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Abstract: Offshore wind turbines operating in frigid and humid climates may encounter icing on
the blade surface. This phenomenon adversely impacts the aerodynamic efficiency of the turbine,
consequently diminishing power generation efficacy. Investigating the distribution characteristics
of icing on the blade surface is imperative. Hence, this study undertook icing wind tunnel tests on
segments of DU25 airfoil, a prevalent type for offshore wind turbines, to examine such characteristics
as different chord lengths and angles of attack. The results show a simultaneous increase in the blade
icing area and growth rate of the net icing area with augmenting the chord length and angles of attack.
The total icing area rate decreases by a factor of two when the chord length is doubled. The relative
positioning of icing and the average icing thickness remain consistent across the airfoil blades with
varying chord lengths. Comparing the icing shapes on blades of varying scales shows a similarity
ranging from 84.06% to 88.72%. The results of this study provide insight into the icing characteristics
of offshore wind turbines.

Keywords: surface icing; wind turbine blade; chord length; wind tunnel test; similarity

1. Introduction

Wind energy as a form of renewable energy is gradually becoming an important part
of the energy sector [1–3]. For onshore wind turbines operating in cold and humid climates,
the surface of wind turbine blades is prone to icing [4,5]. However, for offshore wind
power, which is exposed to a much colder and harsher ocean climate, the problem of blade
icing also exists. This icing phenomenon changes the airfoil profile of wind turbine blades,
impacting their aerodynamic performance and reducing efficiency [6,7]. Additionally,
it alters the load distribution and structural features of the blades, thereby affecting the
structural integrity and fatigue life of the turbine, potentially leading to safety risks and
significant accidents [8–10].

The methods used to research icing mainly include the numerical simulation method,
field observation experiment method, and icing wind tunnel experiment method [11–14].
The numerical simulation method is used to obtain the icing type, icing distribution,
and aerodynamic performance of blades under different climatic conditions through soft-
ware [6,15,16]. The numerical simulation method often results in some differences between
the simulation results and the actual icing conditions due to the imperfect analytical model
and complex simulation conditions. Field observation experiments assess the effect of icing
on the load distribution and output power of wind turbines by monitoring the operat-
ing status and icing distribution of icing wind turbines [17]. However, field observation
experiments are affected by natural climatic conditions and are dependent on a certain
degree of chance. The icing wind tunnel experimental method simulates the icing of the
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test model under natural climatic conditions through an icing wind tunnel, which makes it
easier to obtain results similar to the natural icing conditions compared to other methods.
The icing wind tunnel test methodology allows for an in-depth investigation of the theo-
retical aspects of wind energy and the actual situation [18]. Hoang et al. [19] clarified the
aerodynamic characteristics of an iced airfoil model in a wind tunnel by means of airfoil
performance tests in a wind tunnel. The analysis results show that at higher wind speeds,
the icing airfoil has a higher power rating than the clean airfoil, but the maximum output
power decreases. The overall weight of the blade increases due to blade icing, resulting
in an increase in the amplitude of the lateral moment at the root of the blade after icing.
Sun et al. [20] explored the effect of surface wettability on the anti-icing performance of
wind turbine blades through icing wind tunnel tests. The results showed that the surface
wettability could significantly change the anti-icing characteristics and proposed a new
concept of superhydrophobic–dry anti-icing. Liu et al. [21] prepared ice-phobic coatings by
surface-modified pyrolysis and the hydrothermal reaction of rice straw digestate. And the
icing wind tunnel test was carried out under the conditions of a wind speed of 10 m/s and
temperature of −10 ◦C. The tests showed that the coatings were effective, and the icing
area and mass were reduced by 10.54% and 30.08%, respectively, after using the coatings.
All of the above icing wind tunnel tests were conducted to investigate the actual icing
phenomenon using the blade scaling model, which is mainly due to the limitations of the
wind tunnel size and blockage ratio. Therefore, we need to consider the similarity between
small-scale blade airfoil icing and the actual wind turbine blade icing. Wang et al. [22]
proposed an improved computational strategy for the Improved Ruff Icing Scaling Method
(IRISM). This method was applied to calculate the relevant parameters, and then numerical
simulations were used to assess the effect of the icing conditions on the similarity. The
scaling and similarity of ice accumulation on rotating wind turbine blades was investigated
by Ibrahim et al. [23]. The scaling approach was tested via the numerical simulation of
icing and the results were compared to verify the feasibility of the scaling approach. The
parameters of the icing scaling method for rotating blades are proposed based on the
velocity, droplet trajectory, pressure coefficient distribution, ice thickness and ice shape. In
addition, Ibrahim et al. [24] analyzed a dimensionless model of the flow field and droplet
trajectories on rotating wind turbine blades with glaze ice accumulation, developed new
scaling parameters for determining the ice fouling conditions based on geometric scaling
factors for wind turbine blades, and performed numerical CFD fouling simulations using
the ANSYS FENSAP ICE software based on smaller-scale blade cross-sections that were
tested in a laboratory environment, which provided new insights into the modeling of
glaze ice accumulations on large wind turbine blades. There are more wind tunnel test
studies for exploring the aerodynamic performance of wind turbines using scaled-down
models [25,26], but there are fewer icing wind tunnel test studies that address the icing
similarity rate. In order to strengthen the connection between the experimental model
and real wind turbine blades, it is necessary to investigate the distribution of blade icing
at different chord lengths and whether the airfoil icing phenomenon of the scaled-down
model is also applicable to real wind turbine blade icing.

