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a b s t r a c t 

Icing events, particularly under precipitation-icing conditions in which high-liquidity glaze ice tends to 

form, could pose significant threats to the safe and effective operations of wind turbines in cold and 

wet environments. During the glaze ice accretion process, the wind-driven unfrozen water was coupled 

with the growth of ice structures and difficult to be quantified and characterized. In the present study, 

we introduced a Digital Image Projection (DIP) technique to quantitatively measure the unsteady water 

runback behaviors and dynamic ice accretion process under typical glaze icing conditions over a highly- 

cambered wind turbine airfoil surface, i.e., the pressure-side surface of DU91-W2-250 airfoil, in the Icing 

Research Tunnel at Iowa State University (ISU-IRT). DIP measurement results were found to be able to 

successfully capture the time-resolved three-dimensional information of the water transport behaviors 

over the ice accreting surface of the airfoil model during the glaze icing processes. The stumbling motions 

of the rivulet flows were observed during the icing processes, coupled with an increasing fluctuations 

induced by the underneath ice roughness. The forces acting on the rivulet flows were analyzed, and a 

theoretical model based on the force balance was built to predict the rivulet flows. The effects of the 

incoming airflow velocity on the glaze icing process over the airfoil surface were also studied, and it 

was found that, as the incoming flow velocity increased, the runback rivulet flows would move farther 

downstream and became thinner and narrower due to the increased aerodynamic stress acting on them. 

The rivulet bulged shape was found to have an inverse relationship with the inflow velocity squared. In 

addition, the ice accreted over the airfoil surface during an icing process was quantitatively decoupled 

from the unfrozen wind-driven water, and the quantitative results can be used to validate and optimize 

current ice accretion models. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Wind energy has been globally regarded as the mainstream en-

rgy source for electricity production with competitive feed-in tar-

ff with traditional fossil fuels since 2018. However, approximately

0% of wind turbines are threatened by various icing events in

inter [1–4] . From the perspective of icing physics, there are two

ypes of ice, i.e., rime ice and glaze ice [5] . Different from rime ice

hat forms immediately upon the impingement, only a portion of

he impinged super-cooled water droplets would freeze upon im-

act during the glaze icing process, and the remaining droplets co-

lesce and run back driven by airflows [ 6 , 7 ], as shown in Fig. 1 .

ue to the high adhesion and complicated shapes caused by the

et nature, glaze ice is usually considered as the most dangerous

ype of ice [8–11] . Icing events can be generally categorized into
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wo types, i.e., in-cloud icing and precipitation icing. In-cloud icing

appens when the supercooled water droplets suspended in freez-

ng fog impact the rotating wind turbine blades. The water droplets

re usually small, and the median volumetric diameter (MVD) of

ater droplets is approximately 10–50 μm. Precipitation icing usu-

lly occurs accompanied by freezing drizzle (MVD = 50–500 μm),

reezing rain (MVD = 50 0–40 0 0 μm) or wet snow [ 12 , 13 ]. In com-

arison to in-cloud icing, precipitation icing with larger airborne

ater droplets is more prone to generate severe glaze ice over

ind turbine blade surfaces, which may severely affect the safe

nd effective operations of wind turbines. 

Most of the previous studies on wind turbine icing [ 6 , 8 , 14–17 ]

re focused on in-cloud icing. The underlying icing physics of the

igh-liquidity precipitation icing (i.e., glaze icing process) is not

lear. The high mobility of unfrozen water makes it very difficult

o accurately predict the three-dimensional ice shapes and the dy-

amic motions of the film/rivulet flows during a glaze ice accre-

ion process. Rothmayer et al. [18] developed a boundary layer the-

ry to describe the water film runback on an airfoil surface based

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119120
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2019.119120&domain=pdf
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Fig. 1. A photo of the water runback behaviors taken at the beginning of a glaze 

icing process over the pressure-side blade surface of a 2 MW wind turbine. 
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Fig. 2. A schematic diagram of the principle of the DIP technique. 
on critical film thickness. Khalil et al. [ 19 , 20 ] proposed a runback

model with the concept of the breakup of liquid film into individ-

ual rivulets. Following Khalil’s work, Fortin et al. [21] used a mass

balance model to determine the mass of ice and runback water

with the known water state and maximum bead height. The afore-

mentioned models play important roles in elucidating the underly-

ing water runback physics and predicting the one/two-dimensional

geometries of runback water flows during glaze ice formation and

accretion process. 

To further develop and validate the theoretical models, more

comprehensive experimental data, particularly the time-resolved

three-dimensional data, for the high-liquidity icing process are

highly desirable. The dynamics, i.e., the stumbling runback mo-

tions, of a wind-driven droplet/rivulet flow over a flat plate sur-

face was measured by using a digital fringe projection (DFP) tech-

nique by Hu et al. [22] . Soon after that, the DFP technique was

further developed by Zhang and Hu [23] into a digital image pro-

jection (DIP) technique by replacing the white and black fringes

with grid patterns. The DIP technique was then applied to investi-

gate the unsteady film/rivulet flows over a NACA0012 airfoil un-

der room temperature, and the leading-edge film thickness was

found to follow the Nelson’s scaling law very well [ 7 , 23 , 24 ]. The

DIP technique was proved to be able to quantify the dynamics of

film/rivulet flows, and here, it is suggested to be applied to high-

liquidity icing-related studies for wind turbine icing applications. 

