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ABSTRACT

Icing can significantly change the geometric parameters of wind turbine blades, which in turn, can reduce the
aerodynamic characteristics of the airfoil. In-depth research is conducted in this study to identify the reasons
for the decline of wind power equipment performance through the icing process. An accurate experimental test
method is proposed in a natural environment that examines the growth and distribution of ice formation over
the airfoil profile. The mathematical models of the airfoil chord length, camber, and thickness are established in
order to investigate the variation of geometric airfoil parameters under different icing states. The results show that
ice accumulation varies considerably along the blade span. By environmental temperature drop, the minimum
and maximum extents of ice accumulation are observed near the blade root (0.2 R) and the blade tip (0.95R),
respectively (R represents the blade length). The icing process steadily increases the chord length and decreases
the airfoil curvature, reaching the largest value at the blade tip region. Furthermore, the maximum curvature is
reduced to 41.50% of the original curvature. The maximum camber position of the airfoil moves towards the trailing
edge, and the most prominent position occurs at the middle blade region (0.6 R), where it moves back by 19.43%.
Ice accumulation steadily increases airfoil thickness. It leads to the maximum thickness growth of 53.40% that
occurs at the blade tip region and moves forward to the leading edge by 10%. The research results can provide
the required theoretical support for further monitoring the blades operating conditions to ensure reliable wind
turbines’ operation.
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Notations

The chord length, (mm);

The curvature coefficient;

The thickness coefficient;

The vertical distance between the lower surface of the airfoil and the chord line, (mm);
The vertical distance between the upper surface and the lower surface, (mm);

The measured value of icing on the lower surface of the measuring point, (mm);

The measured value of icing on the upper surface of the measuring point, (mm);

The different monitoring positions (i=0.2, 0.6, 0.95);

SREESORS

This work is licensed under a Creative Commons Attribution 4.0 International
@ @ License, which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.


http://dx.doi.org/10.32604/ee.2022.020854
mailto:shzuzhanghui@163.com

2550 EE, 2022, vol.119, no.6

Curvature curve equation constant;

Thickness curve equation constant;

The value of 10 equal parts of the airfoil chord length;

The number of the measuring point (n=1, 2, 3,..., 11);

The wingspan direction;

The blade length;

The any length in the chord direction;

The abscissa, indicating the length of the measuring point on the chord line, (mm);
The camber, (mm);

The ordinate, indicating the camber value of the measuring point, (mm);

The thickness;

The ordinate, indicating the thickness of the measuring point, (mm);

The tip speed ratio of leaf element at different length ri from the root of the leaf;
The twist angle of leaf element, (°);

The inclination angle of leaf element, (°).
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1 Introduction

Wind power isone of the most useful renewable energy sources in the world due to its green,
clean, low-carbon, and sustainable way of electricity generation. Although wind energy resources are
abundant in either elevated or cold areas, wind turbine blades are vulnerable to possible icing in cold
regions [1]. The icing of wind turbine blades is a dynamic process that not only changes geometrical
parameters and surface roughness of the airfoil [2] and deteriorates the airfoil’s inherent aerodynamic
characteristics and adversely affects the power generation. In addition, serious icing can also cause
safety problems and shutdown losses [3-5].

So far, research on wind turbine icing has mostly focused on three issues: 1. The impact of icing
on power loss; 2. The effect of icing on blade vibration or deterioration of aerodynamic performance;
3. Classification of ice types and the effect of ice formation at different blade positions on the output
power of wind turbines. Based on the literature, icing deteriorates the aerodynamic performance of
the blades, which in turn decreases wind turbine output. An in-depth analysis of the principal reasons
for such degradation is scarce, and it is necessary to study the influence of icing on the geometrical
parameters of the airfoil.

The performance of wind turbine blades is considerably affected by different ice types and
thicknesses over the blade surface. To examine the impact of the icing environment on the wind turbine
airfoil parameters, it is necessary to study the dynamic process of blade icing. Some researchers have
employed 2D or 3D computational fluid dynamics (CFD). They simulated airflow/droplet behavior
and the resulting ice accumulation on the turbine blades [6,7]. Depending on the environmental
temperature, rime and glaze ice are two types of ice forming on the wind turbine blades [§]. Liu et al. [9]
stated that rime ice formation is related to low temperature (below —10°C), low liquid water content,
and small median volume diameter (MVD) of water droplets. Since the water droplets almost instan-
taneously freeze when impacting the blade, the early rime usually forms in the vicinity of the original
blade contour. Gao et al. [10] pointed out that the glaze ice causes more significant aerodynamic
performance less than the rime ice. Generally, the formation of glaze ice directly corresponds to
high temperature (more than —10°C), high liquid water content, and large MVD of water droplets.
In comparison with the rime, it was declared in various research [11-13] that the glaze ice is the
most dangerous type of icing. Because of the wet characteristics of the glaze ice, its shape is more
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complicated, and accurate prediction of its profile is more difficult. It forms “horn-shaped ice” and
larger “feather-shaped ice” that grow outward into the airflow, which can significantly deform the
blade surface. It was shown by Bragg et al. [14] that the formation of the glazed ice causes large-scale
airflow separation and considerably decreases the airfoil aerodynamic performance. More specifically,
it sharply increases the drag and decreases the lift forces.