Exploring the similarity of icing on blades with different chord lengths can provide a
basis for investigating the actual icing phenomenon by using the scaling model. Therefore,
this paper selects the blade section of a DU25 wind turbine as the research object, and
investigates the influence of four chord lengths and two angles of attack on the distribution
characteristics of icing on the blade surface, and quantitatively analyzes it through the
icing thickness, icing area and icing rate. The icing shape similarity criterion is utilized to
study the similarity rate of icing for different chord lengths, and the results of the study
can provide insight into the icing characteristics of offshore wind turbines.
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2. Experimental Methods
2.1. Experimental Systems

In this study, experimental tests were conducted in a reflux icing wind tunnel con-
structed at Northeast Agricultural University. As illustrated in Figure 1, the icing wind
tunnel system comprises a refrigeration system, a spray system, and a recirculation wind
channel. The test section exhibits cross-sectional dimensions of 250 mm × 250 mm, with
the spray system’s nozzle positioned at the center of the stabilization section’s cross-section.
Water droplets are emitted from the nozzle, converging with the frigid airflow within the
icing wind tunnel. In the course of their movement, the droplets disperse heat, trans-
forming into super-cooled water droplets. Prior to the initiation of each icing test, the
surface of the test blade underwent a thorough cleansing with alcohol and subsequent
drying to ensure the pristine condition of the model surface. The purified blade model was
securely affixed to a fixture within the icing test section of the wind tunnel. The blades
underwent pre-cooling to attain an ambient temperature before the commencement of
the test. Upon reaching the designated values for temperature and wind speed, the spray
system was activated to execute the icing test, with the ice formation on the blade surface
being documented by a high-speed camera (model Phantom v5.1, boasting a resolution
of 1024 × 1024 pixels). Upon the elapse of the preset icing duration, the spray system
was deactivated.
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Figure 1. Reflux icing wind tunnel. (a) Schematic diagram; (b) Photo.

2.2. Experimental Models

The DU25 airfoil is used in NREL 5MW offshore wind turbines [27–29]. Therefore,
the DU25 airfoil blade section was selected for icing tests. The selection of aluminum
alloy as the material for the blade airfoil was based on its isotropic nature and stability in
heat transfer. The blade airfoil segments are schematically shown in Figure 2. The chord
lengths (ci) are 75, 100, 150, and 200 mm, the wingspan length (h) is 20 mm, and the surface
roughness is 6.313 µm. The blockage area ratio of the blade at the test section does not
exceed 4%, which meets the test requirements.
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Figure 2. Blade model and its schematic diagram.