In the present study, the DIP technique was applied to quan-

titatively measure the time-resolved three-dimensional shapes of

the ice structures and film/rivulet flows accreted over a highly-

cambered wind turbine airfoil surface under typical glaze icing

conditions. Several freezing drizzle conditions were duplicated in

the Icing Research Tunnel at Iowa State University (ISU-IRT) by ma-

nipulating the incoming flow velocity ( V ∞ 

), ambient air tempera-

ture ( T ∞ 

), liquid water content (LWC) level and MVD. Section 2 il-

lustrates the detailed information of the principle of DIP tech-

nique and the experimental setup for the DIP measurements.

Section 3 shows the instantaneous DIP measurement results and

quantitatively analysis of the dynamic glace icing processes with

various oncoming airflow velocities, followed by a simplified theo-

retical model based on force balance. Section 4 concludes the main

findings derived from the present study that can be used to vali-

date and optimize the existing ice accretion/water transport mod-

els and to provide a fundamental insight to develop effective and
conomic anti-/de-icing strategies for wind turbine mitigation in

old and wet environments. 

. Experiments 

.1. Principle of DIP technique 

Digital Image Projection (DIP) technique is a non-intrusive

tructured light technique that can be used to reconstruct the

hree-dimensional (3D) features of an object. DIP technique was

eveloped for the measurements of surface water transport over

n airfoil surface by Zhang and Hu [23] , and further optimized

y Liu et al. [25] to measure the surface water/ice transport

ver an artificial-ice-roughened airfoil. Fig. 2 shows a schematic

iagram of the principle of DIP technique. While a digital im-

ge projector is used to project grid patterns onto the refer-

nce plane, a high-speed camera is used to record the pro-

ected image patterns. When there is an object on the ref-

rence plane, the grid patterns will be deformed. The defor-

ation has a linear relationship with the height/thickness of

he object, as given in Eqs. (1) and (2) . The camera and the

rojector are suggested to be installed at the same height. The ra-

io of the height of the object ( H ) to the vertical distance between

he camera and the object ( s-H ) is proportional to the ratio of the

isplacement of the image pattern ( AB ) to the distance between

he camera and the projector ( MN , i.e., d ) as given in Eq. (1) . Since

he height/thickness of the object is usually much smaller than the

istance between the camera and the reference plane, the relation-

hip of the height of the object and the displacement can be sim-

lified from ( s - H )/ d to s/d , as given in Eq. (2) . 

d 

AB 

= 

s − H 

H 

H = k AB , k ≈ s / d (2)

The displacement vectors are calculated based on the reference

nd deformed images by using a spatial cross-correlation image

rocessing algorithm [23] . The displacement-to-height/thickness

elationship ( k ) is a constant since the values of the vertical dis-

ance between the camera ( s ) and reference plane and the distance

etween the camera and the digital image project ( d ) are fixed

or a DIP system. The displacement-to-thickness factor (i.e., k -map)

an be determined through a calibration procedure similar to that
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Fig. 3. A sketch of the experimental setup for quantifying the dynamic glaze icing processes over the pressure-side surface of a DU91-W2-250 airfoil model at ISU-IRT by 

using the DIP technique. 
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m  
iven in Zhang & Hu et al. [23] . As schematically shown in Fig. 3 , a

lean test model is mounted on top of a vertical translation stage

i.e., along z-direction) to adjust the height. The recorded images

f the grid patterns on the test model at several pre-determined

eights by the digital camera are processed by using the afore-

entioned spatial cross-correlation algorithm to acquire the dis-

lacement vectors of the grid patterns in reference to the image

ecorded with the test model placed at a pre-determined origin

ocation of z = 0. At each point of interest, the slope of the linear

elationship of the height and the image pattern displacement (i.e.,

 ) is derived and used for the displacement to height/thickness

onversion for DIP measurements. More detailed calibration pro-

edure in the experiments are described in the following section.

ased on the displacement information of the deformed image

atterns and the displacement-to-height/thickness relationship ( k ),

he height/thickness information of the object can be derived. With

ll the dimension information in x, y and z directions, the three-

imensional shape of the object can be reconstructed. 

The DIP technique is an image correlation based technique and

hus provides the spatially averaged measurement of a region. The

patial resolution of the DIP measurement is dominated by the in-

errogation window size for the cross correlation with the con-

ideration of the measured displacement vector between the de-

ormed and reference images [23] . Although we could use the

idth of the projected image lines for the grid patterns and the

esolution of the image detection as the interrogation window size

or the best spatial resolution, a larger size is suggested for a good

ccuracy level of the DIP measurements. In addition, the temporal

esolution of the DIP measurement is determined by the exposure

ime for image acquisition. The uncertainty of the DIP measure-

ents can be caused by various factors, including the important

arameters of the DIP system such as the relative positions of the

amera, the projector and the reference plane (i.e., the test model
n the experiments), the resolutions of the digital camera and pro-

ector, the width of the projects grid lines, and the signal-to-noise

atio (SNR) of the acquired DIP images. The resolution of the trans-

ation stage used for DIP calibration procedure as well as the vi-

rations of the wind-loaded test model in the test section of the

ind tunnel during the DIP measurements may also affect the un-

ertainty of the DIP measurements. 