Because of the extensive application of wind turbines and the rapid growth of computational
resources, numerous studies have been conducted on wind turbine blade airfoils under various
operating conditions. Li et al. [15] studied the aerodynamic characteristics of wind turbine blades
with NACAO0012 airfoil under a wind-sand environment. They examined the effect of concentration
and particle size variations in such multiphase flow. Li et al. [16] numerically analyzed the effect of
the airfoil angle of attack on the distribution of salt spray particles around the blade wall. They also
investigated the aerodynamic characteristics of the airfoil under different salt spray concentrations.
Based on airfoil icing tests by Sundaresan et al. [17], acrodynamic characteristics of the iced airfoil
were decreased in comparison with those of the original clean wing configuration. Zhang et al. [18]
proposed a new wind turbine airfoil based on blunt trailing-edge optimization. It could reduce the
unfavorable effect of the rime ice environment on the aerodynamic characteristics. Lamraoui et al. [19]
numerically explored the influence of external conditions on the performance of wind turbine blades.
They concluded that the icing zone (as the cause of power loss) is located closer to the blade tip region.

The existing literature on wind turbine blade airfoil and blade icing dynamic process relies mostly
on experimental research and numerical simulation. There is no study for in-depth analysis of the
relation between thickness and position of icing and variation of blade airfoil parameters, however,
most icing tests have been conducted based on indoor temperature control and constant speed
condition, which are quite different from the icing process of real wind power equipment in a natural
environment. Therefore, it is difficult to apply their research results to these engineering practices.

Applying a novel test method based on the natural environment in the present study innovation.
Observation accuracy of the icing data (icing distribution over the airfoil profile) can be enhanced in
a natural environment. Furthermore, this paper establishes the mathematical models for airfoil chord
length, camber, and icing thickness, revealing the variation mechanism of airfoil parameters with blade
icing. This paper provides the theoretical basis and technical support for further research on the airfoil
optimization of wind turbine blades.

The article is organized as follows. The design of monitoring positions for airfoil icing is
introduced in Section 2. The methodology is then explained in Section 3. It follows results and
discussion in Section 4 and conclusions in the last section of the paper.

2 Design of Monitoring Positions of Airfoil Icing

2.1 Research Objective

Power generation efficiency and aerodynamic performance of a wind turbine are mainly affected
by the aerodynamic characteristics of the airfoil (as an essential attribute of the blade) [20]. The airfoil
geometry can be described by the following parameters, as shown in Fig. 1.

The airfoil geometry parameters mainly include leading edge, trailing edge, chord line, mid-curve,
thickness, and camber [21,22]. The NACA 4412 airfoil is utilized as the blade profile in the present
study. This airfoil category belongs to the low-speed airfoil series developed by the National Advisory
Committee for Aeronautics (NACA), which has a higher maximum lift coefficient and a lower drag
coefficient than other airfoils. The objective of the present paper is to study the icing problem of NACA
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4412 airfoil by analyzing the icing impact on the geometrical parameters, including the chord length,
relative thickness, and relative camber. This airfoil has a maximum relative camber of 4%, located at
40% of the chord length (as measured from the leading edge). Furthermore, the relative thickness is
12%, and the maximum thickness is located at 30% of the chord length [23]. The principal parameters
of the airfoil are presented in Table 1. Fig. 2 illustrates the position of 18 sections that are considered
in this study.
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Figure 1: Geometric parameters of the airfoil

Table 1: Basic parameters of blades used in the test

Section r;(m) A b;(m) () 6,(°) Section r;(m) A b;(m) () 6,(°

1 — — 0.100 — — 10 0.80 4.0 0201 9.0 0.3

2 0.09 046 0.128 370 283 11 0.92 46 0.185 8.1 —0.6
3 0.12 0.6 0.19¢ 31.0 223 12 1.00 50 0.161 7.0 —-1.7
4 0.20 1.0 0322 270 183 13 1.08 54 0.154 6.8 -1.9
5 0.28 1.4 0297 228 141 14 1.20 6.0 0.148 6.5 2.2
6 0.40 2.0 0281 170 83 15 1.32 6.6 0.141 5.8 -2.9
7 0.52 2.6 0.265 145 5.8 16 1.40 7.0 0.133 5.0 -3.7
8 0.60 3.0 0241 120 33 17 1.48 74 0.125 44 —4.3
9 0.68 34 0.217 10.7 2.0 18 1.60 80 0.112 4.0 —4.7

Note: “r;” the wingspan direction; “A;” the tip speed ratio of blade element at different length r; from the root of the blade; “b;” the chord
length; ”9;” the inclination angle of blade element; “6;” the twist angle of blade element.
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Figure 2: Blade icing monitoring position

2.2 Configuration of Ice Monitoring Points
2.2.1 Selection of Ice Monitoring Positions

Output power is an essential indicator of wind turbine performance. The influence of different
blade icing positions on the nominal power of wind turbines should be examined, which requires a
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suitable design of ice monitoring positions. The impact of icing position on the output electricity has
been investigated in the previous numerical studies. The electricity loss was mainly experienced because
of blade icing alongside the span course r/R = (0.8~0.95) [24].

