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A B S T R A C T   

An experimental study is conducted to evaluate the effectiveness of utilizing a superhydrophobic surface (SHS) 
coating to mitigate ice accretion on bridge cables and to characterize the resultant aerodynamic forces acting on 
bridge cables under different icing conditions. Two bridge cable models (i.e., a model with untreated hydrophilic 
surface and a model with SHS coated surface) were used for a comparative study. The dynamic ice accretion 
process and the resultant aerodynamic forces acting on the bridge models were found to change significantly 
after applying the SHS coating to treat the cable surface. Under glaze icing condition, the SHS coated cable model 
was found to have much narrower ice coverage, less amount of accreted ice mass, and smaller aerodynamic drag 
forces, in comparison to that with untreated cable surface. While the SHS coating was found to be less effective 
for icing mitigation under rime icing condition, the much rougher rime ice grains accumulated within the droplet 
direct impinging zone on the SHS coated cable surface caused a greater reduction of the aerodynamic drag forces 
acting on the cable model at the initial stage of the rime icing process. The acquired ice accretion images were 
correlated with aerodynamic force measurements for a better understanding of the underlying physics in the 
context of bridge cable icing mitigation.   

1. Introduction 

It has been found that the cables of cable-stayed bridges are more 
likely to vibrate under certain weather conditions [1-6]. Bridge cables 
would encounter icing events frequently in cold environment. Ice ac
cretion over bridge cable surfaces has been found to alter the outer 
profiles and surface roughness substantially, resulting in great changes 
in the aerodynamic characteristics of the cables [7]. Ice accretion on 
bridge cables was also found to cause the uncertainty of cable vibrations 
and pose safety threats to the bridges as well as the people and vehicles 
passing the bridges [8]. As a result, some cable-stayed bridges were 
forced to close due to cable icing. For example, Øresund Bridge over 
Øresund strait between Sweden and Denmark was reported to close six 
times due to snow and ice accretion between 2000 and 2010 [9]. 

In recent years, numerous studies have been carried out to investi
gate the ice accretion and the resultant aerodynamic characteristics on 
bridge cables. For example, Giuliani et al. [10] and Demartino et al. [11] 

conducted wind tunnel testing to quantify the effects of ice accumula
tion over bridge hangers and stay cables on their aerodynamic charac
teristics. They reported that the ice layers accumulated on bridge cables 
altered the cable geometric shapes and increased surface roughness 
substantially, causing significant effects on their aerodynamic charac
teristics. Demartino and Ricciardelli [8] applied galloping models to 
examine the aerodynamic stability of ice-accreted stay cables. The 
experimental study performed by Koss et al. [12] revealed that test 
conditions (e.g., different temperatures and the diameters of the cable 
models) would influence the thermodynamic solidification process and 
icing characteristics greatly, resulting in different types of ice structures 
accreted on the cable surfaces. More recently, Górski et al. [13] and Peng 
et al. [14] measured the airflow fields around iced cable models by using 
Particle Image Velocimetry (PIV) systems, and found that ice accretion 
on cable surfaces would induce mode changes of the wake vortex 
shedding from two sides of the cable models, thereby, affecting the wake 
flow characteristics significantly. It was also found that commonly used 
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surface modifications to bridge cables (e.g., adding helical fillets or 
making pattern-indented surface structures) would interfere the icing 
process and the resultant aerodynamic characteristics of the cables 
[12,14,15]. 

While extensive studies were conducted for icing mitigation and 
protection of various engineered structures, such as wind turbines 
[16,17], aircraft [18,19], and aero-engines [20,21], very little can be 
found in literature to explore anti-/de-icing methods designed specif
ically for bridge cable icing mitigation. While Qu & Liu [22] and Laforte 
et al. [23] summarize the approaches used for the anti-/de-icing oper
ation of power transmission lines, however, those methods may not be 
directly applied to bridge cables due to the great differences in the 
functions, surface materials, and configurations of the power trans
mission lines from those of the bridge cables. It is highly desirable to 
explore effective and robust anti-/de-icing methods tailored specifically 
for bridge cable icing mitigation to ensure the safety of cable-stayed 
bridges in cold climates. 

As summarized in Parent and Ilinca [24], all anti-/de-icing strategies 
are generally categorized as active methods and passive methods, based 
on whether external energy inputs are needed for the anti-/de-icing 
operation or not. Active anti-/de-icing approaches (i.e., the approaches 
requiring external energy inputs) usually include thermal methods (e.g., 
electric-thermal heating [17], hot air injection [21], and plasma heating 
[25,26]), chemical spray methods [27], and mechanical techniques 
[23,28]. While surface heating methods have been demonstrated to be 
most effective for anti-/de-icing operations, they usually have high 
power demanding and may also cause damages to the surface materials 
due to overheating. 

A number of passive anti-icing approaches (i.e., the approaches 
without the no requirements for external energy input) were also 
developed in recent years to prevent or delay ice accretion on structure 
surfaces, which include painting surfaces in black to absorb solar energy 
for icing suppression [24], adding anti-icing fillers in the structure outer 
layers to delay ice formation [10], and applying hydro-/ice-phobic 
coatings to prevent water accumulation and/or delay ice formation 
[16,19,29,30]. Due to much easier implementation and good economy, 
the passive methods of utilizing hydro-/ice-phobic coatings are 
attracting increasing attentions for anti-/de-icing of various engineering 
structures. 

Extensive studies have been conducted recently to develop coatings 
to make Super-Hydrophobic Surface (SHS), on which water droplets 
bead up with a very large contact angle (i.e., > 150◦) and drip off rapidly 
when the surface is slightly inclined [31-36]. In addition to the 
extraordinary water-repellency, one attractive feature of SHS is the 
potential to reduce accumulation of snow and ice on solid surfaces [37]. 
It was found that SHS coated surfaces can delay/suppress ice accumu
lation at temperatures down to − 30 ◦C [38,39]. It was also reported that 
SHS can be icephobic as well with the ice adhesion strength on SHS 
coated surfaces being only about 10% of that without the SHS coatings 
[30,40-42]. The experimental study of Waldman and Hu [43] revealed 
clearly that, corresponding to the superhydrophobic nature and smaller 
ice adhesion strength over SHS coated surfaces, the aerodynamic shear 
stress exerted by the incoming airflow would more readily sweep away 
impinged water mass and accreted ice structures from SHS coated 
airfoil/wing surfaces under a typical glaze icing condition. As a result, a 
much less ice coverage was observed over the SHS coated wing surface, 
in comparison to the case without using the SHS to treat the airfoil/wing 
surface. More recently, Liu et al. [19] carried out an explorative study to 
leverage a SHS coating to effectively suppress ice accretion over the 
surface of a rotating propeller model under different icing conditions. 
Gao et al. [17] also demonstrated a hybrid anti-/de-icing system by 
integrating a SHS coating with a minimal surface heating at the airfoil 
leading edge to effectively prevent ice accretion over the entire surface 
of an airfoil model at a much lower power cost than the current brutally- 
forcing surface heating methods. Zhang et al. [44] conducted an 
experimental campaign to evaluate the mechanical durability of a SHS 

coating, i.e., the ability to prevent the coating material wearing away 
from the substrate caused by the continuous impingement of water 
droplets at high impacting speeds up to 100 m/s. 

In the present study, we report an experimental study to examine the 
effectiveness of utilizing a SHS coating to suppress/delay the icing 
process on typical bridge cables under different icing conditions. The 
experimental study was carried out by leveraging the unique Icing 
Research Tunnel available at Iowa State University (i.e., ISU-IRT). Two 
bridge cable models with the same geometric dimensions but different 
surface features (i.e., one model without any surface treatment, and the 
other coated with a SHS coating) were used for a comparative study. 
During the experiments, in addition to using a high-speed imaging sys
tem to record the dynamic icing process on the surfaces of the cable 
models with and without SHS coating, three-dimensional (3D) shapes of 
the ice structures accreted over the test models were measured quanti
tatively by a 3D scanning system based on a Digital Image Projection 
(DIP) technique. Meanwhile, a pair of high precision force balances were 
also used to quantify the time evolutions of the aerodynamic forces 
acting on the cable models under different test conditions. The recorded 
ice accretion images and measured 3D shapes of the accreted ice 
structures were correlated with the aerodynamic force measurements in 
order to elucidate the underlying physics for a better understanding of 
how the SHS coating would affect the dynamic ice accretion process and 
the resultant aerodynamic forces acting on the bridge cables. 