.2. Experimental setup 

In the present study, the representative icing events were sim-

lated/duplicated in the Icing Research Tunnel at Iowa State Uni-

ersity (ISU-IRT). ISU-IRT is a multifunctional research-grade icing

unnel that can duplicate a wide range of icing conditions that

ay take place on wind turbines in wet and cold environments

 5 , 26 , 27 ]. The test section is 0.4 m × 0.4 m × 2.0 m with transpar-

nt side panels. As shown in Fig. 3 , there are an array of pneumatic

tomizing spray nozzles (Spraying Systems Co., 1/8NPT-SU11) in-

talled at the entrance of the contraction section of the wind tun-

el to produce water droplets impinging onto the test airfoil model

nstalled in the middle of the test section. The liquid water content

LWC) level can be adjusted by regulating the flow rate through

he nozzles. The median volumetric diameter (MVD) of the water

roplets ranges from 10 μm to 100 μm depending on the combi-

ation of air pressure and water pressure through the spray noz-

les. The small airborne water droplets can be quickly cooled down

o the same temperature as the ambient airflow before they travel

o the test section. The air temperature of the wind tunnel can be

djusted from −25 °C to the room temperature (~20 °C). 

In the present study, a widely used wind turbine airfoil pro-

le, i.e., DU91-W2-250, was selected to build the test airfoil model.

U91-W2-250 airfoil is an asymmetric, cambered, thick airfoil. The

aximum thickness of this airfoil is 25% of its chord length ( C ).
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Table 1 

Test cases for characterization water transport behaviors over the 

ice accreting pressure-side surface of DU91-W2-250 airfoil model at 

AoA = 5 °. 

Case No. Wind Velocity, V ∞ Air Temperature, T ∞ LWC 

[m/s] [ °C] [g/m 

3 ] 

1 15 −5 6.7 

2 20 −5 5.0 

3 25 −5 4.0 

4 30 −5 3.3 
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(  
To limit the thickness of the suction-side surface (i.e., the well-

known upper surface) to control the upper surface velocities, the

pressure-side surface (i.e., the well-known lower surface) was de-

signed with an “S-shape” to simultaneously obtain the required

thickness and sufficient lift [28] . The chord length and the span

length of the airfoil model are 0.15 m and 0.40 m, respectively.

The test airfoil model was 3D-printed by using a rapid prototyp-

ing machine with a hard-plastic material (i.e., VeroWhitePlus) that

has similar thermal and structural properties to the materials used

for wind turbine blades. The surface of the test airfoil model was

coated with one layer of the finish paint (i.e., Rustoleum 

TM , Flat

Protective Enamel, white in color) and one layer of Primer un-

derneath the finish paint. The surfaces of the test airfoil model

were carefully polished with fine sandpapers up to 20 0 0 grit to

achieve a very smooth finish with about 25 μm in the characteris-

tic roughness over the surface, and thus effects of the discretiza-

tion of the airfoil surface was found to be trivial on the uncer-

tainty budget of the DIP measurements. The airfoil model was sup-

ported with three stainless rods and could pivot around the ¼ of

the chord length position (i.e., the aerodynamic center of the airfoil

model). 

Fig. 3 shows the experimental setup for the quantification of

the dynamic glaze icing process over the DU91-W2-250 airfoil sur-

face by using the DIP technique. The airfoil model was installed in

the middle of the test section in the ISU-IRT with a angle of attack

(AoA) of 5 °, at which the airfoil model possesses the maximum

lift-to-drag ratio as suggested by Timmer and van Rooij [29] , which

could be representative of wind turbine blade operating under the

most efficient operation conditions. The pressure-side surface of

the airfoil model with an AoA = 5 °, in comparison to the suction-

side surface, possesses the most prominent water film runback and

rivulet formation information, and thus was selected in the present

study to characterize the water transport behaviors over ice accret-

ing airfoil model surface. The 360-degree information of ice struc-

tures accreted on the airfoil model (i.e., over both suction-side and

pressure-side surfaces) at several instants were measured in our

another study using a DIP-based 3D scanning system [30] , which

was not within the scope of the time-resolved water transport be-

haviors over the ice accreting airfoil surface given in the present

study. It should be noted that the DU91-W2-250 airfoil model was

mounted upside down with an AoA = 5 ° (i.e., pressure-side surface

up, leading edge pivoting down) in the test section of ISU-IRT for

an easy experimental setup, as shown in Fig. 3 . 

During the DIP measurement, while a digital image projector

(DLP® LightCrafter TM ) was used to project grid patterns onto the

airfoil model, a high-resolution camera (PCO Tech, Dimax Cam-

era, 2K pixels × 2K pixels in resolution) with a 60 mm Macro-

lens (Nikon, 60 mm Nikkor 2.8D), installed at the same height as

the projector was used to acquire the snapshots of the deformed

grid patterns caused by the water/ice structures accreted over the

airfoil model surface during the dynamic glaze icing process. The

framerate of the high-resolution camera for DIP image acquisition

was set as 30 Hz with 2.0-ms exposure time that was proved to

be adequate for characterizing the ice accretion process and water

runback over an airfoil surface with freestream wind speeds lower

than 40 m/s [ 23 , 31 ]. The width of the projected image lines used

to generate the grid patterns was ~4 pixels (95% confidence inter-

val in Gaussian distribution). The size of the grid pattern was set

as 21 pixels × 21 pixels (i.e., 1.9 mm × 1.9 mm in physical space)

for a good accuracy level. The size of the interrogation window for

the spatial cross-correlation to determine the displacement vectors

of the deformed images in reference to the reference image was 21

pixels × 21 pixels (the same as the grid pattern size) at the first

stage and then refined to 7 pixels × 7 pixels for a better spatial

resolution of ~ 0.6 mm to resolve the small-scale structures. In ad-

dition, a small amount of white latex paint (~ 1.0%) was added into
he water sprays for the icing processes to increase the reflectance

f the ice/water structures accreted over the airfoil surface. 