Considering the above-mentioned results, therefore, he current article aims further to examine the
icing drawbacks in specific blade regions. For the monitoring positions, R is the blade length, and the
span routes (r/R) of 0.95, 0.6, and 0.2 are considered for the blade tip, center, and root, respectively,
as shown in Fig. 2. In order to enhance the data recording accuracy at each measurement point, the
NACA 4412 airfoil model is constructed using rapid prototyping technology (3D printing). It is made
from aluminum alloy with low density and high rigidity to avoid uneven impeller rotation (as illustrated
in Fig. 3).

Figure 3: Airfoil model

The wall thickness of the airfoil model is 2 mm. Its surface is sprayed with the same coating
material as the blade surface, and then it is wet-milled using fine (2000 grit) sandpaper to provide
a smooth gloss effect of around 25 pm. Finally, a readily available all-weather protective spray
enamel is applied to the polished surface. These operations are performed to reach the same surface
hydrophobicity for the airfoil model and the blade and to reduce the test errors. The main parameters
of the airfoil model, the chord length, and the angle of attack of the three monitoring positions are
presented in Table 2.

Table 2: Parameters of ice monitoring positions

Monitoring  The chord length and angle of attack Parameters of the airfoil model
location parameters

r; (m) b; (m) 9 (°) 0 (°) Mass (g) Width (m) Length (m)
0.2R 0.32 0.292 20.9 12.2 84.773 0.030 0.126
0.6R 0.96 0.174 7.6 -1.1 57.648 0.030 0.179
0.95R 1.52 0.121 4.3 —4.4 31.556 0.030 0.297

2.2.2 Configuration of Airfoil Ice Measurement Points

To precisely describe the impact of icing on the geometric parameters of the airfoil; the chord
length is divided into ten intervals along the airfoil chord. This is performed by considering a vertical
line at each dividing point and specifying the intersections of this vertical line by the upper and lower
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surfaces of the airfoil. These intersection points are considered the airfoil ice measurement points,
including the maximum curvature and thickness positions, as demonstrated in Fig. 4.

Icing start _ Upper surface

Leading edge =~ Max thickness ~Max camber Lower surface

Figure 4: Configuration of airfoil ice measurement points

During the test, the lower surface of the blade was completely covered by ice, while the ice on the
upper surface was accumulated around the main blade facet. Therefore, the intersection of vertical
lines with the lower airfoil surface provides an adequate configuration for the ice measurement points
n(n=1, 2,3, ..., 11). Table 3 presents the values of Hn (vertical distance between the upper and
lower surfaces) and H,, (vertical distance between the lower surface and the chord line) for 11 selected
measurement points. The measurement points corresponding to the upper surface are notified as n’
(Fig. 4). The location of ice origination on the upper surface varies in time, such that it moves towards
the trailing edge as the freezing progresses. The measurement point 1, located at the leading edge,
experiences the maximum ice thickness. The measurement points 4 and 5 correspond to the maximum
thickness and camber of the NACA 4412 airfoil, respectively. Therefore, these calibration points are
used to measure the maximum thickness and camber, as illustrated in Fig. 4.

Table 3: Basic parameters of the airfoil

Point 0.2R 0.6R 095R
H, (mm) H,(mm) H,(mm) H, (mm) H,(mm) H, (mm)
1 0 0 0 0 0 0
2 25.43 8.72 15.15 5.19 10.54 3.61
3 32.05 10.71 19.10 6.38 13.32 4.44
4 34.70 11.20 20.67 6.68 14.38 4.64
5 34.40 10.53 20.50 6.27 14.26 4.38
6 31.55 9.02 18.80 5.37 13.07 3.74
7 26.76 7.16 15.94 4.27 11.08 2.97
8 20.83 5.33 12.42 3.18 8.63 2.21
9 14.20 3.56 8.48 2.12 5.88 1.47
10 7.19 1.80 4.29 1.07 2.98 0.75
11 0 0 0 0 0 0

Note: Hy, is the measured value of icing on the lower surface of the measuring point; H,y is the measured
value of icing on the upper surface of the measuring point, (mm).

