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Abstract—In the present study, experimental investigations 

were conducted to examine the dynamic ice accretion process 

over the surfaces of a two-bundle high-voltage power 

transmission cables and characterize the effects of the ice 

accretion on the aerodynamic forces acting on the 

transmission cables. The experimental study was performed 

at the Icing Research Tunnel at Iowa State University (i.e., 

ISU-IRT) to generate a typical atmospheric icing condition 

(dry rime icing conditions) experienced by power 

transmission cables. An incoming wind speed of 20 m/s, a 

liquid water content (LWC) of 1.0 g/m3 and an ambient 

temperature of -15 ⁰C was used to study rime ice 

accumulation. A high-resolution 3D scanner was used to 

extract the 3D shapes of the ice structures accreted over 

surface of the cylindrical test model as a function of the ice 

accretion time. A high-speed imaging camera was also used 

to record the dynamic icing process. While the aerodynamic 

drag force acting on the test model was measured using a 

force transducer during the dynamic ice accreting process, a 

high-resolution Particle Image Velocimetry (PIV) system was 

also used to quantify the characteristics of the wake flow 

behind the test model. The two-conductors were placed at 

different horizontal spacings as well as different angular 

spacings. It was found that the effect of icing on the leeward 

conductor was significantly different when the windward 

conductor was placed in positions which interfered with the 

leeward conductor. It was found that at the lowest horizontal 

spacing between conductors (6D), the effect of windward 

conductor was felt severely by the leeward conductor and the 

effect diminished with increased spacing. When the angular 

spacing was changed from 0° to 15° similar observations 

were made with all parameters becoming independent of the 

windward conductor at an angle of 15°. The aerodynamic 

force measurement results were correlated with the PIV flow 

field measurements to elucidate the underlying physics. 

Keywords— Transmission cable icing, Bundled conductors. 

Particle Image Velocimetry, 3D Scan, Ice profile, Icing 

research tunnel. 

I. INTRODUCTION 

The aftereffects of atmospheric icing on structures are a 

major problem in cold countries. Engineering structures 

severely affected by atmospheric icing includes electric 

power transmission cables, aircrafts wings and other 

critical components exposed to atmosphere, wind 

turbines, suspension bridge cables etc. The adverse 

effects caused by the ice accretion on power transmission 

lines has always been a serious problem and it is the 

major focus of this paper. Ice accretions on transmission 

line cables due to freezing rain and also due to in-cloud 

icing reduces the reliability of electrical power 

distribution networks during the most critical cold 

periods and may lead to major damages to power lines 

[1–3]. Icing on conductors have led to several incidents 

and accidents in the past. For instance, a major icing 

event which occurred in Quebec and Ontario in winter 

1998 had led to loss of power for about one million 

customers for about 3-30 days. Material damage was also 

substantial with hundreds of miles of transmission, sub-

transmission and distribution lines being destroyed 

leading to an estimated cost of one billion Canadian 

dollars for reconstruction. Social cost involved in the 

incident exceeded three times that amount [4]. In extreme 

cases, the atmospheric icing can cause severe damages to 

transmission cables and associated towers resulting in 

extensive electric power breakdown. 

Combined effect of ice and wind can cause the transverse 

load on a transmission line to be increased significantly. 

It can cause vibrational loads due to wind if the ice 

deposition is asymmetric [5].  Wind induced vibrations 

may adversely affect the reliability and durability of 

conductors and associated components. Damping devices 

may be used to attenuate this. However, when ice 

precipitations accrete on the conductors, the situation can 

change dramatically. The vibrations of conductors coated 

with ice may then occur in frequency ranges outside the 

design range of the dampers. Galloping, another wind-

induced instability, also occurs on ice-accreted 

conductors and may result in large amplitude low 

frequency conductor displacements similar to ice coated 

suspension bridge cables mentioned earlier [6]. In 

addition, ice accumulation may also lead to flashover, 

where two conductors in wind induced motion would 

come in contact resulting in electrical discharge across 

them. Flashover may also happen when ice coated 

conductor sheds ice which results in sudden vertical 

displacement of the conductor [7–9]. 