The calibration in z -direction was conducted following the

forementioned calibration procedures for the displacement-to-

eight/thickness conversion factors, i.e., k -map. The DU91-W2-

50 airfoil model was fixed onto a vertical translation stage with

ressure-side surface up at AoA = 5 °, as shown in Fig. 3 . The

eight of the airfoil model was adjusted by using the microme-

er driver of the translation stage with a resolution of 10 μm. A

eries of snapshots with grid patterns at twenty uniformly spaced

eights by 0.20 mm were acquired and used to calculate the dis-

lacement vectors based on the deformed information in reference

o the reference image measured at the origin position of z = 0

i.e., middle of the test section of ISU-IRT) with the aforementioned

patial cross-correlation algorithm. Fig. 4 shows the calibration re-

ults (i.e., the displacement-to-height/thickness conversion factors)

n the projected area (around 150 mm × 100 mm in streamwise

 y ) and spanwise ( x ) directions). The average value of k was found

o be approximately 0.22. The value of k was found to slightly vary

n spatial of the projected area mainly due to the variations in the

istance between the camera and the cambered airfoil surface. 

Based on the displacement vectors calculated by the deformed

mage patterns in reference to the reference image and the

isplacement-to-height/thickness conversion factor (calibration k -

ap), the time-resolved the 3D water/ice structures were recon-

tructed. The uncertainty in the measured ice/water thickness of

IP measurement results was estimated to be ~ 150 μm. 

.3. Case design 

Table 1 lists the test cases for the DIP measurements of the

ater transport behaviors over the ice accreting pressure-side sur-

ace of DU91-W2-250 airfoil model under typical glaze ice accre-

ion conditions. Glaze ice was found to usually occur at relatively

igher air temperatures, higher LWC and larger MVD, especially

nder the freezing drizzle condition, in comparison to the rime

ce formation [32] . The air temperature was set as -5 °C, a typical

emperature for glaze ice formation, which could represent ~55%

f icing events in winter as suggested by Hudecz [32] . The flow

ate through the array of nozzles was set as 10 0 0 mL/min to keep

he same amount of impinging water in all the cases. The corre-

ponding LWC levels ranged from 6.7 g/m 

3 to 3.3 g/m 

3 , close to

he actual operating conditions of wind turbines encountering with

reezing drizzle/rain or other low-altitude high-water-content en-

ironments (such as ocean/sea spray) [33] . In the present study,

y modulating the air pressure and water pressure supplied to the

pray nozzles, the MVD of the airborne water droplets was set to

e ~80 μm in order to simulate the atmospheric icing scenario

ith freezing drizzles. The velocity of the incoming airflow was

aried from 15 m/s to 30 m/s with a step of 5 m/s in order to

haracterize the effects of wind speed on the water transport be-

aviors over ice accreting airfoil surface. 

For each tested case, DIP measurements with 60 s in duration

i.e., 1800 images recorded with a framerate of 30 Hz) of the water
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Fig. 4. Calibration map (i.e., displacement-to-thickness factor, k ) for the DIP measurements of ice/water structures accreted over pressure-side surface of DU91-W2-250 airfoil 

model. 
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of the film reached the minimum limitation defined in terms of 

F

D

ransport behaviors over the ice accreting airfoil surface under the

forementioned glaze icing conditions were conducted after the

pray nozzles were turned on to inject water droplets into the air-

ow. The wind-driven water transport behavior over an airfoil and

he involved heat transfer in course of the water solidification pro-

ess were found to be stable within a quite short period of time of

5 s [ 23 , 34 ], and thus the selected 60-s measurement duration was

elieve to capable of capturing the most important phenomena of

he water transport behaviors and ice accretion process over the

irfoil surface. 

. Experimental results and discussion 

.1. Instantaneous icing process over an airfoil surface 

Fig. 5 shows the acquired DIP images and the corresponding

easurement result, including a reference image, a deformed im-

ge modulated by the accreted water/ice structures, and processed

IP measurement result of the water/ice structures over pressure-

ide surface of the airfoil model. Fig. 5 (a) shows the reference im-

ge of the pressure-side surface of the clean DU91-W2-250 airfoil

odel with projected grid patterns. The grid patterns were uni-

orm and regular-shaped, fitting the S-shape surface of the airfoil

odel very well. Fig. 5 (b) shows one of the deformed images mod-

lated by the ice structures and unfrozen water accreted over the

urface. Fig. 5 (c) shows the corresponding DIP measurement result

f the three-dimensional shapes of the ice/water structures over

he airfoil model surface. The contour shows the height/thickness

 H ) of the ice/water accreted over the airfoil surface. The DIP
ig. 5. Acquired DIP images and processed DIP measurement result for the study of wate

eformed image modulated by water/ice structures; (c) DIP measurement result of the w
easurement result was found to be able to capture the water

ransport behaviors over the ice accreting airfoil surface very well.

he signal-to-noise ratio (SNR, SNR = 20log 10 (signal/RMSnoise),

here RMSnoise is defined as the square root of mean of variance

rom the background regions) in the DIP measurement results was

ound be ~ 48 dB for 150 μm ice/water structures, much higher

han the suggested 20 dB for good SNR. 