3 Test Method

3.1 Wind Turbine Icing Test Device
The schematic diagram of the wind turbine blade icing test is illustrated in Fig. 5. The icing
test device comprises three parts, namely a wind turbine, axial flow fan, and droplet atomization
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nozzle. The constructed airfoil models are initially mounted at three predetermined positions, and
counterweights are installed on the remaining blades to balance their rotational inertia. At the ice
thickness step, it is necessary to completely remove the airfoil model with ice attached to the blade
(the icing on the airfoil model cannot be destroyed).

i « Monitoring
I ¢«—— Atomizing nozzle location 3

I

I

I

0.15m __l ! Blade
iy ‘E—/ﬂ/ T
—s Monitoring
_ﬁa__. location 2

Monitoring
location 1

Figure 5: Schematic diagram of the icing test device

The operating parameters of the axial flow fan include the area of 1.380 mm x 1.300 m, the rated
voltage of 380V, the power rating of 1.1 kW, the air volumetric flow rate of 45,000 m’/h, and the
adjustable wind speed range of 0 to 17 m/s. The cut-in wind velocity of the wind turbine is 1.5m/s,
and a three-phase permanent magnet synchronous motor is employed in the test. The wind turbine
blade size is R = 1.6 m, as shown in Fig. 5, and the blade chord length is considered in the range of
0.098~0.322 m. The water droplet atomization device comprises three atomization nozzles and a water
pump. The basic parameters of the water pump include the rated power of 15 W, the rated pressure of
0.6 MPa, and the flow rate of 1.5 L/min, while for the atomization nozzle, atomizing cone angle and
diameter are 120° and 0.9 m, respectively.

3.2 Test Plan

The blade length of the NACA 4412 airfoil is R = 1.6 m. Precise temperature and humidity meters
are used to measure environmental parameters. The axial flow fan blows the water droplets (produced
by the atomization device) towards the wind turbine and causes icing of the blades. About the method
to capture droplets, during the test, the glass panels were placed in front of wind turbine blades; the
water droplets will adhere to them. The captured water droplets are photographed under a microscope.
The particle size of the water droplets is calculated according to the picture’s proportional scale, and
the measured droplet diameter is converted to MVD [25]. Their diameter is calculated based on the
MVD of 100 droplets to be about 20 um. The liquid water content (LWC) in the atmosphere can be
adjusted by managing the number of nozzles. LWC is measured as 0.92/g-m~ by the rotating conductor
monitoring method [26]. The specific parameters of the test program are summarized in Table 4.
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Table 4: The environmental parameters of the test

R (m) LWC(gm™) MVD (um) Temperature/T Wind Speed/v Rotating speed of Icing time/t

(°C) (m/s) the wind turbine (min)
blade (rpm)
1.6 0.92 20 —15to -9 3 18
5 30 30
7 36 60
9 42 90
11 48 120
13 54 150
15 60

3.3 Method of Ice Thickness Measurement

The ice thickness should be measured at the designed airfoil measurement points. However,
accurate measurement of the thickness on the curved profile of the airfoil is difficult. To record more
accurate data at each measurement point, before the test, the airfoil model (as shown in Fig. 3) was
installed at 0.95, 0.6, and 0.2 R of the blades. The airfoil model (with the blades 0.95, 0.6, and 0.2 R)
is removed after each icing test, and it is mounted on a predesigned thickness measuring device.
The ultrasonic thickness measuring instrument GM100 is used to measure the icing thickness. The
measurement error is £(1%H +0.1) mm (H is the actual thickness value), and the measurement
range is 1.2-225mm, but in some cases, it is also possible to measure smaller thicknesses with
special techniques. The instrument has the function of real-time temperature compensation, which
can eliminate the measurement error caused by the temperature change of the probe. The thickness
of coated ice, less than 1.2 mm, is measured. Firstly, the ice is stripped from the surface of the wind
turbine blade; when overlapping this ice in the same position, place it horizontally at low temperature,
and impose weighs (which cannot crush the ice) on its surface, the overlapped ice will be integrated
after being placed for 24 h with no cracks between the ice. And then use the ultrasonic thickness gauge
to measure it. Finally, the thickness of single layer ice can be calculated.

The measurements are repeated to reduce errors and uncertainties of the test process. The
employed test procedure is as follows: (1) the experiments of each group are repeated for three times
and the results are recorded separately; (2) seven measurements are conducted at each point; (3)
collecting and recording of the icing situation for the airfoil model. For the second step, the maximum
and minimum measured data are excluded, and average of the remaining five data is regarded as the
icing thickness corresponding to the target point.

4 Results and Discussion

4.1 Test Results

In the experiments, the airfoil icing evolution is monitored by controlling time (t) and wind velocity
(v). Evaluation and exposition of the results are performed for icing measurements at v=6 m/s and
t=130, 60, 90, 120, 150 min. Table 5 presents the recorded data for 3 particular measurement points
(point 1 at the airfoil leading edge, point 4 at the maximum thickness and point 5 at the maximum
curvature). The test results demonstrated by photographs are also shown in Fig. 6.
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Table 5: Test results at the leading edge, maximum camber, and maximum thickness positions