2.3. Experimental Schemes
2.3.1. Parameters for Icing Experiment on Blade of Different Chord Lengths

This experiment investigates the icing distribution of wind turbine blades under
different chord lengths. Adhering to the blockage ratio requirement in the icing wind
tunnel test section, blade airfoils with chord lengths (c) of 75 mm, 100 mm, 150 mm, and
200 mm were chosen for a 5 min icing test under angles of attack (AOA) of 0◦ and 10◦. The
test temperature (T) was −10 ◦C, the wind speed (v) was 10 m/s, the liquid water content
(LWC) was 0.7 g·m−3, the medium volume droplet diameter (MVD) was 0.5 µm, and the
sampling time interval ∆t was 1 min The specific parameters are shown in Table 1. The
angle of attack is the angle between the icing wind tunnel’s incoming wind speed and the
chord length of the blade, as shown by α in Figure 3.

Table 1. Test parameters.

Test Conditions Parameters

Temperature T/◦C −10
Wind speed v/(m·s−1) 10

LWC/(g·m−3) 0.7
MVD/µm 50

Chord length ci (i = 1, 2, 3, 4)/mm 75, 100, 150, 200
AOA α/◦ 0, 10

Test time t/min 5
Sampling time interval ∆t/min 1

Blade airfoil DU25
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2.3.2. Icing Similarity Experiment Scheme

The icing shape similarity criterion is based on the ADEC criterion, ONERA criterion,
and improved icing similarity theory, and the icing similarity criterion centered on seven
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parameters such as the modified inertia parameter, aggregation factor, experimental wind
speed, and Weber number based on the thickness of the water film is determined, and the
order of the selection of icing similarity parameters for the stationary blades is also given
as follows:

1. Selection of the characteristic length for subscale models:

cm = kc f (1)

2. Selection of test wind speeds for subscale models:

vm = v f (2)

3. Determine the test temperature T using similar thermodynamic properties:

Tm = Tf (3)

4. The test medium volume droplet diameter d was obtained using the modified inertia
parameter K:

dm =

(
cm

c f

) 1
2−κ
(

Pm

Pf

) κ
2−κ
(

Tm

Tf

) −κ
2−κ
(

vm

v f

) κ−1
2−κ

d f (4)

5. The liquid water content LWC for the subscale modeling test was obtained based on
the Weber number of the water film thickness:

(LWC)m = (LWC) f

(
vm

v f

)3(
dm

d f

)(
Pm

Pf

)
(5)

6. Determine the test pressure P based on the dynamic pressure similarity principle:

Pm = Pf

(
vm

v f

)(
Tm

Tf

)2

(6)

7. Determine the test time t based on the similarity of the aggregation factor Ac:

tm = t f

(
cm

c f

)(
vm

v f

)−1(
LWCm

LWC f

)−1

(7)

where cm is the characteristic length of the subscale model; cf is the characteristic
length of the full-size model; k is the scaling factor; vm is the test wind speed of
the subscale model; vf is the test wind speed of the full-size model; Tm is the test
temperature of the subscale model; Tf is the test temperature of the full-size model;
dm is the test MVD of the subscale model; df is the test MVD of the full-size model;
(LWC)m is the test LWC for the subscale model; (LWC)f is the test LWC for the full-size
model; Pm is the test pressure for the subscale model; Pf is the test pressure for the
full-size model; tm is the test time for the subscale model; and tf is the test time for the
full-size model.

The blade models with c4 = 200 mm and c3 = 150 mm chord lengths are designated as
full-size, while those with c2 = 100 mm and c1 = 75 mm are regarded as subscale versions,
employing a scaling factor (k) of 0.5 in Equation (1). Tests involving c1 vs. c3 and c2 vs. c4
chord lengths constitute two analogous sets. In Equation (4), κ is set to 0.35, and the full-size
model test wind speed vf = 10 m/s; the full-size model test temperature Tf = −10 ◦C; and
the full-size model liquid water content (LWC)f = 0.7 g·m−3. The medium volume droplet
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diameter is maintained at a constant level (dm ≈ df = 0.5 µm) to reduce the testing capacity
demands. Full-size model test time tf = 4 min.

The specific parameters of the stationary blade icing similarity parameters were
calculated according to the guidelines for selecting the parameters, and the icing similarity
test program was finalized, as shown in Table 2.