2. Experimental setup and test model 

2.1. Icing research tunnel used for the experimental study. 

As shown schematically in Fig. 1, the experimental campaign was 
conducted in the Icing Research Tunnel of Iowa State University (i.e., 
ISU-IRT). Table 1 summarizes the primary working parameters of ISU- 
IRT, which include the dimension of the test section, wind speed and 
temperature, the liquid water content (LWC) level, and the size of the 
airborne supercooled water droplets in ISU-IRT for the icing experi
ments. By using ISU-IRT, extensive icing and anti-/de-icing studies have 
been carried out in recent years for various engineering applications 
[14,15,21,45,46]. For the present study, ISU-IRT was used to generate 
typical wet glaze and dry rime icing conditions experienced by bridge 
cables. At the given testing conditions, the temperature distributions 
inside the test section were found to be quite uniform and stable with the 
temperature fluctuations being less than 1.0 ◦C, as measured by using 
thermocouple probes. 

2.2. Bridge cable models for the experimental study 

Two bridge cable models with identical geometric shapes and di
mensions were made for a comparative study. As shown in Fig. 2, the test 
models used in the present study are full-scale bridge cables with the 
outer diameter of 82 mm (i.e., D = 82 mm) and outer protective material 
(i.e., high-density polyethylene - HDPE) [8,12,47]. While Model C#1 
has the original HDPE surface (i.e., without any surface treatment) and 
is used as the comparison baseline, Model C#2 is coated with a typical 
SHS coating in order to examine the effectiveness of using the SHS 
coating for bridge cable icing mitigation. 

A commercially available SHS coating - Hydrobead® was used in the 
present study to coat the surface of Model C#2. By utilizing a wet film 
gauge, the SHS coating thickness on the surface of Model C#2 was 
measured to be about 25 μm. Fig. 3 shows typical images of water 
droplets on the surface of a HDPE test plate before and after applying the 
SHS coating. As revealed in Fig. 3(a), the static contact angle of the 
water droplet on the original HDPE surface was found to be about 75◦

with a relatively large wetted area, indicating that the untreated HDPE 
surface of Model C#1 is hydrophilic, similar as that reported by Chalkia 
et al. [48]. As shown clearly in the Scanning Electron Microscope (SEM) 
image for the SHS coated surface in Fig. 3(b), after spraying SHS coating 
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onto the HDPE surface, nano-/micro-scale textures were generated, 
which would lead to the superhydrophobicity. It was found that the 
static contact angle of a sessile droplet on the SHS coated surface was 
approximately 160◦ with much smaller wetted area. The results showed 
clearly that the original hydrophilic surface (i.e., untreated HDPE sur
face) would be changed into superhydrophobic surface by applying the 
SHS coating. Based on the SEM measurements, while the surface 
roughness over the uncoated HDPE surface was found to be ~ 2.0 µm 
(Ra ≈ 2.0 µm), the corresponding value over the SHS coated surface was 
found to be ~ 1.0 µm (i.e., Ra ≈ 1.0 μm). 

2.3. Testing parameters and icing conditions 

It is well known that, depending on the ambient temperature and the 
liquid water content (LWC) level in the airflow, icing events can usually 
be categorized into two different kinds of ice accretion process, i.e., rime 
and glaze icing, with very distinguishable features [49,50]. While Rime 
icing usually occurs when the airflow is relatively dry (i.e., at relatively 
small LWC level) and the ambient temperature is lower (i.e., below 
− 8.0 ◦C), glaze icing takes place when the ambient temperature is 
relatively warm (i.e., − 8.0 ◦C < T∞ less than 0 ◦C) and the airflow is 
relatively wet (i.e., at high LWC levels). While accreted rime ice is 
usually milky-white and opaque with crystalline structures, glaze ice is 
transparent and glassy, accompanied with evident surface water 
runback, as reported in Ma et al. [42]. 

In the present study, the cable models mounted inside ISU-IRT would 
be exposed to both glaze and rime icing conditions. The primary con
trolling parameters of the test cases are summarized in Table 2. For the 
glaze icing experiments, while the LWC level in the airflow was set to 
LWC = 2.0 g/m3, the ambient temperature in test section of ISU-IRT was 
maintained at T∞ = − 5.0 ℃. The LWC level was reduced to LWC = 1.0 
g/m3 and ambient temperature decreased to T∞= − 15.0 ℃ for the rime 

Fig. 1. Schematic diagram to show a cable model mounted inside ISU-IRT.  

Table 1 
Primary working parameters of ISU-IRT used in the present study.  

Parameter name Parameter values or range 

Width × height × length 400 mm × 400 mm × 2,000 mm 
Wind speed 0 ~ 60 m/s 
Airflow temperature − 25 ◦C ~ 25 ◦C 
LWC level 0.1 ~ 5.0 g/m3 

Water droplets size 10 ~ 100 μm  

Fig. 2. The dimension of the test cable models.  
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icing experiments. During the experiment, the incoming airflow velocity 
in the ISU-IRT was maintained at U∞ = 20.0 m/s for all the test cases. 
The corresponding Reynolds number based on the cable diameter, ReD, 
and the incoming airflow velocity is about 1.3 × 105, which is within the 
range when cable icing events were observed for cable-stayed bridges 
[12,14,51]. 

2.4. Measurement systems used for the icing experiments 

Fig. 4 shows the schematic of experimental setup used in the present 
study. The cable model was installed in the center of the test section of 
ISU-IRT with the incoming airflow approaching the test model hori
zontally. The gaps between the side walls of the ISU-IRT and the two 

ends of the test model were set to be 2.0 mm. A high-resolution digital 
imaging system (i.e., PCO Tech, Dimax Camera, 2 K pixels × 2 K pixels in 
resolution) was mounted above the test section to record of the dynamic 
icing process over the surface of the cable model. The image spatial 
resolution was found to be about 0.12 mm/pixel for the present exper
imental study. 

In the present study, a 3D scanning system based on digital image 
projection (DIP) technique [14,52,53] was also used to achieve “in-situ” 
measurements of the 3D shapes of the iced cable models. The DIP system 
is based on the principle of structured light triangulation in a fashion 
similar to stereo vision technique, but replacing one of the cameras in 
the stereo pair with a digital projector [54]. A digital image with known 
pattern characteristics was projected onto the test object of interest (i.e., 

Fig. 3. Water droplets siting on original HDPE surface and SHS coated surface.  

Table 2 
Primary controlling parameters of the test cases.  

Case no. Cable model U∞ [m/s] T∞ [℃] LWC [g/m3] Expected ice type High speed imaging 3D scan Force measurement 

1 C#1 20 − 5.0  2.0 Glaze 0 ~ 600 s at 600 s 0 ~ 600 s 
2 C#2 20 − 5.0  2.0 Glaze 0 ~ 600 s at 600 s 0 ~ 600 s 
3 C#1 20 − 15.0  1.0 Rime 0 ~ 600 s at 600 s 0 ~ 600 s 
4 C#2 20 − 15.0  1.0 Rime 0 ~ 600 s at 600 s 0 ~ 600 s  

Fig. 4. Experimental setup used for the present study.  
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ice structures accreted over the surface of the bridge cable model for the 
present study). Due to the complex three-dimensional (3D) geometrical 
profiles of the test objects (i.e., the surface of the accreted ice structures), 
the projected digital patterns are deformed when observed from a 
perspective different from the projection axis. By comparing the dis
torted digital patterns (i.e., acquired images with ice structures accreted 
over the surface of the bridge cable model) with a reference digital 
pattern without the test objects on the reference surface, the 3D profile 
of the iced test model can be retrieved quantitatively. Further infor
mation about the technical basis and implementation of the DIP system 
is available in Zhang et al. [54] and Gao et al. [52]. 