It is well known that ice accretion on cold surfaces can be 

of several types depending on the icing conditions.  Rime 

and glaze ice are two very common icing conditions –the 

specific type is dependent on the ambient air temperature, 

wind velocity, liquid water content (LWC) of the 

oncoming air, and median volumetric diameters (MVD) 

of the impinging water droplets. Relatively low 

temperatures less than -10 ℃ and lower LWC favors a 

dry regime of icing where all the water impinging on the 

surfaces immediately freezes to form rime ice. [10,11]. 

Rime ice accretion usually tends to follow the original 

contour of the model, since the water droplets freeze 

almost immediately upon impingement on to the surface. 
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This is often associated with less aerodynamic penalties 

as compared to glaze ice which follows an irregular ice 

profile.  

While a number of studies has been conducted recently 

on transmission cable icing phenomena  [12–17], very 

little can be found in literature to quantify the 3D shapes 

of the ice structures accreted dynamically on the surfaces 

of transmission cables and characterize the time-

evolution of aerodynamic forces acting on power 

transmission cables during the dynamic ice accretion 

process under different icing conditions. A bundle 

conductor is a conductor made up of two or more sub-

conductors and is used as one phase conductor. For 

voltages greater than 220 kV it is preferable to use more 

than one conductor per phase which is known as Bundle 

conductor [18]. They are used in high voltage 

transmission for electrical advantages. With increasing  

power requirement, bundled conductor has been a main 

style of erection in order to restrain corona development 

and reduce the line impedance, especially in the extra 

high voltage and ultra-high voltage transmission system 

[19]. Icing on bundled conductors is significantly 

different from that of single conductor as the presence of 

windward conductor affects the leeward conductor.  

Wind tunnel studies have been conducted in the past to 

investigate the aerodynamic coefficients of these 

conductors. For instance, Xin-Min et. al. [20] conducted 

studies on a 4- conductor bundle in a wind tunnel with 

artificial crescent shaped ice of various thickness attached 

on the bare conductor. The spacing between the 

conductors varied from ~ 15 D to 18 D where, D is the 

diameter of the conductor. It was found that the drag 

coefficient of the leeward conductor was affected by the 

presence of the windward conductor until the angle of 

attack between them was about 10°. When the angle 

between the conductor with reference to the wind flow 

was more than this, the wind ward conductor did not 

influence the leeward conductor. A similar study was 

conducted with crescent shaped ice as well as sector 

shaped ice (sector of a cylinder) by Xu et. al. [21] . It was 

found that, unsteady aerodynamic characteristics of 

crescent-shape and sector-shape iced 4-bundle conductors 

are totally different indicating that the actual shape of ice 

could influence the aerodynamic characteristics of the ice 

accreted conductor. Qing et. al. [18] studied the bundled 

conductor icing using simulations and experiments and 

found that ice accretion on a windward conductor is the 

same as that on a single conductor and both single and 

the wind ward conductor of the bundle have the same 

local collision efficiency and ice mass.  

 In the present study, a comprehensive experimental 

investigation was conducted to examine the dynamic ice 

accretion process over the surface of a two-conductor 

bundle where each conductor is a typical power 

transmission cable. It was found from Particle Image 

Velocity (PIV) measurements during previous studies 

during an earlier campaign on a single conductor study 

that the height of the wake region caused by the ice 

accretion is does not extend much outside the layer of ice 

accreted on the conductor [22]. This indicates that the 

results of a study on two bundled conductors could be 

very well extrapolated to three or more bundled 

conductors. The study aims to characterize the effects of 

the ice accretion on the aerodynamic forces acting on the 

leeward conductor. The experimental study was 

conducted in the Icing Research Tunnel located at Iowa 

State University (i.e., ISU-IRT). Aluminum conductor 

steel-reinforced (ACSR) conductor is a type of high-

capacity, high-strength stranded conductor typically used 

in overhead power lines. [8]. The central strand is made 

of steel for additional strength to help support the weight 

of the conductor. The test model used in this study was 

an actual ACSR power transmission cable of diameter 

(D = 29 mm) which is a typical diameter used for high 

voltage power transmission of the order of 220 kV. The 

spacing between conductors varied between 6D to 14 D 

in steps of 2D where D is the diameter of the cable model. 