Table 2. Icing similarity test scheme.

Condition v
/m·s−1

T
/◦C

MVD
/µm

LWC
/g·m−3

Pressure
P/Pa Airfoil AOA

α/◦
Chord Length

c/mm
Icing

Time/min

1

10 −10 50 0.7 1.01 × 106 DU25

0 c1, c3 2, 4
2 0 c2, c4 2, 4
3 10 c1, c3 2, 4
4 10 c2, c4 2, 4

2.4. Icing Experiment Scheme with Different Chord Lengths

To rigorously examine the distribution characteristics of icing on the blade surface,
this study introduces quantitative metrics: the average icing thickness (Hi), the growth rate
of the net icing area (Vst), and the total icing area rate (TIAR). The respective equations are
articulated below:

Hi =
Si
Li
(i = 1, 2 . . . , n) (8)

Vst =
Ai
∆t

(i = 1, 2 . . . , n) (9)

TIAR =
∑n

i=1 Ai

A
(i = 1, 2 . . . , n) (10)

where Si is the ice area in the normal direction of the airfoil surface in the corresponding
region of the chord xi−1~xi (i = 1, 2, 3. . .), and Li is the length of the curve of the airfoil
surface in the corresponding region of the chord xi−1~xi (i = 1, 2, 3. . .), as defined in
Figure 4. The blade chord length is dimensionless and labeled with position, where the
positive horizontal coordinate is the upper surface side of the blade and the negative one is
the lower surface side of the blade; c is the blade chord length; x/c is the relative position of
the blade chord length, with the parameters as shown in Figure 5; Ai is the net icing area;
∆t is the sampling time interval; and A is the blade cross-sectional area. The definitions are
shown in Figure 6.
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3. Results and Discussion
3.1. Icing Distribution

Figure 7 gives the results of the icing of the blade for four chord lengths (75, 100,
150, 200 mm) and two angles of attack (0◦, 10◦) over a period of 5 min. The type of icing
observed was predominantly mixed ice, characterized by glazed ice near the leading edge
of the blade and rime ice on the upper and lower surfaces of the blade. The maximum
thickness of icing on the airfoils of different chord lengths was essentially the same over the
5 min icing duration. The distribution of icing was slightly different at different angles of
attack. At α = 0◦, icing was only found near the leading edge of the blade. At α = 10◦, the
icing area on the lower surface of the blade was larger than that on the upper surface, and
a small amount of icing occurred at the trailing edge. Minute-by-minute photographs of
the icing on the surface of the test blade were processed using a plotting software to obtain
an outline of the shape of the ice, as shown in Figure 8.
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3.2. Icing Area

As can be seen in Figure 9, the icing area on the blade surface increases as the chord
length increases. Specifically, for a given chord length, the icing area at α = 10◦ exceeds that
at α = 0◦. It can be seen that for chord lengths of 200 mm and α = 10◦, the maximum icing
area on the blade surface is 440.3 mm2 The main reason for this phenomenon is that the
contact area between the blade surface and the super-cooled water droplets becomes larger.
As the blade chord length ci increases, the maximum windward thickness of the blade also
increases, which leads to an increase in the contact area between the blade surface and the
incoming super-cooled water droplets, so there is an increasing trend in the icing area. The
contact area between the blade surface and the incoming super-cooled water droplets at a
10◦ angle of attack is larger than that of the blade at a 0◦ angle of attack, so the icing area is
larger at α = 10◦ under the same chord length condition. The icing area ratio is the ratio
of the blade icing area to the blade cross-sectional area. As the chord length increases, the
blade icing area ratio decreases. When α = 0◦, the chord length doubles, and the icing area
ratio decreases by about double. The icing area ratio of blades with the same chord length
at α = 10◦ is larger than that at α = 0◦.
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3.3. Average Icing Thickness