Fig. 6 shows the DIP measurement results of the time evolu-

ions of the dynamic glaze icing processes over the pressure-side

urface of DU91-W2-250 airfoil model with AoA = 5 ° at two typ-

cal incoming airflow velocities (i.e., 15 m/s and 30 m/s). Fig. 6 (a)

hows the instantaneous DIP measurement results of the dynamic

cing process over the airfoil surface at V ∞ 

= 15 m/s. Six repre-

entative instants of the icing process were selected. At t = t 0 ,

here were no water droplets impinging onto the surface, and

he airfoil model was clean without any ice/water accretion. The

eight/thickness of the ice/water was all zero in the projected area.

s time went on to t = t 0 + 10 s, the impinged water droplets

nto the airfoil surface continued solidifying with tremendous la-

ent heat of fusion releasing during the icing process. Since the

eat transfer process over the airfoil surface under such a wet icing

ondition would not be able to remove/dissipate all the released

atent heat of fusion immediately, only a portion of the impinged

ater droplets would be solidified and frozen into ice upon impact

egion near the airfoil leading-edge region. The remaining water

riven by the airflow ran back to the farther downstream region,

orming a thin film with the bulged front. The thickness of the

lm decreased as it advanced downstream. When the thickness
r transport behaviors over the ice accreting airfoil surface. (a) Reference image; (b) 

ater/ice structures over pressure-side surface of the airfoil model. 
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Fig. 6. DIP measurement results to reveal the time evolutions of the dynamic glaze icing processes over the pressure-side surface of DU91-W2-250 airfoil model with 

AoA = 5 ° at two typical incoming airflow velocities. 
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Fig. 7. Transverse profiles of water/ice thickness at three typical chordwise locations with various airflow velocities from 15 m/s to 30 m/s measured at t = t 0 + 50 s. (a) 0.1 

C ; (b) 0.3 C , (c) 0.5 C ; and (d) Rivulet dimensions normalized by the chord length ( C ) of the airfoil model. 
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urface tension and shear stress at water-air interface as given in

l-Khalil et al. [35] , the film front would split into isolated rivulets.

s time went on to t = t 0 + 20 s, the rivulets extended to the fur-

her downstream region with complicated breaking and merging

ehaviors. Thicker ice structures were observed near the leading-

dge region, i.e., the direct impinging region. At t = t 0 + /30 s, the

ce/water accreted over the airfoil surface was continuously replen-

shed by the subsequent water impingement and became thicker

nd thicker. While the water rivulets farther moved downstream,

he convective heat transfer would take away the remaining la-

ent heat of fusion in the runback water, generating the rivulets-

haped ice formation. As time went on to t = t 0 + 40 s, the heads

f the rivulets were found to freeze and be difficult to be farther

tretched along the airfoil surface by the wind-driven boundary

ayer airflow. As time went on to t = t 0 + 50 s, the rivulet heads

ecame thicker, wider and even merged with the adjacent rivulets.

arger icicles were observed to be built up compactly along the

eading edge of the airfoil model, hindering the consecutive water

unback. Similar phenomena were observed in the literature [ 7 , 36 ].

Similar dynamic icing processes were also observed for the

ases with higher velocities, i.e., at 20 m/s, 25 m/s and 30 m/s in-

estigated in the present study. In comparison to the case with an

irflow velocity of 15m/s, more rivulets were prone to form in the

ases with higher inflow velocities, as shown in Fig. 6 (b) where

 ∞ 

= 30 m/s. As the airflow velocity increased, the rivulets were

ound to be flatter and thinner and capable of stretching to fur-

her downstream locations. The leading-edge water/ice structures

ere also found to be thinner and more uniform. More intuitively

uantitative information was provided in the following subsection.

.2. Water transport behavior over ice roughness 

Fig. 7 shows the transverse profiles of the water/ice thickness

t three typical chordwise locations, i.e., 0.1 C , 0.3 C , and 0.5 C

ownstream, along the airfoil surface and the rivulet dimensions
nder various inflow velocities ranging from 15 m/s to 30 m/s at

 = t 0 + 50 s. It should be noted that the same amount of water

as used in all the test cases with a fixed flowrate of 10 0 0 mL/min

uring the experiments and thus the water collection in each case

ere supposed to be similar. As shown in the Fig. 7 (a), the thick-

ess of the ice/water structures accreted near the leading-edge re-

ion, i.e., 0.1 C along the airfoil, was found to vary slightly in the

panwise direction without showing evident periodicity. Similar

henomenon was observed at 0.3 C , as shown in Fig. 7 (b), where

n between of the leading-edge region and isolated rivulets. The

verage thickness of the ice/water structures at 0.1 C was found

o be higher that at 0.3 C due to the higher water collection rate

aused by the direct impingement of the water droplets. At 0.3

 , the average thickness of ice/water structures was found to be

lightly higher in the case with an airflow speed of 30 m/s than

hat of other cases with lower airflow speeds, indicating a better

hord-wise uniformity in the higher wind speed case. The Ra val-

es (i.e., arithmetic average of the roughness) of roughness of wa-

er/ice structures accreted over the airfoil surface were 0.187, 0.175,

.168, 0.145 for the cases with inflow velocities from 15 m/s to

0 m/s, respectively. Namely, as the incoming airflow velocity in-

reased, more uniform ice/water structures (i.e., lower roughness)

ould be accreted over the airfoil surface. 