The influence of the angle of attack between the 

windward and leeward conductor with respect to the 

airflow direction was also studied by subjecting the 

conductors at 0°, 2.5°, 5°, 7.5°, 10° and 15°. The layout 

of the conductor set up shown in Fig. 1.  

The models were mounted in ISU-IRT as per the spacing 

and angles mentioned earlier and subjected to dry rime 

icing conditions. As indicated earlier and proven by other 

studies the ice accretion characteristics of the windward 

conductor is not influenced by the presence of leeward 

conductor. Therefore, all measurements were done on the 

leeward conductor. During the experiments, in addition to 

using a high-speed imaging system to record the dynamic 

ice accretion process, a 3D scanning system was utilized 

to quantify the 3D shapes of the ice structures accreted on 

the surface of the leeward cable model at the end of icing. 

The aerodynamic drag forces acting on the leeward cable 

model during the dynamic icing process were also 

measured by using a pair of high-sensitive force/moment 

load cell mounted at two ends of the test model. A high-

resolution Particle Image Velocimetry (PIV) system was 

also used to characterize the behaviours of the turbulent 

airflows over the same model. The detailed PIV flow 

field measurements were correlated with the dynamic 

aerodynamic force data and the measured 3D shapes of 

the accreted ice structures to gain further insight into the 

underlying physics for better understanding of the effects 

of ice accretion process.  

 

Figure 1. The layout of the bundled conductors used for the 

study. 

II. EXPERIMENTAL SET UP AND TEST MODEL 

A. Icing research tunnel and test model 

The experiments were conducted at Iowa State University 

–Icing Research Tunnel, (ISU-IRT) originally donated by 

Collins Aerospace System (i.e., formerly Goodrich 
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Corporation). It is a newly refurbished research-grade 

multifunctional icing research tunnel. ISU-IRT has a test 

section of 2.0 m in length × 0.4 m in width × 0.4 m in height 

with all of the side walls being optically transparent. ISU-

IRT allows wind speeds to be accelerated to 60 m/s and 

airflow temperature to be cooled down to −25 °C. The 

turbulence level of the oncoming airflow at the entrance of 

the test section was estimated to be about 3.0 %, as measured 

by a hot wire anemometer. A water spray system, which 

consists of arrays of 8 pneumatic atomizing spray nozzles 

(Spraying Systems Co., 1/8NPT-SU11), was installed at the 

entrance of the contraction section of ISU-IRT to inject 

micro-sized water droplets (10–100 μm in size) into the test 

section. The desired liquid water content (LWC) level and 

the medium volumetric diameter (MVD) of the airborne 

water droplets can be achieved by regulating the water flow 

rate and air/water pressures supplied to the spray nozzles. In 

summary, ISU-IRT can be used to simulate atmospheric 

icing phenomena over a range of icing conditions (i.e., from 

very dry rime icing to extremely wet glaze icing conditions). 

By leveraging ISU-IRT, extensive research work has been 

previously conducted to investigate various atmospheric 

icing phenomena, including aircraft icing, aero-engine icing, 

wind turbine icing and cable stayed bridge icing [22–26]. 

The experimental set up is shown in Fig. 2. As mentioned 

earlier, the present study is performed on a two- bundle 

transmission cable model. Each of the two conductors is an 

ACSR conductor 29 mm in overall diameter as shown in Fig. 

1. The models spanned the whole width of the IRT (i.e., L = 

0.4 m). The surface of the transmission cable model used in 

the present study was found to be hydrophilic with the 

contact angle of sessile water droplets over the surface of the 

transmission cable model being about 65°, which is in the 

range of the surface wettability of typical transmission cables 

as reported by Li et al. [27].  

 

 
Figure 2. Experimental set up 

 

During the experiments, the velocity of the incoming 

airflow in ISU-IRT was kept at V∞ = 20 m/s which is a 

typical wind speed during transmission cable icing events 

in cold winters. The corresponding Reynolds number 

based on the diameter of the test model is Re = 50,000. 

Typical rime icing conditions that power transmission 

cables usually experience in cold winters were simulated 

in the present study. The ambient temperature and the 

liquid water content (LWC) level of the incoming airflow 

in ISU-IRT was set at T ∞  =  − 15.0 °C and LWC 

 = 1.0 g/m3 for the icing experiments. Icing duration of the 

experiments was 1000 s. 