The average icing thickness for airfoils with varying chord lengths is illustrated in
Figure 10. As depicted in Figure 10a, the icing on the blade, under 0◦ AOA, primarily occurs
in the −30%~35% region of the leading edge. The asymmetry in the icing distribution is
attributed to the inherent asymmetry of the airfoil, where the shapes of the upper and lower
airfoils exhibit slight disparities, influencing the icing distribution range. At chord lengths
of 75 mm, 100 mm, 150 mm, and 200 mm, the maximum average icing thicknesses at the
leading edge of the blade are 8.092 mm, 7.894 mm, 8.239 mm, and 7.789 mm, respectively.
Despite the nearly identical number of droplets impacting the model within the same time
frame, subtle variations in the maximum average icing thickness at different chord lengths
may arise from potential uncertainties in the stability of the icing wind tunnel. Overall,
the relative positions of blade icing and their average icing thicknesses for varying chord
lengths remain consistent. As depicted in Figure 10b, under a 10◦ AOA, the icing of blades
with different chord lengths primarily occurs in the region of −50%~25% of the leading
edge and −80%~100% of the lower airfoil surface. When comparing the average icing
thicknesses at a 0◦ and 10◦ AOA, it becomes evident that, at a 10◦ AOA, the icing areas
shift towards the lower airfoil surface. Likewise, the relative positions of the icing and the
average icing thicknesses on the blades of airfoils with different chord lengths at 10◦ AOA
remain generally consistent.
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3.4. Icing Rate

The growth rate of the net icing area (Vst) for various chord lengths is illustrated in
Figure 11. The graphical representation reveals that the growth curves of the net icing area
for the blades, characterized by different chord lengths at a 0◦ and 10◦ AOA, exhibit an
initial ascent followed by a subsequent descent, subsequently fluctuating within a defined
range of variations. This pattern can be attributed to the early stages of icing on the blade
surface, wherein super-cooled water droplets collide with and adhere to the blade surface,
subsequently freezing rapidly. During this phase, direct contact between the super-cooled
water droplets and the blade surface leads to swift heat transfer, resulting in the highest
icing rate. As the ice layer attains a certain thickness on the blade surface, the super-cooled
water droplets only interact with the overlying ice, resulting in a significantly reduced heat
transfer rate compared to the initial interaction with the aluminum surface. Consequently,
the Vst demonstrates an initial rise followed by a decline. Examining Figure 11a as an
illustrative case, the Vst for blades with chord lengths of 200 mm, 150 mm, 100 mm, and
75 mm exhibits variations within the ranges of 1.14 to 1.33 mm2/s, 0.92 to 1.24 mm2/s,
0.54 to 0.91 mm2/s, and 0.39 to 0.73 mm2/s, respectively. Notably, the Vst for the airfoil
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with a larger chord length surpasses that of its smaller counterpart. This discrepancy can
be attributed to the proportional increase in the contact area between the aluminum alloy
blade and the incoming super-cooled water droplets as the blade chord length expands.
Consequently, the high heat transfer rate results in a substantial augmentation of the Vst.
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(b) α = 10◦.

The variation in the total icing area rate for distinct chord lengths of blade airfoil is
depicted in Figure 12. The total icing area rate of the blade exhibits an approximately linear
increasing trend, with chord length exerting a substantial influence on this rate. Taking
the example of the blade at 0◦ AOA, the total icing area rate for the 75 mm chord length
blade reaches 20.43% during the 5-min icing period. Conversely, the total icing area rates
for the 100 mm, 150 mm, and 200 mm chord length blades are 14.57%, 9.27%, and 6.36%,
respectively. This observation suggests a more pronounced impact of icing on smaller-scale
airfoils. Furthermore, the total icing area rate at 10◦ AOA is marginally higher than that at
0◦ AOA.
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3.5. Icing Similarity

Following a quantitative analysis of the ice distribution characteristics on the surfaces
of blades with varying chord lengths, certain patterns are summarized. Notably, the relative
positions of icing and the average icing thickness on blades with different chord lengths
exhibit a fundamental consistency. The total icing area rate of the full-size model at 4 min
remains essentially the same as the total icing area rate of the downsized model at 2 min,
underscoring a similarity in the icing behavior.