After conducting a careful calibration operation to register the cor
relation relationship between the digital projector and high-resolution 
camera, the iced cable model was rotated at every 30◦around its cen
ter for the DIP image acquisitions. The DIP images were processed to 
retrieve 3D profiles of the ice structures acquired at different phase 
angles, and then combined automatically to reconstruct the 3D shapes of 
the ice structures accreted on the test model. For the measurement re
sults given in the present study, the field of view for the 3D scanning 
system were set to be 200 mm by 200 mm near the midspan of the test 
models. During the 3D scanning operation, while the airflow in the ISU- 
IRT was paused, the ambient temperature was kept at the same level as 
the ice accretion experiment. While it usually takes about 20 s to scan 
the 3D shapes of the ice structures accreted over the surface of the test 
model for each test case, the change in the morphology of the accreted 
ice structures is believed to be very small due to the scanning operation. 
Based on the results of a calibration procedure similar as that reported in 
Veerakumar et al. [55], the measurement accuracy of the DIP-based 3D 
scanning system was found to be about 0.20 mm in measuring 3D shapes 
of the ice structures accreted over the test models. 

During icing experiment, two sets of high-sensitive force/moment 
transducers (ATI-IA Mini 45) were mounted at 2 ends of the test model 
to measure the aerodynamic forces acting on the model. The force/ 
moment transducers were connected to a 16-bit data acquisition system 
(NIUSB-6218) for synchronous data acquisition at the data sample rate 
of 2,000 Hz. The precision of the force/moment transducers for the force 
measurements is ± 0.25% of the full range (40 N). The effects of the 
model blockage, the wake interferences, wind tunnel walls and the 
additional blockage effects due to the ice accretion on the aerodynamic 
force measurements were corrected by following the procedures 
described in Barlow et al. [56]. 

Before starting the icing experiments, aerodynamic force measure
ments and 3D scanning of the “clean” cable models (i.e., without any ice 
accretion over the model surface) were performed, and the measure
ment results were used as the comparison baseline for the data analysis. 
The high-speed imaging system was synchronized with the force/ 
moment transducers for the aerodynamic force measurements during 
the icing experiments of 600 s for each case. The DIP-based 3D scanning 
of the accreted ice structures was carried out right after finishing the 
icing experiment. 

3. Measurement results and discussions 

3.1. Comparisons of wettability and ice adhesion over untreated and SHS 
coated surfaces 

Before performing ice accretion experiments, an experimental study 
was conducted to characterize the surface wettability and ice adhesion 
strength on untreated hydrophilic HDPE surface and SHS coated surface. 
Surface wettability refers the water repellency of a solid surface, which 
is usually expressed by static contact angle (CA), θstatic; receding CA, θrec; 
and advancing CA, θadv, of water droplets on the surface. Following up 
the work of Korhonen et al [57], the CA values on the SHS coated surface 
and untreated HDPE surface were measured by utilizing a needle-in-the- 
sessile-drop method by placing sessile water droplets (~50 μL deionized 
water in volume) on the surfaces of the two cable models. The receding 

CA, θrec and advancing CA, θadv were measured by contracting and 
expanding the water droplets at a rate of 10 μL/s over the test surfaces, 
similar as those reported by Zhang et al. [44]. To minimize the mea
surement errors, the CA measurements were repeated 10 times. The 
uncertainty of contact angle measurements was found to be approxi
mately ± 5◦. 

Table 3 shows the measured CA values on the two compared sur
faces. The measured CA values of the present study on the untreated 
HDPE surface and SHS coated surface were found to agree well with 
those reported in the previous studies [19,58]. As listed in Table 2, the 
corresponding contact angle hysteresis (CAH) values, i.e., CAH = θadv - 
θrec, are also given in the table. It should be noted that CAH value is 
usually used to indicate the surface slipperiness, i.e., the tendency of 
water droplets to bounce and/or roll off the surface. The CAH value on 
the SHS coated surface (i.e., CAH ≈ 5◦) was found to be much smaller 
than that over the HDPE surface (i.e., CAH ≈ 50◦). For the bridge cable 
icing scenario, a cable surface with a smaller CAH value is highly 
desirable, since it would imply more readily rolling away of water 
droplets from the cable surface, thereby, less ice accretion on the cable 
surface [59]. 

In order to provide a more quantitative comparison about the effects 
of the surface wettability on cable icing process, especially for glaze 
icing process, capillary forces (i.e., Fcapillary) that resist water droplets 
moving over the two compared surfaces were estimated based on the 
theoretical model used in Liu et al. [19], which is expressed as: 

Fcapillary ≈ πRγLG

[

sin
(

θadv − θrec

2

)

sin
(

θadv + θrec

2

)]

(1)  

where γLG represents the liquid–gas surface tension at the contact line, 
and R represents the spherical cap radius of the droplet. θadv and θrec are 
the advancing and receding CA, respectively. Based on Eq. (1) and 
measured advancing and receding CA values listed in Table 3, the 
capillary force ratio of water droplets on the SHS coated surface to those 
on the original HDPE surface was estimated, which is expressed as: 

Fcapillary,SHS

Fcapillary,HDPE
≈

[

sin
(

θadv − θrec
2

)

sin
(

θadv+θrec
2

)]

SHS

[

sin
(

θadv − θrec
2

)

sin
(

θadv+θrec
2

)]

HDPE

< 0.10 (2) 

It can be seen clearly that, in comparison to those over the bridge 
cables with untreated, hydrophilic HDPE surfaces, the capillary forces 
acting on the water droplets with the same spherical cap radius on the 
SHS coated surface would much smaller (i.e., less than 10% of that on 
the untreated HDPE surface). It indicates that, in comparison to those on 
the bridge cables with untreated HDPE surfaces, much smaller external 
forces would be needed to overcome the smaller capillary forces to make 
water droplets rolling off and shedding away from the SHS coated cable 
surfaces. It also implies that, as driven by the same incoming airflow 
under the same icing condition, the unfrozen water droplets/rivulets are 
expected to move much faster over the SHS coated cable surface than 
those over the untreated HDPE surface, which would enable the runback 
water to shed off much quicker from the SHS coated bridge cables before 
frozen into ice on the cable surfaces. All these effects would result in less 
ice accretion on the bridge cables coated with the SHS coating, which 
was confirmed by the results of the icing experiment to be discussed 
later. 

Table 3 
Measured CA values and ice adhesion strength over the compared surfaces.  

Compared 
Surface 

Static 
CA 
θstatic 

[◦] 

Advancing 
CA θadv [◦] 

Receding 
CA θrec [◦] 

CA 
Hysteresis 
CAH [◦] 

Ice 
adhesion 
Strength, 
τice [kPa] 

HDPE 75 80 30 50 600 
SHS 160 162 157 5 100  
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By using a similar measurement technique as described in Meuler 
et al. [60], the ice adhesion strengths, τice, on the untreated HDPE sur
face and SHS coated surface were also measured, and the measurement 
results are also listed in Table 3 for comparison. For the ice adhesion 
strength measurements, 3D-printed cylindrical-shaped ice molds (i.e., 
8.0 mm in diameter) filled with 0.5 mL deionized water in each mold 
were used to generate ice samples on test plates with uncoated HDPE 
surface or SHS coated surface. The test plates were firmly attached to a 
digitally controlled Peltier cooler (TETech CP061) in a temperature- 
controlled climate chamber. After the test plates were maintained at 
the pre-selected frozen-cold temperature (e.g., at − 10 ◦C for all the test 
cases of the present study) for over 1.0 h, a linear actuator with inte
grated motion controller (Newport CONEX-LTA-HS) was used to drive a 

force-torque transducer (JR3-30E12A4) mounted to an aluminum force 
probe to push the ice molds with a translation velocity of 0.5 mm/s until 
the ice samples were sheared off completely from the test plates [60]. 
The ice adhesion strength was then taken as the maximum force-per- 
area observed as ice samples were sheared off [61]. The ice adhesion 
measurements were repeated 5 times for each test case. The uncertainty 
for the ice adhesion measurements was estimated to be ± 20 kPa. 