B. Quantification of the dynamic ice accretion process on 

the surface of the test model  

In the present study, a high-speed imaging system (PCO-

Dimax-S1, acquisition rate up to 25,000 frames per second 

with 1008 pixels by 1008 pixels in spatial resolution) 

along with a 60-mm Macro Lens (Nikon, 60 mm Nikkor 

2.8D) was used to record the dynamic images of the ice 

accretion process (i.e., transient water film runback, 

rivulet formation, and accumulated ice growth) over the 

ice accreting surfaces of the leeward conductor model. 

The camera was positioned vertically above the test model. 

Low-flicker illumination was provided by a pair of 150 W 

fiber-coupled halogen lamps (AmScope, HL250-AS). The 

key features of the dynamic ice accreting process would 

be revealed qualitatively based on the sequentially 

snapshots of the ice accretion process. 

In addition to acquiring snapshot images to visualize the 

dynamic ice accretion process, a novel digital image 

projection (DIP) based 3D scanning system was also used 

to achieve “in-situ” measurements of the 3D shapes of the 

ice structures with the test model (leeward conductor)  still 

being mounted inside ISU-IRT. The DIP system is based 

on the principle of structured light triangulation which is 

similar in principle to stereo vision technique, but 

replacing one of the cameras in the stereo vision technique 

with a digital projector. Further information about the 

technical basis and implementation of the DIP system is 

available in [28]. 

The iced test model was rotated at every 20⁰ around its 

center 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 over the surfaces of the test model. 

It should be noted that, while a number of intrusive 

techniques have been developed for quantitative 

measurements of ice shapes accreted over test models, e.g., 

hand tracing method [29], and mold-and-casting method 

[30], they are usually very time consuming and expensive 

in implementation (i.e., mold-and-casting method). 

Furthermore, some of the fragile ice features might even 

be damaged during the ice shape measurements. More 

recently, non-intrusive laser light sheet scanning technique 

has also been developed for 3-D ice shape measurements 

[31,32]. However, the laser scanning method can only 

measure 2-D profiles of accreted ice structures directly, 

and relies on a line-by-line scanning operation to 

reconstruct 3D ice shapes, which could be very time 

consuming and much involved in instrumentation for 

high-resolution measurements of complex 3D ice 

structures. The DIP-based 3D scanning system used in the 

present study is capable of quantitatively measuring 

complex 3D shapes of ice structures accreted over the 

transmission cable model.  
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In order to estimate the measurement uncertainty of the 

DIP-based 3D scanning system, a test plate with a series 

of roughness elements in the form of hemispheres of 

different sizes was custom designed. This plate was 3D 

printed with a high-accuracy rapid prototyping machine 

with an accuracy level of 10 µm, as shown in Fig. 3(a). 

Then, the DIP-based 3D scanning system was used to 

measure the roughness elements 3D printed on the test 

plate. Based on the measurement data at about 500 points 

around the hemispheres, the mean and root-mean-squared 

(i.e., RMS) values of the differences between the 

measurement results and the actual values were calculated. 

The averaged difference between the measurement results 

and the actual height values (i.e., the measurement 

uncertainty of the DIP-based 3D scanning system) was 

found to be ~150 micrometers, which is about 3.0 % of 

the diameters of the 8.0mm hemispheres. Similar 

measurement uncertainty level was also found for the 

other hemispheres with different diameters. 

 

 
Figure 3: Test plate and estimated profiles by using the 3-D scanner 

C. Aerodynamic force measurements with multi-axis force-

moment transducers 

In the present study, a pair of high-sensitive, multi-axis 

force-moment transducers (ATI-IA Mini 45) were 

mounted at two ends of the leeward cable model to 

measure the unsteady aerodynamic forces acting on the 

test model during the dynamic ice accreting process. The 

force/moment transducers are composed of foil strain 

gage bridges, which can measure the aerodynamic forces 

along three orthogonal axes, and the moment (torque) 

about each axis. The precision of the force-moment 

transducer for the force measurements is ± 0.25% of the 

full range. During the experiments, the two sets of the 

force/torque transducers were synchronized via a 16-bit 

data acquisition system (NI USB-6218) at the data 

acquisition of rate of 2,000 Hz. 