Based on the experimental scheme in Table 1, icing tests were performed and the icing
shapes were obtained for airfoils with different chord lengths. Given that the icing images
lack precision for a nuanced comparison of the congruence in icing configurations on the
surfaces of the two blade scales, the diminished model blades and their icing configurations
were proportionally magnified to match the dimensions of the full-scale blade model. This
facilitated an assessment of the ice shapes under a consistent coordinate system, denoted as
a normalized comparison. As depicted in Figure 13, the icing configurations on the surfaces
of diverse blade scales exhibit a substantial degree of similarity under various conditions.
While there exists a minor variance between the initiation and termination points of icing
on the surfaces of distinct blade scales, the principal structure of the icing formations aligns
closely. This marginal disparity may be attributed to the minor fluctuations in wind speed
during the wind tunnel’s operational phases.

It is unscientific to judge whether the shapes of icing on the surface of models of
different scales are similar only by visual inspection. So, the icing shape similarity rate Sim,
a method used to evaluate the icing shape similarity, was validated. Therefore, the icing
shape similarity evaluation method (the icing similarity rate Sim) was applied to verify.
Five typical characteristic quantities, including the icing area, icing station thickness, icing
upper and lower limits, and station deflection angle, were used as basic quantities, and
each typical characteristic quantity was dimensionless. The dimensionless icing area ηs,
the dimensionless icing standing point thickness ησ, the dimensionless icing upper limit
ηLu, the dimensionless icing lower limit ηLd and the dimensionless icing standing point
deflection angle ηα were introduced. By using the dimensionless typical characteristic
quantities, the rate of variation in each typical characteristic quantity at different scales ξi
can be obtained. It is also necessary to consider the size of the influence of each characteristic
quantity on the similarity when determining the similarity. According to the research results
concerning different typical characteristic quantities, different characteristic quantities are
weighted and averaged by using different weighting factors rx, and x denotes different
characteristic quantities: rS = 0.3, rσ = 0.3, rLu = 0.15, rLd = 0.15, rα = 0.1. When the icing
similarity rate is denoted as Sim and it is percentage, the following is obtained:

Sim = [1 − (rs ξs + rσξσ + rLuξLu + rLdξLd + rαξα)]× 100% (11)

By using the above method to evaluate the icing similarity rate, the icing shapes on the
surfaces of the blades at different scales in the test program were quantitatively analyzed.
The similarity rates of the icing shapes on the surfaces of the blades at two scales were
obtained, as shown in Table 3. The lowest similarity rate in this test occurred in Condition
1, with chord lengths of c1 = 75 mm and c3 = 150 mm. The similarity of the icing shape on
the blade surface was 84.06% for both scales. The highest similarity occurs in Condition 4,
with chord lengths of c2 = 100 mm and c4 = 200 mm. The similarity of the icing shape on
the blade surface was 88.72% for both scales. The data prove that the icing shape similarity
criterion has a degree of accuracy.
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Table 3. Similarity of icing shape.

Condition 1 2 3 4

c (mm) c1–c3 c2–c4 c1–c3 c2–c4

Sim 84.06% 84.38% 86.99% 88.72%

4. Conclusions

Icing wind tunnel tests were conducted on blades with DU25 airfoil. Four kinds of
chord lengths and two kinds of attack of angles were selected. The main conclusions are
summarized as follows:

(1) The relative positions of icing and the average icing thicknesses of the airfoil blades
with different chord lengths are basically the same. At α = 0◦, the relative position of
icing is in the region of −30%~35% of the leading edge of the blade, and at α = 10◦,
the relative position of icing is in the region of −50%~25% of the leading edge of the
blade and −80%~−100% of the trailing edge of the blade.

(2) With an increase in the blade chord length, the growth rate of the net icing area varies
from 0.39~0.73 mm2/s to 1.14~1.33 mm2/s at α = 0◦, and from 0.57~0.77 mm2/s to
1.27~1.49 mm2/s at α = 10◦. In addition, the total icing area rate of the blade decreases
with an increase in the chord length, and with the doubling of the chord length, the
summarized ice area rate decreases by about a factor of one. the total icing area rate
would decrease by about half.

(3) The icing similarity criterion was verified, and the similarity of the icing shapes on
the surfaces of the blades at different scales was found to be 84.06%~88.72% under
the test conditions.
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