As shown in Table 3, the measured ice adhesion strength on the 
untreated HDPE surface was found to be ~ 600 kPa, which agree with 
the measurement results reported in Moncholi [62]. In comparison, the 
ice adhesion strength on the SHS coated surface was found to be about 
100 kPa, which is only about 15% of the value on the untreated HDPE 
surface. It confirms that the SHS coating used in the present study is also 

Fig. 5. Time evolution of the ice accretion process on the two compared cable models under the glaze icing conditions of U∞ = 20 m/s, T∞ = − 5 ℃, and LWC = 2.0 
g/m3. 
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icephobic. It is worth noting that the ice adhesion strength over a solid 
surface would indicate the easiness to remove the accreted ice from the 
surface. The smaller ice adhesion strength on the SHS coated surface 
would imply that, even for the situation that bridge cable icing had 
already occurred, the ice structures accreted on SHS coated cable sur
faces would be much easier to be removed or blown away by the aero
dynamic shear forces exerted by the incoming airflow, in comparison to 
those accreted on the bridge cables with untreated HDPE surface. It 
should be noted that, the ice samples used for the adhesion strength 
measurements over the compared surfaces were generated under rela
tively static icing conditions with the substrate temperature being at 
− 10 ◦C. The ice adhesion measurement results would be applicable to 
make a fair comparison between different surfaces, especially for the 
runback icing process beyond the direct impinging zone of the water 
droplets on the cable surface. 

3.2. High-speed imaging results to reveal the effects of SHS coating on the 
ice accretion process 

An experimental campaign was carried out to reveal the effects of 
SHS coating on the dynamic ice accretion process over the surfaces of 
the bridge cable models under typical rime and glaze icing conditions. 
Before starting the icing experiments, the ISU-IRT was operated at the 
prescribed frozen-cold temperature levels (e.g., T∞ = − 5℃ for the glaze 
icing, and T∞ = − 15℃ for the rime icing) for at least 30 min before 
switching on the water spray system to ensure that ISU-IRT reached a 
thermal steady state. After the aerodynamic forces acting on “clean” 
cable models (i.e., without any ice structures accreted on the cable 
models) were measured, the water spray system was then turned on to 
start the ice accretion experiments. 

Fig. 5 shows typical snapshot images to reveal the dynamic ice ac
cretion process over the surfaces of the two compared test models under 
the glaze icing condition of U∞ = 20 m/s, T∞ = − 5 ℃, and LWC = 2.0 g/ 
m3. While the acquired images given in the left column (i.e., Fig. 5(a)) 
are for Model C#1 with untreated HDPE surface, the right column lists 
the results of Model C#2 with the SHS coated cable surface (i.e., Fig. 5 
(b)). Similar as described in Waldman and Hu [63], after turning on the 
water spray system of ISU-IRT at the time of t = 0, micro-sized water 
droplets exhausted from the water spray atomizers would be cooled 
down rapidly and become airborne, supercooled water droplets. The 
super -cooled water droplets carried by the frozen-cold airflow would 
impinge onto the front surfaces of the cable models to start the ice ac
cretion process. Similar as that described in Liu et al. [19], since the 
impingement of supercooled water droplets was found to concentrate 
mainly within narrow regions near the leading edges of the cable models 
(i.e., the direct impacting zone of the supercooled water droplets), ice 
accretion was observed on the front surfaces of the cable models at first, 
as revealed clearly from the snapshot images acquired at the beginning 
of the icing experiments (i.e., at t = 50 s). Due to the inadequate heat 
transfer to remove/dissipate the released latent heat of fusion associated 
with the solidification (i.e., icing process) under such a wet glaze icing 
condition (i.e., with a relatively warm ambient temperature of T∞ =

− 5.0 ℃ and high LWC level of LWC = 2.0 g/m3), only a portion of the 
supercooled water droplets were observed to be frozen into ice, upon 
impacting onto the cable surfaces, while the rest of the impacted water 
mass was found to stay in liquid phase over the cable surface. 

As shown clearly in Fig. 5(a), for Model C#1 with untreated HDPE 
surface, due to the relatively large wetted area of the impacted water 
droplets associated with small CA values on the hydrophilic HDPE sur
face, the unfrozen water droplets were found to coalesce rapidly to form 
a thin water film on the front surface of cable model, as shown clearly in 
the snapshot image acquired at t = 50 s. Driven by the aerodynamic 
forces exerted by the incoming airflow over the cable surface, the un
frozen water was found to run back along the cable surface, resulting in 
the formation of multiple rivulets to transport the impacted water mass 
from the cable front surface to further downstream locations, as shown 

clearly in the snapshot image acquired at t = 100 s. Since the incoming 
airflow was at the frozen temperature of T∞ = − 5.0 ℃ during the icing 
experiment, the runback water would be cooled down continuously as 
flowing to further downstream regions. As a result, the runback water 
was found to be frozen into ice eventually to form runback ice structures 
at the downstream locations (i.e., outside the direct impinging zone of 
the water droplets). As shown clearly in the snapshot images acquired 
after t = 300 s, the shapes of the runback ice structures accreted on the 
untreated HDPE surface were found to become very complex with the 
formation of rivulet-shaped ice fingers and humps. As the ice accretion 
time increases, while the thickness of the ice layer accreted on the cable 
front surface was found to increase greatly, much more runback ice 
structures were observed to accrete over the backside of the cable sur
face. The shapes of the ice structures accreted on the cable surface were 
also found to become much more complicated. Irregular-shaped ice 
fingers and humps were found to grow outward rapidly and extrude 
further into the incoming airflow, which would catch more airborne 
supercooled water droplets to further accelerate the growth of the ice 
accretion. It should be noted that, the formation of irregular-shaped 
glaze ice structures on the cable surface would affect the aerodynamic 
performance of the cable model significantly, which was revealed 
quantitatively from the aerodynamic force measurements to be dis
cussed later. In summary, ice structures accreted on Model C#1 were 
found to exhibit typical features of glaze icing, i.e., forming transparent, 
glassy ice structures with obvious traces of water runback, as described 
in Hansman and Kirby [50]. 

The effects of the SHS coating on the glaze ice accretion process over 
the cable surface were revealed very clearly from the acquired ice ac
cretion images given in Fig. 5(b). Due to the superhydrophobic nature of 
the SHS coated surface, the impacted water droplets on the front surface 
of Model C#2 were found to bead up rapidly, instead of coalescing to 
form a water film as that on the hydrophilic HDPE surface revealed in 
Fig. 5(a). The water droplets siting on the front surface of the Model C#2 
were found to be frozen into isolated ice beads subsequently, since they 
were exposed into the frozen-cold airflow. In comparison to the scenario 
over the untreated HDPE surface of Model C#1, while much less ice was 
found to accrete on the cable front surface, no runback water or ice 
accretion was observed on the backside of the SHS coated cable Model 
C#2. The much less glaze ice accretion on the SHS coated Model C#2 is 
believed to be caused by following reasons: with the same amount of 
supercooled water droplets impinging onto the cable surface, the water 
droplets would more readily bounce off and roll away from the SHS 
coated surface, due to the much smaller CA hysteresis of the water 
droplets on the SHS coated surface. As a result, much smaller amount of 
impinged water would be able to accumulate on the SHS coated cable 
surface, leading to much less ice accretion on the SHS coated cable 
surface, in comparison to that on the untreated, hydrophilic HDPE 
surface. Furthermore, under the glaze icing condition, since only a 
portion of the impacted water mass would be frozen into ice upon 
impacting onto the cable surface, the remaining unfrozen water would 
run back as driven by the incoming airflow over the cable surface. Due to 
the much slippery nature of the SHS coated surface (i.e., the magnitudes 
of the capillary forces to resist moving of the water droplets/rivulets on 
the SHS coated surface are less than 10% of those on the hydrophilic 
HDPE surface), the unfrozen surface water would run back much faster 
and shed off from the SHS coated cable surface before being frozen into 
ice. Therefore, no runback ice accretion was observed on the backside of 
the SHS coated cable surface. Even for the case with ice structures 
happened to accrete on the cable surface, since the ice adhesion strength 
over the SHS coated surface is much smaller than that on the untreated 
HDPE surface (i.e., being only about 15% of that on the untreated HDPE 
surface), the aerodynamic shear forces exerted by the incoming airflow 
would more readily sweep the accreted ice structures away from the SHS 
coated cable surface. All these would contribute to the much less ice 
accretion on the SHS coated cable model under the glaze icing condition, 
as revealed clearly in Fig. 5(b). 
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It should also be noted that, even though the ice accretion on the SHS 
coated cable model was found to become much less than that on the 
uncoated HDPE surface, ice structures were still found to accrete on the 
front surface of Model C#2, especially near the cable leading edge (i.e., 
in the vicinity of the stagnation line). This highlights one of the major 
challenges facing by the strategies using hydro-/ice-phobic coatings for 
cable icing mitigation. While hydro-/ice-phobic coatings, including the 
SHS used in the present study, can effectively reduce the adhesion forces 
between the impacted water droplets or/and accreted ice and cable 
surface, they rely on aerodynamic forces acting tangentially to the cable 
surfaces to remove the accumulated water/ice structures. Such ap
proaches would break down near the front stagnation line because the 
aerodynamic shear forces near the stagnation lines would be very small 
or vanish completely. As a result, impinged water droplets would stay on 