D. Wake Measurements with a Digital Particle Image 

Velocimetry (PIV) System  

A digital Particle Image Velocimetry (PIV) was used to 

map the velocity fields over the leeward conductor model. 

Acquired images were processed using DaVis 7.2 

software. For the PIV measurements before the ice 

accretion process, the incoming airflow was seeded with 

∼ 1 μm oil droplets using a smoke generator, while the 

airborne super-cooled water droplets were used as the 

tracer particles for the PIV measurements during the ice 

accretion process. It should be noted that, since the super-

cooled 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 water droplets was estimated to be about 1.0 (i.e., 

St ≈ 1.0), indicating a reasonable dynamic response of the 

droplets in terms of following the airflow. Illumination 

was provided by a double-pulsed Nd:YAG laser 

(Evergreen, Big Sky Laser) adjusted on the second 

harmonic and emitting two pulses of 200 mJ at the 

wavelength of 532 nm with a repetition rate of 15 Hz. The 

laser beam was shaped to a thin sheet by a set of mirrors, 

spherical, and cylindrical lenses. The thickness of the laser 

sheet in the measurement region was about 1.0 mm. A 

high-resolution 12-bit digital camera (2048 pixel by 2048 

pixel resolution, PCO-Tech) with a Nikon Nikkor 60 mm 

1:2.8 D lens was used to acquire images of tracer particles 

for the PIV measurements. The digital camera and the 

double-pulsed Nd:YAG lasers were connected to a 

workstation (host computer) via a Digital Delay Generator 

(Berkeley Nucleonics, Model 565), which controlled the 

timing of the laser illumination and the image acquisition 

for the PIV measurements. In the present study, a cinema 

sequence of about 300 instantaneous PIV measurements 

were used to calculate the ensemble-averaged flow field 

around the transmission line model. The measurement 

uncertainty level for the instantaneous PIV measurements 

is estimated to be within 5.0 %, while the uncertainty level 

for the measurements of the ensemble-averaged flow field 

being about 3.0 %. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Rime Ice Accumulation (effect of spacing between 

conductors) 

The ice accretion process over a solid surface could be of 

several types depending on the combined effects of 

ambient temperature, wind speed, size of the super-cooled 

water droplets, and Liquid Water Content (LWC) level in 

the incoming airflow [11,33]. Figure 4 shows typical 

snapshot images of the ice accretion process to reveal the 

dynamic icing process over the surface of the test model 

(leeward conductor model) under a typical rime icing 

condition of V∞ = 20 m/s, T∞ = -15 ⁰C, and LWC = 1.0 

g/m3.  For comparison, the ice accretion on a single 

conductor (i.e., only the windward conductor is present) is 

also provided. The snapshot images at the end of icing 

process (t = 600 s) are shown in Fig. 4 for single 

conductor as well as for different spacing between the 

windward and leeward conductor. It can be seen clearly 

that, since the ambient temperature was very low (i.e., T∞ 

= -15 ⁰C), the super-cooled water droplets were found to 

freeze into ice almost instantly upon impinging onto the 

surface of the transmission cable model. As described in 

[11], since the latent heat of fusion released during the 

phase changing process of the impinging super-cooled 

water droplets would be removed/dissipated very rapidly 

under the rime icing condition, all the impacted water 

droplets were found to be frozen into solid ice 

immediately. The ice structures were found to accumulate 

mainly around the leading edges of the test model (i.e., 

mainly within the direct impinging zone of the super-

cooled water droplets) without any noticeable surface 

water runback over the surface. The accreted ice structures 

were found to be rather rough and had milky-white and 
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opaque appearance. Such experimental observations are 

found in typical a rime icing process, as described in [11]. 

It could be clearly seen from Fig. 4 that as the spacing 

between the conductors increases from 6D to 14D, the ice 

thickness at the end of the process also increases. At the 

smallest spacing between conductors (i.e.,6D), the 

windward conductor acts as a strong interference to the 

leeward conductor and the less supercooled water droplets 

impinge on the leeward conductor. When the spacing 

between the conductors increase, the wake flow pattern 

provide less interference to the leeward conductor and 

hence more supercooled water droplets impinge on the 

leeward conductor increasing the ice layer thickness.  