The runback water formed many isolated rivulets whose heads

ere found to stop further moving downstream after a short pe-

iod of time (i.e., ~30 s for all the cases). The dimensions of the

ivulets could be represented by their height/thickness, length, and

he spacing between the adjacent peaks (i.e., spanwise locations of

he maximum heights of rivulets). In comparison to the ice/water

istribution shown in Fig. 7 (a) and Fig. 7 (b), an evident periodicity

as observed in the ice/water structure distribution at 0.5 C due

o the isolated rivulets, as given in Fig. 7 (c). After a 50-s icing pro-

ess, the rivulets were found to merge with the adjacent rivulets so

hat no obvious gaps were observed. As the incoming airflow ve-

ocity increased, the maximum/average height of the rivulets and
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Fig. 8. Time evolutions of the water/ice thickness over the airfoil surface along the streamwise direction when V ∞ = 15 m/s and AoA = 5 °. 
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spacing between the adjacent rivulets were found to decrease. In

comparison to the case with a wind speed of 15 m/s, the spacing

between adjacent peaks of rivulets in the cases with airflow veloci-

ties of 20 m/s, 25 m/s and 30 m/s were found to monotonously de-

crease by approximately 22%, 40%, and 51%, respectively, as shown

in Fig. 7 (d). The maximum/average thickness ( H ) of the isolated

rivulets were found to decrease as the wind speed ( V ∞ 

) increased,

which could be well fitted by a power function ( H = a/ V ∞ 

b . where

b ≈ 1.9) with the power-law exponent being about 2.0. Namely, the

thickness of water/ice rivulets over the airfoil surface was approx-

imately proportional to the reciprocal of the wind speed squared,

and more explanations could be found in the following theoretical

model. As the airflow velocity increased from 15 m/s to 20 m/s, the

farthest chord-wise locations of the rivulets increased from 0.66 C

to 0.80 C . As the airfoil velocity continued increasing from 20 m/s

to 25 m/s, and 30 m/s, the farthest chord-wise locations of the

rivulets slightly increased from 0.80 C to 0.82 C and 0.83 C , as

shown in Fig. 7 (d), indicating that the wind-driven rivulets could

reach farther downstream locations as wind speed increased due

to the higher aerodynamic force acting on them. 

In the present study, based on the time sequence of the DIP

measurement results as those shown in Fig. 6 , the spanwise-

averaged thickness/height of the water film or/and ice layer ac-

creted over the surface of the airfoil model was obtained (i.e., aver-

aging the measured water/ice thickness distribution along a span-

wise length of 100 mm within the DIP measurement window) in

order to reveal the characteristics of the dynamic glaze ice accret-

ing process over the test model more clearly and quantitatively.

Fig. 8 shows some of the spanwise-averaged thickness/height pro-

files of the water film or/and ice layer accreted over the pressure-

side surface of the airfoil model with the airflow velocity of

V ∞ 

= 15 m/s. In the plot, the streamwise location was normal-

ized by the chord length of the airfoil model. As described in

Battisti [33] , the droplet impingement limits for an airfoil can be

characterized by the upper and lower surface tangent trajectories,
nd the limits should be within the maximum transverse dimen-

ion of the airfoil, i.e., the maximum thickness of the airfoil. Since

he present study only focused on the glaze ice accretion pro-

ess over the pressure-side surface of the test model, the water/ice

eight/thickness over the airfoil surface was normalized by half of

he maximum thickness of the airfoil model, i.e., s = 0.125 C . 

Fig. 8 shows the time evolutions of the water/ice thickness

ver the airfoil surface along the streamwise direction when

 ∞ 

= 15 m/s and AoA = 5 °. In the very beginning of the icing

rocess when t = t 0 + 5 s, the impinged water onto the airfoil sur-

ace continued solidifying with tremendous latent heat of fusion

eleasing during the icing process. Since the heat transfer process

ver the airfoil surface under such a wet icing condition would

ot be able to remove/dissipate all the released latent heat of fu-

ion immediately, only a portion of the impinged water droplets

ould be solidified and frozen into ice upon impact (i.e., leading-

dge ice accretion), while the rest of the impinged water would

tay in liquid state, and as able to flow freely over the airfoil sur-

ace. The runback water, particularly a tiny bulge shape of rivulet

ead, was observed at approximately 0.4 C downstream position.

t t = t 0 + 10 s, the leading-edge water/ice thickness slightly in-

reased with the subsequent impinging water droplets, and the

unback rivulet driven by the airflow moved further downstream.

s time went on to 20 s, the rivulet with a budge head stretched

o a farther downstream location, and the ice accretion near the

eading-edge region dramatically increased, which are the major

wo features of a dynamic glaze icing process. When t = t 0 + 30 s,

he contact line of the rivulet head was found to stay at a rela-

ively fixed location, i.e., approximately 0.6 C . The runback water

ontinued accumulating on top of the ice layer, leading to a signif-

cant increment of the water/ice thickness over the airfoil surface.

fter a 50-s glaze icing process, it was found that more ice struc-

ures were accreted near the leading-edge region due to the direct

mpingement, i.e., large water collection efficiency, and the rivulet-

ead region due to the wind-driven runback water. 
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Fig. 9. Comparison of the time evolutions of the water/ice thickness over the airfoil surface along the stream-wise direction among the cases with various airflow velocities 

from 15 m/s to 30 m/s at AoA = 5 °. 
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Fig. 9 compares the time evolutions of the thickness/height of

he water/ice structures among the cases with different airflow ve-

ocities when AoA = 5 °. As the airflow velocity increased, the con-

act line was found to be located at a farther downstream loca-

ion. Near the leading-edge region, the thickness of the ice/water

as found to increase monotonously. In the meanwhile, as the air-

ow velocity increased, the water runback became more compli-

ated, represented by the multiple peaks observed in Fig. 9 (b)–(d).