the SHS coated cable surface and were frozen into ice subsequently. 
Furthermore, as shown clearly in Fig. 3, SHS coated surfaces would 

possess nano-/micro-scaled textured or roughness structures on the 
surfaces. When a macroscopic water droplet comes in contact with a 
textured SHS coated surface, it usually adopts so-called Cassie-Baxter 
state [64] with air trapped inside the surface texture beneath the 
droplet. Since the macroscopic water droplet is supported on thousands 
of pockets of air, it beads up and displays very high contact angles 
(>150◦ for SHS). However, for the cable icing scenario, supercooled 
water droplets carried by the incoming airflow would impact onto the 
cable front surface at a relatively high impacting speed of U∞ = 20 m/s, 
the impacted water droplets would easily penetrate into the surface 
textures, completely wetting the pores or asperities of the surface tex
tures to make the impacted water droplets in so-called Wenzel state 

Fig. 6. Time evolution of the ice accretion process over the surfaces of the two compared cable models under the rime icing conditions of U∞ = 20 m/s, T∞ = − 15 ℃, 
and LWC = 1.0 g/m3. 
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[65]. Once the impacted water was frozen within the nano-/micro-scale 
surface textures (i.e., in the Wenzel state), it would be extremely difficult 
to remove the ice structures, even more than those on non-textured 
surfaces, because of the interlocking effects between ice and the sur
face textures [66]. This would also contribute the ice accretion on the 
front surface of Model C#2. Once ice started to accrete on the front cable 
surface, next groups of the supercooled water droplets would impact 
directly onto the surface of the ice layer, instead of the SHS coated 
surface. Therefore, as the time increases, more and more ice structures 
were found to accrete on the front surface of the SHS coated cable 
model, as shown clearly in Fig. 5(b). 

Fig. 6 shows the acquired snapshot images of the ice accretion pro
cesses over the two compared cable models under the typical rime icing 
condition of T∞ = − 15 ℃, and LWC = 1.0 g/m3. Similar as that 
described in Liu & Hu [67], since the airflow in the ISU-IRT was set at a 
much colder temperature with the LWC level being only half of the glaze 
icing case described above, the heat transfer (i.e., including both 
conductive and convective heat transfer) under such a colder and drier 
testing condition would become much more efficient to rapidly remove/ 
dissipate the released latent heat of fusion associated with the solidifi
cation (i.e., icing process) of the fewer impacted water mass on the cable 
surfaces. While the supercooled water droplets were found to be frozen 
into ice instantly upon impacting onto the cable surfaces, no traces of 
unfrozen water runback were observed on the cable surfaces. Therefore, 
no ice accretion was found on the backside of the cable models (i.e., 
beyond the direct impinging zone of the supercooled water droplets), as 
revealed clearly from the acquired snapshot images given in Fig. 6. 

Due to the almost instantly freezing of the impacted supercooled 
water droplets under the rime icing condition, air bubbles/pockets 
would be trapped inside the voids between the rime ice grains accreted 
on the cable models. Therefore, the ice structures accretion over the 
front surfaces of the cable models were found to be opaque and have 
milk-white appearance, which exhibits typical rime ice characteristics as 
described in Hansman and Kirby [50]. As ice accretion time increases, 
while the ice layers accreted along the leading edges of the cable models 
were found to become thicker and thicker, the surfaces of the iced cable 
were also found to be much rougher. Some noticeable ice “feathers” 
were found to grow on the cable front surfaces at the late stage of rime 
icing process, as shown clearly in the images acquired at t = 300 s and t 
= 600 s. 

As revealed clearly from the side-by-side comparison of the acquired 
ice accretion images given in Fig. 6, the rime ice accretion characteris
tics on the SHS coated cable surface of Model C#2 were found to be very 
similar to those of Model C#1 with untreated HDPE surface in general. 
Based on a more careful comparison of the ice accretion images acquired 
at the earlier stage of the rime icing experiments (i.e., t ≤ 100 s), the ice 
structures accreted on the SHS coated surface were found to have 
coarser ice grains than those on the hydrophilic HDPE surface. This can 
be explained by the fact that the impacted supercooled water droplets on 
the SHS coated surface would be more likely to bead up due to the 
superhydrophobic nature of the SHS coated surface. The differences in 
the accreted ice grain size/roughness were found to be much less 
distinguishable at the later stage of the rime icing experiments (i.e., t ≥
300 s) with continuous impingement of supercooled water droplets onto 
the surface of the accreted ice layer, instead of the SHS coated cable 
surface. 

In summary, the SHS coating was found to have much less effects on 
the rime icing process in comparison to the glaze icing process. This can 
be explained by the facts that, upon the impingement of the supercooled 
water droplets onto the cable front surface, the impacted water droplets 
on the SHS coated surface would be more readily changed from the 
partially-wetted Cassie-Baxter state to the fully-wetted Wenzel state, 
eliminating the icephobicity of the SHS surface greatly [68]. Further
more, the aerodynamic forces exerted by the boundary layer airflow 
over the cable front surface, especially near the stagnation line of the 
cable model, are usually very small or vanished completely. As a result, 

the impacted water droplets sitting on the front surface of Model C#2 
would be frozen into ice rapidly under such a colder rime icing condi
tion. Once water freezes within the surface textures of SHS coated sur
face (i.e., in the Wenzel state), it would be very difficult to remove the 
accreted ice because of the interlocking between ice and the surface 
textures as described in Lv et al. [69]. Therefore, the SHS coating was 
found to be less effective in mitigating rime ice accretion over the cable 
surface, as shown clearly in Fig. 6. 

3.3. 3D scanning results to quantify the ice structures accreted on the 
cable models 

In addition to using the high-speed imaging system to qualitatively 
visualize the dynamic ice accretion processes on the surfaces of the cable 
models with and without SHS coating, a DIP-based 3D scanning system 
was also used in the present study to quantify the 3D shapes of the ice 
structures accreted on the cable models at the end of the icing experi
ments (i.e., at t = 600 s). Fig. 7 and Fig. 8 give the measurement results 
to characterize the 3D shapes of the ice structures accreted on the cable 
surfaces under the wet glaze and dry rime icing conditions. Based on the 
3D scanning measurement results, the cross-sectional profiles of the iced 
cable models at any cross-section locations can be extracted. Typical 
profiles of the ice layers accreted over the cable surfaces, which were 
extracted in arbitrarily selected cross-sections near the midspans of the 
cable models, were shown in Fig. 7 and Fig. 8. The average profiles of the 
ice layers accreted over the cable surfaces, which were obtained by 
averaging the measured ice profiles in 20 cross-sections along the cable 
span for each test case, were also given in Fig. 7 and Fig. 8 for com
parison. The effects of the SHS coating on the ice accretion character
istics over the cable surfaces were revealed clearly and quantitatively 
based on the comparison of the measurement results. 

As revealed clearly from the 3D scanning results given in Fig. 7, the 
ice structures accreted over the surfaces of the cable models under the 
glaze icing condition were found to be rather rough in general. The 
complex features of the glaze ice structures revealed from the 3D scan
ning results were found to correlate well with the formation of large- 
scale runback ice fingers and humps over the cable surfaces as visual
ized qualitatively from the snapshot images acquired during the glaze 
icing process given in Fig. 5. 