Figure 5 gives the typical measurement results of the DIP-

based 3D scanning system for selected cases (single 

conductor, 6D and 12D cases) of the rime ice accretion 

experiment. The characteristics of the dynamic ice 

accreting process over the surface of the test model were 

revealed much more clearly and quantitatively. The cross-

sectional view of the ice accretion is also provided in the 

figure. It could be clearly seen from the cross section that 

as the single conductor accretes the maximum ice as there 

is no inference for the supercooled water droplets to 

impinge on the model. At the minimum spacing tested (i.e., 

6D) the supercooled water droplets have maximum 

interference from the windward conductor and therefore 

minimum ice accretes on the surface. When the spacing is 

increased to 12D, it could be clearly seen that more ice 

accretes on the conductor than the 6D case, but still it is 

much lesser than the single conductor. This indicates that 

even at a spacing of 12D the wake flow has not fully 

recovered from the effect of windward conductor. 

As described above, the aerodynamic forces acting on the 

test model during the dynamic ice accreting process were 

also measured by using a pair of high-sensitive force-

moment transducers (ATI-IA Mini 45) mounted at two 

ends of the test model. Figure 6 gives the mean 

aerodynamic drag data as a function of ice accretion time 

under the rime icing condition. The total duration of the 

force measurements was 700 seconds. The water spray 

system of ISU-IRT was switched on at 100 seconds after 

turning on the force-moment transducers (i.e., to start the 

ice accretion process at t = 100s). By averaging the 

measurement data within the first 100 seconds for a single 

conductor (i.e., before starting the ice accretion process), 

the mean value of the aerodynamic drag acting on the test 

model, D0, was calculated. In the present study, the value 

of D0 is used as the baseline to evaluate the effects of the 

dynamic ice accretion on the aerodynamic drag force 

acting on the model. During the initial phase of 

experiments with the smooth cylindrical model, it was 

found that drag coefficient of the model for the test case 

without any ice accretion was found to be 1.16 (i.e., CD 

=1.16). The measurement result of this study was found to 

be in good agreement with the standard drag coefficient 

value (i.e., CD =1.20) of a circular cylinder reported in the 

previous studies at the same Reynolds number [34]. 

It should be noted that, the projected area of the iced test 

model along the airflow direction would change 

dynamically due to the ice accumulation over the test 

model during the ice accretion experiment. Instead of 

using drag coefficient, the aerodynamic drag data 

measured during the dynamic ice accretion process is 

presented in terms of normalized drag force, i.e., the 

measured instantaneous drag force data were normalized 

by the baseline drag force for a single conductor before 

the icing process D0. For comparison of data, the drag 

forces acting on the leeward conductor at different 

spacings are also normalized with the same value D0. 

Hence, the label of Y-axis in Fig. 6 is set as D/D0. As 

described above, while the instantaneous drag acting on 

the test model were acquired with a data acquisition 

frequency of 2,000Hz, the moving averaged values of the 

instantaneously measured drag data (i.e., averaging over 

every 5 seconds of the instantaneous measurements) is 

plotted in Fig. 6 for comparison.   

 

 
Figure 4: Representative snapshots of the ice accreted over the 

surface of the model at the end of icing at different spacing 

 

 
Figure 5: 3D scan of the ice accreted on the model - 

representative cases at the end of icing at various spacings.  

 
Figure 6: Measured aerodynamic drag force acting on the test 

model under the rime icing condition 
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It could be seen that the single conductor had a distinct 

drag characteristic compared to the other cases with 

spacing. In general, after the water spray system was 

switched on at t = 100 s, the super-cooled water droplets 

impinges onto the surface of the test model to start the ice 

accretion process immediately, mainly on the front surface 

of the model (i.e., within the direct impinging zone of the 

super-cooled droplets) as shown clearly in Fig. 4 and Fig. 