ne obvious peak was found to be located near 0.55 C (i.e., the

treamwise location of the maximum thickness of the runback wa-

er) in all the cases. Another evident peak was observed farther

ownstream when the velocity was higher than 15 m/s. This phe-

omenon was found to be mainly caused by the stumbling mo-

ions of the wind-driven rivulet flows over airfoil surface. When

elocity was 15 m/s, the ratio of aerodynamic force and surface

ension restrain (i.e., F d / F c ) estimated by using Eqs. (4) and (5) was

ound to be ~0.87 at t = t 0 + 50 s, indicating that the aerody-

amic force was not strong enough to break the restrain due to

urface tension. Therefore, the rivulet front (i.e., the contact line)

ould not be pushed farther over the airfoil surface and stopped

t 0.55 C (the location corresponding to the maximum thickness

f the rivulet head). As the airflow velocity increased, the aero-

ynamic force correspondingly increased, making the rivulet move

arther before freezing. 

In order to have a better understanding of the rivulet flow phe-

omena, following the work of Zhang and Hu [36] , a force anal-

sis was conducted to investigate the relationship between the

ce/water structures and the airflow velocity. The bulged shapes of

he runback rivulet heads could cause shape-induced aerodynamic

tress when the rivulets were moving over the surface driven by

he airflow. In a neutral equilibrium state, surface tension restrain

quals to the sum of aerodynamic drag and water static pressure
36] , as shown in Eq. (3) . 

 c = P + F d (3) 

here F c is the capillary force induced by surface tension, as given

n Eq. (4) , and P is the water static pressure due to the bound-

ry flow within the water layer. In the present study, the average

eber number (i.e., We , usually used to evaluate the water’s in-

rtia compared to its surface tension) of the rivulet flows in all

ases was found be quite small (i.e., We ≈ 3.1 × 10 -4 ), and thus

he effect of water static pressure was assumed to be negligible

n the following calculation. F d is the aerodynamic force that pro-

ides power for the runback water to move downstream, which is

roportional to the square of airflow velocity, i.e., V ∞ 

2 , as given in

q. (5) . 

 c = W σ (1 − cos θ ) (4) 

here W is the width of the rivulet, θ is the contact angle of the

ivulet head (average value of ~65 ° in the present study), and σ is

he surface tension. 

 d = C f ·
1 

2 

ρa V 

2 
∞ 

A 1 + C d ·
1 

2 

ρa V 

2 
∞ 

A 2 (5) 

here C f is the friction coefficient, which equals to 0.027/ Re 1/7 for

urbulent boundary flows over a plate [37] and Re is the chord-

ength based Reynolds number. In the present study, Re has mag-

itudes in order of 10 5 and thus C f is quite small and negligible

i.e., less than 0.0045, ~0.7% of C d ) in all cases. C d is the shape-

nduced drag coefficient for a wind-driven bead, which equals to

.6 for airflow past a rigid hemisphere lying on a surface, as rec-

mmended by McAlister et al. [38] . A 1 and A 2 represent the friction

rag affected area and the shape-induced drag acting area, respec-

ively. A and A are usually assumed to have similar values (i.e.,
1 2 
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Fig. 10. A comparison between the predicted results derived from the theoretical 

model and the DIP measurement data of the ice/water rivulets over the pressure- 

side surface of the airfoil model at AoA = 5 °. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Ice/water accumulation as a function of icing time. 
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Ac  
the maximum cross section of the sphere) for a spherical bead. In

the present study, A 2 was estimated by using the difference be-

tween the heights of the rivulet head and body, as well as the

width of the rivulet ( W ), as given in Eq. (6) . 

A 2 = ( H rh − H rb ) W (6)

where H rb and H rh represent the height of the rivulet body and the

height of the rivulet head, respectively. The smallest thickness and

the highest thickness of a rivulet were used for the heights of the

rivulet body and head, respectively. 

Based on Eqs. (3) to (6) , a relationship between the

height/thickness of the rivulet flow and the airflow velocity was

found, as shown in Eq. (7) . The height difference between the

rivulet head and body was inversely proportional to the square of

the airflow velocity. 

( H rh − H rb ) = 

2 σ (1 − cos θ ) 

ρa C d V 

2 ∞ 

(7)

Fig. 10 shows the comparison between the predicted results de-

rived from the theoretical model (i.e., Eq. (7) ) and the DIP mea-

surement data of the ice/water rivulets over the pressure-side sur-

face of the airfoil model at AoA = 5 °. The model was found to

have a reasonably good agreement with the experimental data. As

the magnitude of velocity-squared increased, the value of ( H rh -H rb )

would decrease correspondingly. The slight overestimate of ( H rh -

H rb ) was suggested to be caused by the accumulative effects of

the accreted budged ice structures underneath the rivulets flows. It

should be noted that the theoretical model was established based

on the force balance analysis of the wind-driven rivulet flows over

the airfoil surface, and thus the theoretical model should be used

after the icing process became steady ( t > t 0 + 30 s). In addition,

the theoretical model was built based on the force analysis of the

wind-driven rivulet flows over a surface without considering the

effects of AoA. The theoretical model can be applied to predict

of the ice structures accreted over an airfoil surface in the cases

where AoA is small and it needs be optimized for the applications

for the large AoA cases (i.e., AoA > 5 °). 