As described above, after impinging onto the hydrophilic HDPE 
surface of Model C#1, while only a portion of the impinged supercooled 
water droplets would be frozen into ice under the glaze icing condition, 
the rest of the impinged water was found to coalesce rapidly to form a 
water film over the cable front surface. Driven by the aerodynamic shear 
force exerted by the incoming airflow, the unfrozen water film was 
found to run back, flowing into the downstream region on the backside 
of the cable model. As a result, the impinged water mass was transported 
from the cable front surface to much further downstream locations and 
frozen into ice subsequently, causing the much greater coverage of the 
accreted ice layer on Model C#1. As shown quantitatively from the 3D 
scanning results given in Fig. 7(a) and Fig. 7(c), while the “averaged” 
profile of the accreted ice layer over the cable model was found to be 
much smoother than the typical ice profile extracted from “single” cross- 
section near the cable midspan, the upper and lower limits identified 
based on the “averaged” ice profile were found to be consistent with 
those revealed from the ice profile extracted from the “single” cross- 
section near the cable midspan. More specifically, while the upper 
limit of the ice layer accreted on Model C#1 was found to extend to the 
downstream location of θupper ≈ 115◦, the lower limit of the ice layer 
reached to the azimuthal angle of θlower ≈ − 110◦. 

Since the incoming airflow were set to be perpendicular to the di
rection of the gravity force for the present icing experiments, the effects 
of the gravity force on the runback of the unfrozen water over the upper 
surface of the cable model would be different from those over the lower 
cable surface. Due to the gravity effects, the runback water film over the 
lower surface of Model C#1 was found to more readily break into 
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rivulets and freeze into complicated ice structures, in comparison to that 
over the cable upper surface. As shown clearly in Fig. 7(a), the irregular- 
shaped runback ice structures accreted over the cable lower surface were 
found to intrude further into the incoming airflow, which would cause 
large-scale separation of the airflow from the cable surface. This would 
result in greater aerodynamic drag forces acting on the cable model, 
which was confirmed quantitatively from the force measurement results 
to be discussed later. 

The 3D scanning results given in Fig. 7(b) and Fig. 7(d) reveals 
clearly that, even though the two compared cable models were exposed 
to the same glaze icing condition, the outer profiles of the glaze ice layer 
accreted on the SHS coated surface of Model C#2 was found to become 
significantly different from that on Model C#1. Since the much smaller 
capillary forces acting on the water droplets/rivulets over the SHS 

coated surface would enable more readily rolling off of the runback 
water, and the weaker ice adhesion would also ensure easier shedding of 
the accreted ice from the SHS coated surface, the coverage of the ice 
layer accreted on the Model C#2 was found to become much less than 
that over Model C#1. It confirms that the SHS coating is very effective to 
mitigate glaze ice accretion over the cable surface. It can also be 
observed that, due to the different gravity effects on the water transport 
process over the upper and lower surfaces of the cable models, more 
glaze ice structures were found to accrete over the lower cable surface. 
While the upper limit of the ice layer accreted over the SHS coated 
surface of Model C#2 were found to end at the azimuthal angles of θupper 
≈ 70◦, the coverage of the ice layer on the lower cable surface was found 
to extend to θlower ≈ − 75◦ due to the gravity effects. In summary, after 
applying the SHS coating to the cable surface, the coverage of the ice 

Fig. 7. 3D scanning results of the glaze ice structures accreted on the cable models after 600 s of the icing experiments.  
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layer on the cable model was found to be reduced by about 40% under 
the glaze icing condition. 

As aforementioned, under the typical rime icing condition of U∞ =

20 m/s, T∞ = − 15 ℃, and LWC = 1.0 g/m3, upon impacting onto the 
cable surfaces, the supercooled water droplets were found to be frozen 
into ice instantly with no runback water existing over the cable surfaces, 
thereby, no ice formation on the backsides of the cable models. As 
revealed quantitatively from the 3D ice shape scanning results given in 
Fig. 8, the rime ice structures accreted on the cable surfaces were found 
to be restricted on the front cable surface only, i.e., mainly within the 
direct impinging zone of the supercooled water droplets. It can also be 
seen that, while the ice layers accreted near the cable leading edges (i.e., 
at the front stagnation points) were found to have the greatest thickness, 
the ice layer thickness was found to decrease monotonically as the 

azimuthal angle increases. The upper and lower limits of the rime ice 
layers accreted on the cable surfaces were found to end at the azimuthal 
angles of θupper ≈ 70◦ and θlower ≈ − 70◦, respectively. 

The distribution characteristics of the rime ice layers accreted over 
the cable surfaces were found to be closely related to the impingement 
characteristics of the airborne supercooled water droplets onto the cable 
models. As described in Anderson & Tsao [70], rime ice accretion pro
cess would be affected mainly by the collection efficiency characteristics 
of the supercooled water droplets carried by the incoming airflow. 
Corresponding to the highest water collection efficiency at the cable 
leading edges (i.e., the front stagnation points), the rime ice layer 
accreted on the cable models was found to reach the maximum thickness 
at the cable leading edge, and then decrease gradually at further 
downstream locations. As a result, the shapes of the iced cable models 

Fig. 8. 3D scanning results of the rime ice structures accreted on the cable models after 600 s of rime icing experiments.  
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were found to be elongated along the incoming airflow direction. As 
shown clearly in Fig. 8, with the continuous accretion of rime ice on the 
cable front surfaces, the outer profiles of the iced cable models were 
found to become more “streamlined” in shape, in comparison to the 
original circular shape. The more streamlined shapes of the iced cable 
models would lead to smaller aerodynamic forces acting on the cable 
models, which was confirmed quantitatively from the aerodynamic 
force measurement results to be discussed in the later section. 

Based on the side-by-side comparison of the 3D scanning results for 
the two compared cable models given in Fig. 8, it can be seen clearly that 
the outer profile of the rime ice layer accreted over the SHS coated 
surface of Model C#2 was found to be almost the same as that of Model 
C#1 with hydrophilic HDPE surface. The findings agree well with the 
features revealed from the acquired ice accretion images given in Fig. 6. 
It indicates again that the SHS coating would be much less effective to 
mitigate rime ice accretion over cable surface, due to instant solidifi
cation of the supercooled water droplets upon impacting onto the cable 
surface under the rime icing condition. It should also be noted that, as 
shown clearly in Fig. 8, the rime ice layers accreted over the cable sur
faces were found to be almost symmetric in relation to the incoming 
airflow direction, indicating that the gravity force would have almost no 
effects on the rime icing process. 

Based on the quantitative 3D scanning results given in Fig. 7 and 
Fig. 8, total volumes of the ice layers accreted over the surfaces of the 
cable models within the measurement window (i.e., within the 200 mm 
midspans of the test models) can also be determined, i.e., by subtracting 
the volumes of the “clean” cable models (i.e., without any ice accretion) 
from the measured total volumes of the iced cable models. As reported in 
Liu et al. [71], while the density of typical glaze ice is usually about 900 
kg/m3, the density of typical rime ice is slightly less, i.e., about 880 kg/ 
m3, due to the entrainment of more air bubbles between rime ice grains. 
Therefore, the total ice mass accreted on the two compared cable models 
can also be determined quantitatively. 

Table 4 summarizes the measured ice mass accreted on the two 
compared cable models after 600 s of the ice accretion experiments 
under both the rime and glaze icing conditions. It can be seen clearly 
that, the total mass of the glaze ice accreted on Model C#2 (i.e., with the 
SHS coated cable surface) was found to be only about 70% of that 
accreted on Model C#1 (i.e., with untreated hydrophilic HDPE surface), 
indicating ~ 30% reduction in the accreted ice mass due to the SHS 
coating. However, the total mass of the rime ice accreted on the SHS 
coated cable model C#2 was found to be only slightly less (i.e., ~3% 
reduction in the accreted ice mass) than that on the cable model with 
untreated HDPE surface. It indicates again that the passive anti-icing 
method of using SHS coatings for cable icing mitigation would be 
more effective under the wet glaze icing condition with warmer tem
peratures, in comparison to that under the dry rime icing condition with 
much colder ambient temperatures. 