5. As time progresses, with more and more super-cooled 

water droplets impinging onto the test model, the ice layer 

accreted over the front surface of the transmission cable 

model would become thicker and thicker, which would 

change the outer profile of the iced test model 

substantially. As described earlier, rime ice tends to 

conform to the original shape of the test model. As shown 

clearly in Fig. 5, the rime ice accumulation on the front 

surface of the test model tends to maintain the shape of 

model throughout the icing process. The drag force was 

found to reduce to 95% of the original value at the end of 

icing event. This is due to more collection efficiency at the 

leading edge which tends to slightly streamline the shape 

of the conductor. For the cases with spacing, it could be 

seen that the as the spacing increases from 6D to 14D, the 

normalized drag force also increases, from about 65% of 

the single conductor value for the case of 6D to about 75% 

for the case of 14D. The amount of ice accreted on the 

leeward conductor is much lesser due to the interference 

from the forward conductor. Therefore, there was not 

enough ice accretion to cause the streamline effect 

especially at smaller spacings. But as the spacing 

approaches 12D, slight effects of streamlining could be 

seen.  

In the present study, PIV measurements were also used to 

investigate the changes of the ensemble-averaged airflow 

characteristics induced by the ice accretion over the test 

model for selected cases (single conductor, 6D and 12D 

cases). Fig. 7 shows the ensemble averaged flow field for 

these cases during the ice accretion experiment. The 

ensemble average image corresponding to the end of icing 

event was created using 300 image pairs recorded over the 

last 20 seconds of the process. Clearly a velocity deficit 

could be observed ahead of the leeward conductor causing 

a significant drop in the amount of super cooled water 

droplets carried by the airflow and subsequent drop in the 

mass of accreted ice. The trailing part of the vortex left by 

the windward conductor could also be seen in the case of 

6D spacing between the two conductors. Representative 

ice shapes are also shown in the figure. 

 

Figure 7: Time averaged PIV flow field visualization for the 

rime ice accumulation at the end of icing process (t = 600 s) for 

selected cases 

 

B. Rime Ice Accumulation (effect of angle between 

conductors) 

In this section, the effect of angle between the conductors 

with respect to the wind direction is discussed. The 

windward conductor was placed at a spacing of 12D from 

the leeward conductor. At this spacing, the leeward 

conductor was placed at different angles based on the 

wind flow direction as shown in Fig. 1. The angles of 

attack used were 0°, 2.5°, 5°, 7.5°, 10° and 15°. The 

dynamic images record by the high-speed camera at the 

end of icing event (t = 600 s) are shown in Fig. 8. It may 

be noticed that with increasing angle of the leeward 

conductor, the amount of ice accreted on the conductor 

increases. At an angle of 15°, the ice accretion on the 

leeward conductor is practically same as the windward 

conductor. This was also verified later from the drag force 

measurements. Therefore, the upper limit of angular 

spacing was limited to 15°.  

 

 

Figure 8: Representative snapshots of the ice structures accreted 

over the surface of the leeward conductor model at the end of 

icing at different angles between the conductor. 

 

 

 

 

Figure 9: 3D scan of the ice accreted on the model-  

selected cases at the end of icing at various angular      

spacings. 

Figure 9 gives the typical measurement results of the DIP-

based 3D scanning system for selected cases of angular 

positions (single conductor, 0° and 7.5°) of the leeward 

conductor. The characteristics of the dynamic ice 

accreting process of the complex ice structures accreted 

over the surface of the test model were revealed much 

more clearly and quantitatively. The cross-sectional view 

of the ice accretion is also provided in the figure. Ice 



7 of 8 

accretion on a single conductor is also provided for 

reference. When the spacing is increased, it could be 

clearly seen that more ice accretes on the conductor than, 

but still it is much lesser than the single conductor. 

The mean dynamic drag force measurements are shown in 

Fig. 10. It may be seen that at an angle of 0° (i.e., the 

leeward conductor is directly in the wake of windward 

conductor), the normalized drag force acting on the 

leeward conductor even before the icing process is about 

75% of the windward conductor. With increasing angular 

spacing, it could be seen that, the drag force slowly 

increases and at angle of 15°, the drag coefficient profile 

of both conductors are almost overlapping indicating that 

the leeward conductor is out of the wake effects of the 

windward conductor. 

 
Figure 10: Measured aerodynamic drag force acting on the test 

model under the rime icing condition 

 

Figure 11: Time averaged PIV flow field visualization for the 

rime ice accumulation at the end of icing process (t = 600 s) for 

selected angle of attack cases. 

