
iced ACSR cable model. Therefore, the accumulated ice mass on the 
ACSR cable surface grew much faster than that over the smooth surface 
of the simplified cylindrical cable when exposed under the same glaze 
icing condition. 

4. Conclusion 

An experimental campaign was performed to study the dynamic 
icing process on an ACSR power cable model with twisted outer strands 
and examine the variation characteristics of the resultant wind loads 
experienced by the ACSR cable induced by ice accretion. The icing ex
periments were performed in an Icing Research Tunnel (i.e., ISU-IRT) 
with an ACSR cable model mounted horizontally in the test section 
under two types of atmospheric icing conditions (i.e., dry rime and wet 
glaze icing) usually experienced by power cables. During the icing ex
periments, while the dynamic icing process over the cable surface was 
recorded by using a high-speed digital imaging system, the three- 
dimensional (3D) shapes of the ice structures accreted on the cable 
model was quantified by using a 3D profiler scanning system. The 
evolution of the wake flow behind the ACSR cable model was charac
terized by using a high-resolution Particle Image Velocimetry (PIV) 
system. The resultant wind loads acting on the iced cable model was also 
measured by using high-sensitive force/moment transducers. 

Under the rime icing condition with relatively low Liquid Water 
Content (i.e., LWC = 1.0 g/m3) and low ambient temperature (i.e., T∞ =

− 15.0 ◦C), the airborne, supercooled water droplets were found to turn 
into solid ice instantly after impacting onto the cable surface. While the 
ice accretion was found to be restricted within the direct impinging zone 
of the airborne water droplets over the front surface of the ACSR cable 
model (i.e., within the region between the azimuthal angles of θ ≈ ±

80◦), the accreted ice layer was observed to be opaque and milk white 
with grainy appearance. As the icing time progresses, while the ice layer 
accreted over the cable front surface increased monotonically, the iced 
ACSR cable was found to become more “streamline-liked” in shape. 
While the PIV measurement results revealed that wake region behind 
the iced ACSR cable model was found to stay almost unchanged 
throughout the entire rime icing process, the resultant aerodynamic drag 
decreased gradually as the icing experiment progresses. The aero
dynamic drag of the iced ACSR cable model was reduced by ~ 15 % after 
1,000 s of the rime icing experiments. With the projected area of the iced 
ACSR cable remaining essentially unchanged during the rime icing 
process, the ice mass accumulated on the ACSR cable surface increased 
almost linearly with the ice accretion time. In comparison that over the 
smooth surface of simplified cylindric cable model, the rime icing pro
cess was found to be almost unaffected by the twisted outer strands over 
the ACSR cable surface. The gravitational force was also found to have 
almost no effects on rime icing process, leading to a nearly symmetric ice 
accretion over the upper and lower cable surfaces. 

The glaze icing process over the ACSR cable surface was found to be 
much more complicated. Due to the warmer ambient temperature (i.e., 
T∞ = − 5 ⁰C) and the higher LWC level (i.e., LWC = 2.0 g/m3) the 
convective/conductive heat transfer became much less effective to 
swiftly dissipate all the released latent heat of fusion associated with the 
solidification of the greater amount of the impacted water droplets. As a 
result, only a portion of the supercooled water droplets froze into solid 
ice immediately upon impinging onto the cable surface with the rest of 
the impacted water droplets staying in liquid. Driven by the incoming 
airflow over the cable surface, the unfrozen water would run freely back 
over the ice accreting cable surface. The runback water flow was cooled 
down continuously and frozen into runback ice eventually at further 

downstream locations, causing a much wider ice coverage over the cable 
surface. The accreted ice layer was found to be transparent with glazy 
appearance. As the ice accretion time increases, the thickness of the 
accreted ice layer accreted was found to increase rapidly, causing a 
continuously enlarged projected area of the iced cable model along the 
incoming airflow direction. Hence, while the recirculation zone behind 
the iced ACSR cable became longer and wider, the aerodynamic drag 
experienced by the iced ACSR cable was found to increase continuously, 
i.e., becoming 180 % greater after undergoing 1,000 s of the glaze icing 
experiment. Corresponding to the greater projected area, the iced ACSR 
cable was able to intercept more airborne water droplets, resulting in a 
much faster growth of the accumulated ice mass on the ACSR cable 
surface. While the LWC level of the glaze icing case was increased to 2.0 
times of the rime icing case, the accumulated ice mass on the ACSR cable 
became over 5.0 times greater after undergoing 1,000 s of the glaze icing 
experiments. 

The behavior the unfrozen water runback over the cable surface was 
found to affect the glaze icing process significantly. Due to the gravity 
effects, more unfrozen water accumulated over the lower surface of the 
ACSR cable, in comparison to that over the upper surface. It caused a 
more readily formation of irregular-shaped glaze ice structures (i.e., ice 
horns/humps) over the lower cable surface. The runback process of the 
unfrozen water was found to slow down substantially due to the exis
tence of the twisted outer strands over the ACSR cable surface, in 
comparison to those over smooth surfaces of simplified cylindric cables. 
Furthermore, the runback water was more readily trapped into the gaps 
between adjacent strands, causing a faster growing projected area of the 
iced cable model in respected to the incoming airflow. Coupled with the 
effects of gravitational force, more complex ice humps/horns were 
found to form over the ACSR cable surface, which could protrude further 
into the incoming airflow to intercept more airborne water droplets to 
further accelerate the ice accretion. As a result, due to the existence of 
the twisted outer strands over the ACSR cable surface, the ice mass 
accumulated on the ACSR cable surface was found to grow much faster 
than those over the smooth surfaces of the simplified cylindrical cables 
when exposed to the same glaze icing condition. 
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