It should be noted that the LWC level in the incoming airflow for the 
glaze icing experiments (i.e., LWC = 2.0 g/m3) was set to be 2.0 times of 
that of the rime icing experiments (i.e., LWC = 1.0 g/m3). However, 
after the same ice accretion duration of 600 s, while the total mass of the 
ice accumulated on Model C#1 with untreated HDPE surface under the 
glaze icing condition was found to be about 3.2 times of that of the rime 
icing case. The corresponding value was found to become about 2.3 
times for the cases of Model C#2 with SHS coated surface. The signifi
cant differences in the ice mass accumulated on the cable surface under 
the rime and glaze icing conditions were believed to be closely related to 

the different characteristics of the dynamic ice accretion process on the 
cable surface under different icing conditions. As aforementioned, while 
glaze ice accretion occurred over much wider areas and formed much 
more complicated ice structures (i.e., ice fingers and humps) due to the 
existence of unfrozen runback water over the cable surfaces, rime icing 
took place only within the droplet direct impacting zone on the front 
cable surfaces. Under the glaze icing condition, the irregular-shaped ice 
structures accreted over the cable surfaces were found to protrude 
further into the incoming airflow, which would catch extra airborne 
water droplets to further accelerate the glaze ice accretion over cable 
surfaces. 

3.4. Aerodynamic characteristics of the cable models during dynamic ice 
accretion process 

As mentioned above, the unsteady aerodynamic forces acting on the 
cable models were also measured before and during the icing experi
ments. The aerodynamic forces acting on the “clean” cable models (i.e., 
without ice accretion) were used as the comparison baseline to evaluate 
the effects ice accretion on the aerodynamic characteristics of the cable 
models. Since the measured lift forces acting on the cable models (i.e., 
vertical component of the aerodynamic forces) were found to be always 
very small in comparison to the drag forces (i.e., the horizontal 
component of the aerodynamic forces), the present study would focus 
primarily on the variations of the drag forces acting on the cable models 
during the ice accretion process. 

The drag coefficient of a cable model (i.e., Cd) is usually defined by: 

Cd =
Fd

1
2 ρU2

∞DL
(3)  

where Fd is the measured drag force acting on the test model; ρ is the 
density of airflow; U∞ is freestream velocity of the incoming airflow; D is 
the diameter of the cable model; and L represents the spanwise length of 
the cable model. The drag coefficients of the “clean” cable models before 
starting the icing experiment (i.e., Cd no ice) were found to be about 0.95, 
which is in good agreement with those reported in Kleissl and Georgakis 
[47] at the same Reynolds number levels. It should be noted that the 
measured drag coefficients of the cable models with and without SHS 
coating were found to be almost the same (i.e., < ±3%) before starting 
the ice accretion experiments. In the present study, the Fd no ice is used as 
the baseline to evaluate the effects of the dynamic ice accretion process 
on the aerodynamic drag forces acting on the bridge cable models. 

It should be noted that, due to the ice accretion over the cable 
models, the projected area of the iced cable models along the incoming 
airflow direction would change dynamically during the ice accretion 
experiments (e.g., up to 10% increase after 600 s of the glaze ice ac
cretion). Instead of using drag coefficient, normalized drag, which is 
defined as the measured instantaneous drag acting on the iced cable 
model normalized by the averaged value of the drag acting on the same 
cable model before starting the icing experiment (i.e., Fd/Fd no ice), was 
used to characterize the effects of the ice accretion on the aerodynamic 
drag forces acting on the cable model. 

Fig. 9 shows the time evaluations of the measured aerodynamic drag 
data, i.e., Fd/Fd no ice, of the two compared cable models under the glaze 
icing condition. The Gaussian-filtered mean values (i.e., moving aver
aged values) based on the instantaneous measurement results were also 
given in the plot. It can be seen clearly that the time variations of the 
aerodynamic drag forces acting on the cable models were found to have 
two evident stages during the glaze icing process, i.e., 1) a rapid drag 
reduction stage at the beginning of the icing experiment; and 2) a 
gradual drag increase stage at the later of the glaze icing experiment. 
Similar features were also observed in the recent study of Veerakumar 
et al. [14] to study the dynamic icing process over power transmission 
lines at a much lower Reynolds number level of ReD ≈ 50,000. 

As shown clearly in Fig. 9, while the aerodynamic drag acting on 

Table 4 
Comparison of the accreted ice mass on the cable models.  

Cable 
model 

After 600 s of the glaze icing 
experiment (Kg/m) 

After 600 s of the rime icing 
experiment (Kg/m) 

C#1  0.493  0.157 
C#2  0.352  0.153  
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Model C#1 (i.e., with untreated HDPE surface) was found to decreased 
by approximately 20% within the first 20 s of glaze icing experiment, the 
corresponding values for Model C#2 was found to become even less, i.e., 
decreased by about 30%. As suggested by Veerakumar et al. [14], at the 
initial stage of the glaze icing process (i.e., within the first 20 s of the 
glaze icing process for the present study), while the ice layers accreted 
on the cable models were still very thin, the existence of runback water 
films on the cable front surfaces would affect the development of the 
boundary layer airflow over the cable surfaces. In comparison to the 
“dry” cable surface case, the runback water films over the cable surfaces 
would act as “lubricant layers” to make the airflow moving more 
smoothly over the “wet” surfaces of the cable models. It would make the 
“wet” cable surfaces becoming more “slippery” to the incoming airflow 
than the “dry” cable surfaces. This would delay the separation of the 
airflow over the cable surfaces, resulting in smaller aerodynamic drag 
forces acting on the cable models at the initial stage of the glaze ice 
accretion process. 

It should also be noted that, as described clearly in the textbook of 
Frank White [72], the aerodynamic drag forces acting on cylindrical 
cable models would be very sensitive to the surface roughness, partic
ularly in the range of ReD ≈ 1.3x105 where the measurements of the 
presents study were conducted. After the ice accretion experiments start, 
the surfaces of the cable models would become much rougher due to the 
ice accretion. The fast growth of the surface roughness over the ice 
accreting cable surfaces would also result in rapid decreases of the 
aerodynamic drags acting on the cable models, which would also 
contribute to the quick reduction of the measured aerodynamic drag 
data at the initial stage of the glaze ice accretion process. 

At the later stage of the glaze icing experiment, the aerodynamics 
drag forces acting on the cable models were found to grow gradually as 
the ice accretion time increases. The continuous increase of the drag at 
the second stage is believed to be caused by the thicker and thicker glaze 
ice layers accreted on the cable surfaces, which would enlarge the pro
jected area of the iced cable models along the incoming airflow direc
tion. It can also be seen that the growth rate of the drag for Model C#2 
with SHS coated surface was found to slower than that of Model C#1 (i. 
e., with hydrophilic HDPE surface) at the second stage of the glaze icing 
process. In comparison to those acting on Model C#2, the greater 
aerodynamic drag forces acting on Model C#1 are believed to be closely 
related to the formation of more complicated, irregular-shaped runback 
ice structures (i.e., ice fingers and bumps) on the hydrophilic cable 

surface of Model C#1. As described above, the irregular-shaped runback 
ice structures were found to protrude further into the incoming airflow 
to cause large-scale separation of airflow over the cable surface, 
resulting in the larger aerodynamic drag acting on cable model. After 
600 s of the glaze icing experiment, while the mean drag of Model C#1 
was found to increase to about 118% of its initial value, the corre
sponding value for Model C#2 was found to become almost the same as 
its initial value. 

Fig. 10 shows the measured aerodynamic drags of the cable models 
as a function of the ice accretion time under the rime icing condition. It 
can be seen clearly that, the variation characteristics of the drags due to 
the rime ice accretion were found to be significantly different from those 
under the glaze icing condition. For Model C#1 with untreated HDPE 
surface, the aerodynamic drag forces acting on the test model was found 
to decrease monotonously as the ice accretion time increases. After 600 s 
of the rime icing experiments, the mean aerodynamic drag of the iced 
cable model was found to become only about 75% of its initial value (i. 
e., the drag of the “clean” cable model). The decreasing feature of 
aerodynamic drag forces acting on Mode C#1 is believed to be closely 
related to the continuous growth of the rime ice layer accreted over the 
front surface of the cable model to make the outer profile shape of the 
iced cable model changing gradually from the original circular shape to 
more streamlined shape, as revealed clearly from the 3D ice shape 
measurement results given in Fig. 8. 