Position ¢ (min) Point 1 (mm) Point 4 (mm)  Point 5 (mm)
30 1.394+0.01 0.61 £0.01 0.52+0.01
60 1.454+0.01 0.94+0.02 0.87+0.01
0.2R 90 3.73+0.02 3.35+0.02 3.09+0.04
120 3.94+£0.02 4.02+0.05 3.11£0.04
150 4.65+0.04 5.86£0.06 4.80+0.04
30 2.834+0.01 1.03+0.01 0.97+0.01
60 5.60£0.01 1.914+0.01 1.63+0.01
0.6R 90 10.00 +£0.03 4.23+0.05 3.60£0.03
120 13.90 +0.04 6.07£0.04 4.59+0.04
150 15.77+0.06 8.00+0.05 6.24+0.05
30 4.274+0.01 1.124+0.01 1.09 +£0.01
60 7.40 £0.02 2.04+0.02 1.99 +£0.01
0.95R 90 11.16 £0.03 2.4040.02 2.23+0.03
120 14.85+0.04 3.35+£0.04 2.94+0.03
150 17.60 +0.06 4.24+0.04 3.64£0.04

Note: In the table, measuring points 1, 4 and 5 are the test results of the leading edge position of the
airfoil, the position of the maximum thickness and the position of the maximum camber, respectively.

0 min

30 min

60 min

90 min

120 min

150 min

0.6 R

Figure 6: Test result photographs
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The ice thickness increases with time, and the amount of accumulated ice notably alternates
alongside the blade span. The highest and lowest ice thicknesses occur at 0.95 and 0.2 R, respectively.
In the experiment, the blade ice type corresponds to the glaze ice, which initially forms at the 0.95R
monitoring position and then spreads towards the 0.6 R position. The most apparent ice angle is
observable at 0.95R, and the “feather-shaped” ice grows as the experiment progresses. Assessments
at the positions 0.6 and 0.95R for t =120 min are chosen as the statement samples, as illustrated in
Fig. 7.

(a) 0.95R (b) 0.6R

Figure 7: Glaze ice attached to blades

4.2 Effect of Icing on the Airfoil Chord Length

The icing of wind turbine blades changes the airfoil shape. Because of continuous adhesion,
the ice formation steadily changes the geometric airfoil parameters and reduces the aerodynamic
characteristics of the blade. Analysis of the test results at the monitoring positions 0.95, 0.6, and 0.2 R
shows that the most considerable ice thickness occurs at the leading edge (point 1). Ice formation at this
point significantly changes the chord length. The present section analyzes the influence of icing on the
airfoil chord length based on a rectangular coordinate system. The airfoil leading edge is considered
as the coordinate origin, the chord length direction is assigned as the x-axis. The normal direction to
the chord length indicates the y-axis, as depicted in Fig. 8.

yA /Contour ofice Profile of airfoil
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Figure 8: Effect of icing on the chord length

Fig. 9 illustrates the temporal variation of the ice thickness at the airfoil leading edge for three
monitoring positions. The highest and lowest ice layer contents exist for the 0.95 and 0.2 R, respectively.
Furthermore, the ice layer at the leading edge of the 0.95 R position has the fastest growth rate, which
may cause a significant power loss. In contrast, the results obtained for the ice layer growth at 0.2 R
are very uncertain.

Two reasons are responsible for the phenomenon mentioned above:

(1) The wind turbine has a high speed at the initial stage of the icing test. The cooled water droplets
are therefore subjected to a large centrifugal force with a strong radial flow potential. As a
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result, the cooled water droplets migrate radially from the blade root and accumulate at the

blade tip.
(2) The blade tip linear speed is higher than the blade root speed. Therefore, the collision efficiency
of cooled water droplets is the highest at the blade tip. At the same time, the blade tip profile

can seize a more significant amount of cooled water droplets.
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Figure 9: Ice thickness at the airfoil leading edge

4.3 The Effect of Icing on the Airfoil Camber
4.3.1 Changes in the Airfoil Camber and Maximum Camber Position

This section investigates the impact of the icing process on the airfoil camber and the variation
of the maximum camber position based on a mathematical model established for the airfoil icing.
After defining a suitable coordinate system, the curve equation for the airfoil camber is obtained
by numerical fitting, and the influence of icing on the airfoil camber is analyzed quantitatively. The
coordinate system is defined as described above and is illustrated in Fig. 10.

,  Contour of ice Profile of airfoil Camber curve

=

W
L]
~

= b |

Figure 10: Effect of icing on the airfoil camber
Based on the measured data in each test, the curvature model is established as expressed by Eq. (1).

Xi=(m—1)-1y
1 6]
KZE(HM+H+I_I)1’)_hn

where, i is the different monitoring positions (i=0.2, 0.6, 0.95); X; is the abscissa, indicating the length
of the measuring point on the chord line, (mm); # is the number of the measuring point (n=1,2,3,...,
11); ., is the value of 10 equal parts of the airfoil chord length; Y, is the ordinate, indicating the camber
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value of the measuring point, (mm); H is the vertical distance between the upper surface and the lower
surface, (mm); 4, is the vertical distance between the lower surface of the airfoil and the chord line,
(mm).