3.3. Quantification of ice accretion 

To have a better quantification of the ice/water structures ac-

creted over the airfoil surface during dynamic icing processes, the

total amount of the water and ice mixture was calculated based on

the DIP measurement data and further normalized by the chord

length ( C ) and half of the maximum thickness ( s = 0.125 C ) of

the airfoil model, as shown in Eq. (8) . To decouple water with ice,

a post-processing of the DIP measurement results was conducted
ased on the thickness information of ice/water in two successive

mages. The wind-driven water would move due to the ambient

irflow while the ice structures would stay on the surface. The dif-

erences between the two successive images were identified and

alculated based on two types of method. In Method I, all the dif-

erent regions in the two successive images were counted, which

ight slightly overestimate the amount of water. In Method II, only

he differences of the heights in i th image lower than those of the

revious ( i -1) th image were counted, which might slightly underes-

imate the amount of water. The final amount of water was defined

y the average value of results calculated by those two methods.

he amount of ice was defined as the difference between the total

mount of water and ice and the amount of water. The amount of

ater and the amount of ice were also normalized by using the

hord length ( C )and half of the maximum thickness of the model

 s = 0.125 C ). It should be noted that since the water layer was

uite thin and would soon freeze into ice locally if it couldn’t be

riven by the ambient airflow and thus the water that couldn’t be

riven by the airflow was not taken into account in the estimation.

n addition, the effects of the time step values of the successive

wo images were evaluated by comparing the results calculated

ased on 30 Hz, 10 Hz, 1.0 Hz, 0.5 Hz and 0.1 Hz datasets. The

0 Hz datasets and 10 Hz datasets were found to be able to derive

lmost the same results. For the datasets with a framerate lower

han 1 Hz, as the time step (1/framerate) increased, the differences

etween the successive two images increased, inclined to overes-

imate the water accumulation, because the differences caused by

ce accretion were wrongly counted by using Method I. Therefore,

he 30 Hz datasets were used for the calculation. 

Fig. 11 shows the normalized amount of water ( A water ) and ice

 A ice ) as a function of time. The fitting curves for water and ice

ccumulation were also provided. As the ice accretion time went

n, the water accumulation was found to increase slightly, mainly

aused by the slightly increased impacted area of the airfoil with

ce accretion. The increment of water was negligible in comparison

o the amount of ice accumulation. As the ice accretion time went

n, the ice accumulation was found to increase almost linearly, in-

icating more and more water was solidified. At t = t 0 + 30 s, the

reezing rate (i.e., the ratio of A water to A ice ) was less than 10.0%.

s time went on to 60 s, the freezing rate ( A water / A ice ) further de-

reased to less than 4.0%, indicating that the water transport be-

aviors no longer dominated in course of the dynamic glaze ice

ccretion process. 

 = 

∫ T E 
LE H(y ) dy 

(8)

s · C 
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. Conclusions 

In the present study, an experimental investigation was con-

ucted to quantitatively measure water transport behaviors over

he ice accreting surface of a wind turbine airfoil during dynamic

laze icing processes in the Icing Research Tunnel at Iowa State

niversity (ISU-IRT). A digital image projection (DIP) technique

as, for the first time, applied and verified to measure the time-

esolved three-dimensional information of the ice structures and

he water transport behaviors over the highly-cambered surface of

he airfoil model (i.e., the pressure-side surface of DU91-W2-250

odel). The stumbling motions of the rivulet flows, as well as the

ncreased fluctuations induced by the underneath ice roughness,

ere well captured in the DIP measurement results. 

The experiments with incoming flow velocities ranging from 15

/s to 30 m/s were performed to study the effects of the incoming

irflow velocity on the dynamic glaze icing process. It was found

hat, as the incoming flow velocity increased, the runback rivulet

ows would move farther downstream and became thinner and

arrower due to the increased aerodynamic stress acting on the

ivulet flows. A theoretical model based on the force balance analy-

is of the rivulet flows was formulated and validated by comparing

ith the DIP measurement results in the present study. According

o the theoretical model and experimental data, the rivulet bulged

hapes were found to have an inverse relationship with the inflow

elocity squared. It should be noted that, the proposed theoreti-

al model was be applicable to the rivulet flows over the surface

f an airfoil at small angles of attack (AoAs). Further investiga-

ions will be conducted in future to introduce the AoA as a pa-

ameter in the theoretical model to enlarge its applicable range to

arger AoAs. 

In addition, the ice structures accreted over the airfoil surface

ere quantitatively decoupled from the unfrozen wind-driven wa-

er during the dynamic icing process. Based on the decoupled in-

ormation of ice and water, the freezing rate (i.e., A ice / A c , where

 c = A ice + A water ) of an icing process could be derived and thereby

sed for ice accretion modelling. The experimental data, for ex-

mple, the thickness distribution of ice/water structures over the

irfoil surface, could be utilized for the validation and optimiza-

ion of the ice accretion/water runback flow models. In the mean-

hile, the amount of ice/water structures accreted over the airfoil

odel could be used to estimate the ice distribution over a rotat-

ng wind turbine blade by using blade element momentum (BEM)

heory, which could further provide a fundamental insight to the

uture development of effective and robust anti-/de-icing strategies

or wind turbines in cold and wet weathers. 
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