In comparison to those acting on Model C#1 with untreated hydro
philic HDPE surface, the aerodynamic drag force acting on Model C#2 
with SHS coated surface was found to decrease much faster at the earlier 
stage of the rime icing process. After reaching to the minimum mean 
value of being only about 72% of the initial value (i.e., drag reduction by 
28%) at the time of t ≈ 100 s, the aerodynamic drag forces acting on 
Model C#2 were found to increase very slowly as the ice accretion time 
increases. After 600 s of the rime icing experiment, the mean drag of 
Model C#2 was found to become about 78% of that of the “clean” cable 
model without any ice accretion, which is almost the same as that of 
Model C#1. The much faster decrease of the aerodynamic drag forces 
acting on Model C#2 in the earlier stage of the rime ice accretion process 
is believed to be closely related to the formation of the much coarser 
rime ice grains over the front surface of Model C#2 due to the super
hydrophobic nature of the SHS coated surface, as revealed from the 
snapshot images acquired at the beginning of the rime icing process (i.e., 
t ≤ 100 s) given in Fig. 6. The coarser rime ice grains formed over the 

Fig. 9. Measured aerodynamic drag data during the glaze ice accretion process.  
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front surface of Model C#2 would act as “turbulators” to promote a 
faster transition of the laminar boundary layer airflow over the cable 
surface (i.e., working similarly as the dimples over the surfaces of golf 
balls), thereby, resulting in the rapid reduction of the aerodynamic drag 
forces acting on Mode C#2 at the earlier stage of rime ice accretion 
process. A similar fast transition of the laminar boundary layer airflow 
induced by ice roughness accreted near the leading edge was also re
ported by Shin [73]. The finding derived from measured aerodynamic 
drag data of the present study, i.e., the rapid growth of the surface 
roughness over the ice accreting cable surfaces would cause a rapid 
decrease of the aerodynamic drags acting on the cylindrical cable 
models in the range of ReD ≈ 1.3 × 105, was also found to agree well with 
the results given in the textbook of Frank White [72]. 

As the ice accretion time increases, much more supercooled water 
droplets would impinge onto the surface of the accreted ice layer, 
instead of the SHS surface. Therefore, the differences in the grain sizes of 
the rime structures accreted on the two compared cable models were 
found to become much less distinguishable at the later stage of the rime 
icing process. As a result, the aerodynamic drag forces acting on Model 
C#2 with the SHS coated surface were found to become almost the same 
as those acting on Model C#1 with untreated HDPE surface. 

4. Conclusions 

A comprehensive experimental investigation was conducted to 
evaluate the effects of a SHS coating on dynamic icing process and 
resultant aerodynamic characteristics of bridge cables exposed to typical 
glaze and rime icing conditions. The experimental study was performed 
in an icing research tunnel available at Iowa State University (i.e., ISU- 
IRT). Two bridge cable models with different surface wettability (i.e., a 
test model with untreated, hydrophilic HDPE surface, and the other 
model with SHS coated cable surface) were exposed under the same 
icing conditions for a comparative study. In addition to using a high- 
resolution imaging system to record the transient behaviors of the ice 
accretion process over the cable surfaces, a digital image projection 
(DIP) based, three-dimensional (3D) scanning system was also used to 
quantify the 3D shapes of the ice structures accreted over the cable 
surfaces. The time evolutions of the resultant aerodynamic forces acting 
on the cable models during the ice accretion process were also measured 
by using a pair of high-sensitive force/moment sensors mounted at two 
ends of the cable models. 

Under the typical glaze icing condition of U∞ = 20 m/s, T∞ = − 5.0 
℃, and LWC = 2.0 g/m3, while only a portion of the supercooled water 
droplets were found to be frozen into ice instantly upon impacting onto 
the cable surfaces, the rest of the impacted water mass was found to be 
stay in liquid phase. For the cable model with untreated hydrophilic 
surface, the unfrozen water was found to coalesce rapidly to form a 
water film on the cable front surface, and then run back gradually over 
the cable surface as driven by the frozen-cold incoming airflow. The 
wind-driven runback of the unfrozen water over the hydrophilic cable 
surface was found to evolve into multiple rivulets to transport the 
impinged water mass from the cable front surface to much further 
downstream locations. The runback water was found to be frozen into 
ice eventually on the backside of the cable model, resulting in a much 
greater coverage of the ice layer accreted on the cable surface. Due to the 
gravity effects, the wind-driven runback water flow over the lower cable 
surface was found to more readily break into rivulets and freeze sub
sequently into irregular-shaped ice structures, in comparison to that 
over the upper cable surface. The irregular-shaped runback ice struc
tures (i.e., ice fingers and humps) were found to grow outward rapidly 
and extrude further into the incoming airflow, which would catch more 
airborne supercooled water droplets to further accelerate the growth of 
the glaze ice structures. The fast growth of the irregular-shaped glaze ice 
structures accreted on the hydrophilic cable surface induced large-scale 
airflow separation over the iced cable surface, resulting in greater 
aerodynamic drag forces acting on the iced cable model. 

The glaze ice accretion on the cable model with SHS coated surface 
was found to be suppressed greatly in comparison to that over the un
treated hydrophilic cable surface. More specifically, after 600 s of the 
glaze icing experiment, while the coverage of the ice layer accreted over 
the SHS coated cable surface was found to be reduced by 40%, the total 
accreted ice mass was found to be reduced by about 30%, in comparison 
to those on the cable model with untreated hydrophilic surface. The 
resultant aerodynamic drag forces acting on the cable model were also 
found to decrease by about 18% after applying the SHS coating to cover 
the cable surface. The much less glaze ice accretion on the SHS coated 
cable surface is believed to be caused by following reasons: 1). With the 
same amount of supercooled water droplets impinging onto the cable 
surface, the impacted water droplets would more readily bounce off 
and/or roll away from the SHS coated surface, causing much less water 
accumulating on the SHS coated surface, thereby, less ice accretion on 
the SHS coated cable model. 2). Due to the much slippery nature of the 

Fig. 10. Measured aerodynamic drag data during the rime ice accretion process.  
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SHS coated surface, the wind-driven runback water droplets/rivulets 
would move much faster over the SHS coated cable surface than those 
over the untreated hydrophilic surface. Therefore, the unfrozen water 
would be much more likely to roll off and shed away from the SHS 
coated cable surface before being frozen into ice. 3). Even for the case 
with ice structures happed to accrete on the cable surface, the aero
dynamic shear forces exerted by the incoming airflow would more 
readily blow away the accreted ice from the SHS coated cable surface 
due to the much weaker ice adhesion strength on the SHS coated surface 
than that on the untreated hydrophilic surface. 

Under the typical rime icing condition of U∞ = 20 m/s, T∞ = − 15.0 
℃, and LWC = 1.0 g/m3, since the supercooled water droplets would be 
frozen into ice instantly upon impinging onto the cable surfaces, rime ice 
accretion was found to take place only on the front surfaces of the cable 
models. No traces of the water runback or ice accretion were observed 
beyond the direct impinging zones of the water droplets. Corresponding 
to the highest water collection efficiency at the cable leading edges (i.e., 
the front stagnation points), the thickness of the accreted rime ice layer 
was found to reach the maximum value at the cable leading edges, and 
then decrease gradually at further downstream locations. With the 
continuous growth of the rime ice layer accreted over the front surface of 
the cable models, the iced cable models were found to be elongated 
along the incoming airflow direction, making the outer profiles of the 
iced cable models to become more “streamlined” in shape, in compari
son to the original circular shape. The more streamlined shape due to 
rime ice accretion resulted in smaller aerodynamic forces acting on the 
iced cable models. 

The SHS coating was found to become much less effective in miti
gating rime ice accretion on the cable surface, in comparison to the 
scenario of glaze icing. The ice structures accreted on the SHS coated 
cable surface at the earlier stage of the rime icing experiment were found 
to have much coaster ice grains than those accreted on the hydrophilic 
cable surface due to its superhydrophobic nature. The much rougher 
rime ice structures accreted on the cable front surface acted as “turbu
lators” to promote a fast transition of the laminar boundary layer airflow 
over the cable front surface, resulting in a rapid reduction of the aero
dynamic drag forces acting the SHS coated cable model at the earlier 
stage of the rime ice accretion process. As the ice accretion time in
creases, with more and more supercooled water droplets impinging onto 
the surface of the accreted ice layer, instead of the SHS coated cable 
surface, the differences in the grain sizes of the rime ice structures 
accreted on the two compared cable models were found to become much 
less distinguishable. Therefore, the resultant aerodynamic drag forces 
acting on the two compared cable models became almost the same at the 
later stage of the rime icing experiments. 
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