According to the parameters presented in Tables 2 and 3 (calculated using Eq. (1)), each mea-
surement point is calculated separately to obtain the coordinates of the airfoil camber after the icing
process. The camber coordinate data of the measurement points is then imported into the ORIGIN
software to fit the airfoil’s camber curve equation to fit the airfoil equation under different freezing
conditions. The fourth-order polynomial curve of the camber is obtained after multiple fittings, as
expressed by Eq. (2).

y:Il’lll—l—Bl~X+BZ-X2+B3~X3+B4'X4—|—B5-xs (2)

where, y is the camber, (mm); Int, is curvature curve equation constant; B; is the curvature coefficient
(i=1,2,...,5); xis any length in the chord direction.

The camber value at any position along the chord length direction can be calculated from Eq. (2).
The R? test (the ratio of the regression sum of squares to the total sum of square deviations) is
performed to evaluate the resulting equation’s fitting quality. Achievement of R?> 94.8% indicates
high regression quality of the fitting equation. Table 6 presents the curve equation coefficients for
different icing times. The curve equation diagrams for the monitoring positions 0.95, 0.6, and 0.2R

are illustrated in Fig. 11.

Table 6: Equation coefficients of the camber curve

Position ¢ (min) Inf B, B, B; By R?
0 0.23500  0.13374 —8.91125E—04  2.28988E—06 —2.81157E—09  98.246%
30 0.21489  0.12013 —7.14373E—-04  1.47257E—06 —1.53544E—09  98.414%
02R 60 0.17106  0.11127 —5.94001E—-04  9.29303E—07 —7.26640E—10  98.809%
' 90 0.01566  0.05769 9.20338E—05 —2.26381E—06  4.34341E—09 99.527%
120 —0.02348 0.01683 7.49652E—04 —5.45798E—06  9.21305E—09 99.004%
150 0.05676  —0.01837 0.00117 —7.41502E—06  1.23657E—08 96.481%
0 0.14059  0.13401 —0.00151 6.55628E—06 —1.36209E—08  98.231%
30 0.15875  0.08536 —4.40559E—-04  —1.69799E—-06  7.86104E—09 96.969%
0.6R 60 0.10824  0.04788 3.51072E—-04 —7.41566E—06  2.18157E—08 96.456%
' 90 0.16178  —0.02641 0.00182 —1.73441E—-05  4.43785E—08 94.829%
120 0.14566  —0.08754 0.00313 —2.72615E—-05  6.98656E—08 94.818%
150 0.12376  —0.12967 0.00381 —3.14031E—05  7.92048E—08 96.300%
0 0.09787  0.13393 —0.00216 1.34095E—05 —3.97592E—08  98.241%
30 0.08936  0.07137 —1.80543E—04 —1.01720E—05  5.53910E—08 97.631%
095R 60 —0.01029 0.00631 0.00204 —3.58966E—05  1.53966E—07 99.057%
' 90 0.04129  —0.01068 0.0025 —4.05784E—05  1.70251E—07 98.388%
120 0.04431 —0.02542  0.00269 —4.13471E-05  1.71692E—07 96.875%
150 0.08417  —0.05367 0.00344 —4.96982E—05  2.05103E—07 94.966%
Fig. 11 shows that the maximum curvature at the monitoring positions 0.95, 0.6 and 0.2R

gradually decreases by icing progress. Additionally, the maximum camber position tends to move
towards the trailing edge. It can be clearly observed from Figs. 11band 1 1c that the camber curve at the
proximity of either the leading edge or trailing edge of the blade gradually displaces below the chord
line as the icing evolves. The reason is that the icing mainly happens on the lower airfoil surface, which
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steadily grows downward. MATLAB 2014 software is utilized to obtain the coordinates corresponding
to the maximum value of the right equation in order to study the curvature deviation during the test.
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Figure 11: Curve fitting result of icing airfoil

In the iterative calculation procedure, the design step size is 0.1. The calculation intervals involve
the chord length values of 0.95, 0.6, and 0.2 R monitoring positions. The calculation results are listed
in Table 7. Based on the results for three monitoring positions, the maximum camber position is moved
towards the trailing edge as the icing evolves. At the end of the test and compared to the original state,
the maximum curvature at the monitoring positions 0.2, 0.6, and 0.95 R reduces to 72.22%, 44.23%,
and 41.50% based on the original value, respectively. Additionally, in comparison with the original
airfoil, the maximum camber position shifts backward by 10.27%, 19.43%, and 8.84%, respectively.

Table 7: Calculation results of maximum camber value and position

t (min) 0.2R 0.6R 0.95R
Xoo (mm) Yo, (mm) X6 (mm) Yo (mm) X5 (Mm) Y5 (Mm)

0 119.0 6.8258 70.3 4.0441 49.1 2.8227
30 122.7 6.5720 78.5 3.6218 52.7 2.2876
60 126.0 6.4365 85.4 3.2993 58.4 1.9569
90 137.2 5.3556 96.4 2.8240 59.2 1.8428
120 147.5 5.6145 100.0 2.4167 59.6 1.4974
150 149.0 4.8612 104.1 1.7887 59.8 1.1713

Note: In the table, 7 is the icing duration; X2, X6 and X .95 are the distances to the leading edge of the maximum
curvature of the monitoring position at 0.2, 0.6 and 0.95R respectively; Y2, Y06 and Y95 is the maximum
camber value at the monitoring position of 0.2, 0.6 and 0.95 R, respectively.