The time averaged PIV results at the end of icing process for 

selected cases (single conductor, 0° and 7.5°) are also shown in 

Fig. 11. A velocity deficit could be observed ahead of the 

leeward conductor at an angle of 0° causing a significant drop in 

the amount of super cooled water droplets carried by the airflow 

and subsequent drop in the mass of accreted ice. But as the 

angular position is increased to 7.5°, it may be observed that the 

velocity deficit is more prominent at the bottom part of the 

leeward conductor as compared to the top part. This is because, 

at this angular position, the leeward conductor was placed 

towards the downward direction. 

IV. CONCLUSIONS 

In the present study, experimental investigations were 

conducted to examine the dynamic ice accretion process 

over the surfaces of a two-bundle high-voltage power 

transmission cables and characterize the effects of the ice 

accretion on the aerodynamic forces acting on the 

transmission cables. The experimental study was 

performed at the Icing Research Tunnel at Iowa State 

University (i.e., ISU-IRT) to generate typical atmospheric 

icing conditions experienced by power transmission 

cables. An ACSR conductor, having the same diameter as 

that of typical high voltage power transmission cables 

(i.e., D = 29 mm), was mounted in ISU-IRT for the ice 

accretion experiments. In addition to using a high-speed 

digital imaging system to record the dynamic ice 

accretion process, a novel digital image projection (DIP) 

based 3D scanning system was also used to quantify the 

3D shapes of the ice structures accreted on the surface of 

the transmission cable model as a function of the ice 

accretion time. The time variations of the aerodynamic 

drag forces acting on the test models during the dynamic 

ice accretion process were also measured quantitatively 

by using a pair of high-sensitive force/moment 

transducers mounted at two ends of the test model. The 

two bundle conductors were placed at various spacing 

ratios (6D, 8D, 10D,12D,14D), where D is the diameter 

of the conductor and also at various angular positions 

with respect to the incoming flow direction (0°, 2.5°, 5°, 

7.5°, 10° and 15°). All measurements were made on the 

leeward conductor. As the ice accretion characteristics of 

the windward conductor will not be altered by the 

presence of the leeward conductor, the windward 

conductor is practically same as a single conductor 

subjected to icing conditions. Therefore, a single 

conductor measurement was also made for both rime and 

glaze ice and is used as the reference of comparison of 

parameters. 

The ice structures were found to accrete mainly within a 

relatively narrow region on the front surface of the test 

model (i.e., within the direct impinging zone of the super 

cooled water droplets) and the projected area in the 

airflow direction remained essentially the same. While 

the rime ice structures accreted on the surface of the test 

model were found to be opaque and have a rough, milk-

white appearance, the total mass of the ice layer 

accumulated on the test model was found to increase 

linearly with the ice accretion time. It was found that 

when the spacing between the conductors was increased 

from 6D to 14D, the ice accretion characteristics of the 

leeward conductor like amount of ice accreted and drag 

force acting on the model increased proportionately. 

While the angular spacing was increased from 0° to 15°, 

similar observations were made. It was found that the ice 

accretion characteristics of the windward conductor 

becomes independent of the leeward conductor at angle 

of 15°. PIV results indicate that the vortex structures had 

a significant reduction in width when the windward 

conductor was placed ahead of the leeward conductor.  

The aerodynamic drag force acting on the singe 

conductor model was found to reduce to about 95 % of 

the original value at the end of the rime icing process. 

While tested as a two-bundle conductor, when the 

spacing between the conductor was changed from 6D to 

12D, the normalized drag force increased from ~65% to 

~75% of the single conductor. When the windward 

conductor was placed at various angular positions (0° to 

15°), the normalized drag force increased from ~75% to 

100% of that of the single conductor indicating that at 

15°, the windward conductor no more influences the 

leeward conductor. The dynamic drag force in general 
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did not exhibit major changes with time. The horizontal 

spacing between the conductors was fixed at 12D, which 

is a typical value for transmission cable bundles, for the 

angular measurements. Particle image velocimetry (PIV) 

results substantiate the findings from the load cell where 

it was found that the width of the wake was significantly 

impacted when the wind ward conductor was placed at 

positions where it influenced the leeward conductor.  
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