4.3.2 Changes in the Position of Maximum Camber and Relative Camber

According to the data presented in Table 7, the position of the maximum camber and variation
trend of relative camber are extracted, and the results are shown in Fig. 12. The x-axis in Fig. 12a
indicates the ice coating duration of the test, y-axes correspond to the ice monitoring position, and the
z-axis demonstrates the ratio of the chord length where the maximum camber position is located. By
icing progress, this figure indicates that the maximum camber position of the airfoil at three monitoring
positions steadily moves towards the trailing edge, and the offset of the maximum camber position at
0.6 R is the most obvious one.
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Figure 12: Variation of the maximum camber position and relative camber on the airfoil

The X, y, and z-axes in Fig. 12b indicate the length of the icing test, the ice monitoring positions,
and the relative camber, respectively. A decreasing trend can be observed for the relative camber of the
airfoil at three monitoring positions. The most obvious downward trend occurs at the 0.95 R position,

which can be used to estimate the offset of different ice times, relative curvatures and maximum
curvature positions.

4.4 The Impact of Icing on the Airfoil Thickness
4.4.1 Changes in the Airfoil Thickness and Maximum Thickness Position

This section examines the influence of icing on the airfoil thickness as well as the maximum airfoil
thickness position based on the mathematical model constructed for airfoil icing. Based on a suitable
coordinate system and numerical fitting, a mathematical model of the airfoil thickness is established

in order to analyze the icing effect on airfoil thickness quantitatively. The coordinate system is defined
as described previously, and it has been illustrated in Fig. 10.

In this section, the thickness coordinate model is established by analyzing the measurement point
data of each test, as presented in Eq. (3).

Xi=m—-1)-1, 3)
Zi=H1+H+Hn’

where, Z; the ordinate, indicating the thickness of the measuring point, (mm).

According to the parameters given in Tables 2 and 3, the thickness at each measurement point is
calculated using Eq. (3). Itis then converted to the thickness coordinate of the measurement point, and
this coordinate is imported into the ORIGIN software. The mathematical model of airfoil thickness
is fitted for various icing thicknesses. The fifth-order polynomial curve of the airfoil thickness is
obtained after multiple fittings, as expressed in Eq. (4). It can be used to calculate the thickness
at any position along the chord length direction. Evaluation of the fitted equation by the R?* test
(R*> 94.6%) shows that the established mathematical model has a high regression quality. Table 8
presents the coefficients of the thickness curve equation for various icing conditions. Furthermore,
Fig. 13 illustrates the thickness curve equation plots for the monitoring positions 0.95, 0.6, and 0.2 R.
z=Int, +C, - x+C - X*+C, - x*+C, - x*+C5- X° 4)
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where, z the thickness; Int, is the thickness curve equation constant; C; is the thickness coefficient
i=1,2,...,5).

Table 8: Thickness curve equation coefficients

Position ¢ (min) Int; Cy Cy C3 Cy Cs R2
0 0.38191 1.1712 —0.01467 8.74038E—05 —2.65325E—07 3.11405E—10  99.371%
30 0.40718 1.2097 —0.01533 9.18764E—05 —2.78664E—07 3.25839E—10  99.308%
02R 60 0.50730 1.2487 —0.01613 9.79597E—05 —2.98719E—07 3.49936E—10  98.948%
90 0.69853 1.4601 —0.02032 1.30404E—04 —4.07649E—07 4.81866E—10  98.248%
120 0.8754 1.6144  —0.02352  1.53350E—04 —4.77667E—07 5.59773E—10  97.346%
150 1.07233 1.73542  —0.02555 1.66321E—04 —5.12599E—07 5.92084E—10  96.304%
0 0.22703 1.17110 —0.02461 2.46025E—04 —1.25266E—06 2.46572E—09  99.373%
30 0.37322 142651 —0.03356  3.61941E—04 —1.89642E—06 3.75706E—09  98.492%
06R 60 0.47107 1.66814  —0.04257 4.86141E—04 —2.62970E—06 5.31687E—09  97.861%
90 0.63532 1.86347 —0.04725 5.26501E—04 —2.77223E—06 5.47764E—09  96.766%
120 0.74302  2.12823 —0.05613 6.39567E—04 —3.39753E—06 6.73200E—09  96.184%
150 0.83969 2.41584 —0.06519 7.50778E—04  —3.99987E—06 7.92607TE—09  95.943%
0 0.15874 1.17108 —0.03538 5.08709E—04 —3.72608E—06 1.05530E—08  99.367%
30 0.31390 1.46726  —0.04994 7.78152E—04 —5.84778E —0861.65215E—08  97.889%
095R 60 0.50083 1.78226 —0.06626 1.09000E—03 —8.38743E—06 2.39828E—08 95.417%
90 0.56066  1.91180 —0.07289  1.21000E—03 —9.36350E—06 2.67804E—08  94.673%
120 0.56077  2.15440 —0.08402 1.41000E—03 —1.08533E—05 3.09324E—08 95.253%
150 0.61430 2.37846 —0.09443 1.59000E—03 —1.22101E—-05 3.45778E—08  94.893%
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Figure 13: Thickness distribution and curve fitting of icing airfoil
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It can be observed from Fig. 13 that the maximum thickness of the monitoring positions gradually
increases in time. As the test continues, the maximum thickness position moves towards the leading
edge. The reason is the increase in distance between the upper and lower surfaces of the airfoil by
growing the ice layer which increases the airfoil thickness. In order to quantitatively analyze the
maximum thickness deviation with respect to the trailing edge during the test, MATLAB software
is used to obtain the fitting equation coefficients.

The design step size in the iterative procedure is again considered to be 0.1. The maximum
value of the operation interval corresponds to the chord length at the positions 0.95, 0.6, and 0.2 R.
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The calculation results are listed in Table 9. Based on the results, the maximum thickness of three
monitoring positions is increased by icing progress. Furthermore, the maximum thickness position
moves towards the leading edge. In comparison with the original state, the maximum thickness for
the monitoring positions 0.2, 0.6 and 0.95R increases by 22.74%, 53.40%, and 47.58%, respectively.

Furthermore, the maximum thickness position is shifted towards the leading edge by 6.51%, 9.48%,
and 10.00%, respectively.

Table 9: Calculation results of the maximum thickness value and position

t (min) 0.2R 0.6R 0.95R
Xoo (mm)  Zyp, (mm) X6 (mm) Zye(mm)  Xgos (mm)  Zyo5 (mm)

0 85.3 35.1518 50.9 20.9543 354 14.5806
30 83.9 35.7978 44.0 22.5107 30.5 16.0625
60 81.9 36.2460 39.3 24.0135 26.6 17.6613
90 75.2 39.1670 38.1 26.7620 25.1 18.3098
120 68.3 40.7172 35.8 29.1554 24.3 20.0095
150 66.3 43.1464 344 32.1443 23.3 21.5185

Note: In the table, ¢ is the icing duration; X2, X6 and X5 are respectively the distance of the maximum thickness of

the monitoring position relative to the front edge of 0.2, 0.6 and 0.95R; Z», Z¢ and Z 5 is the maximum thickness at
the monitoring position of 0.2, 0.6 and 0.95 R, respectively.

4.4.2 Changes in the Maximum Thickness Position and Relative Thickness

According to the data presented in Table 9, variation in the maximum thickness position and
the relative thickness can be analyzed, as illustrated in Fig. 14. The x-axis in Fig. 14a demonstrates the
duration of the icing test, the y-axis is for the ice monitoring position, and the z-axis indicates the
ratio of chord length at the position of maximum thickness. According to the results, the maximum
thickness position of the airfoil at three monitoring positions moves towards the leading edge as the

icing evolves. Additionally, the most obvious offset of the maximum thickness position happens at
0.95R.

N
=

0.20

0.15

VOISO SR WU
<

0.95R
g ot

: : 3
Teg, 60 0.6R . 4\
St g, DR o
) o l'ﬂ;t.{ 90 o
Wk
150 WY

j : ;A
gy, 126 DR (mip) 120 02R _°

/ ; 150 ._ﬁ\.'.'ﬂ'
(a) The maximum thickness positions (b) Variation of relative thickness

Figure 14: Variation of the maximum thickness position and relative thickness on the airfoil
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The x-axis in Fig. 14b represents the length of the icing test, the y-axis is for the ice monitoring
position, and the z-axis denotes the relative thickness value. An ascending trend is observed for the
relative thickness of the airfoil at three monitoring positions as the icing develops. The most evident
variation trend exists at the 0.6 R position. Fig. 14 can estimate the variation of ice duration, relative
thickness, and maximum thickness.

5 Conclusion

The present study analyzed the icing distribution along with the wind turbine blades in the
natural low-temperature condition. A novel measurement method was proposed to determine the
ice accumulation extent around the airfoil accurately. The mathematical model of the chord length,
camber, and thickness with respect to the ice content was subsequently established. This model was
designed to quantitatively examine the changes in blade airfoil geometric parameters during the
dynamic icing process. This provides a theoretical foundation and technical prerequisite for further
research on the adverse impact of icing on the overall aerodynamic performance of the airfoil.

The concluding remarks of the present study are as follows: 1. By icing progress, the chord length
of the airfoil increases, and the most significant variation occurs at the 0.95R position; 2. during
the icing process, the airfoil camber decreases steadily, and the maximum camber position moves
towards the trailing edge; 3. The maximum thickness significantly increases by icing progress, and
the most obvious variation exists at the middle of the blade. The maximum thickness position moves
towards the leading edge, which clearly explains why airfoil aerodynamics deteriorates by icing growth.
Furthermore, the blade design was based on the blade element momentum theory, whether the wind
turbine is a horizontal-axis or a vertical-axis type. The proposed research method in the present study,
which relies on a variety of geometric airfoil parameters induced by the icing process, is also applicable
to the related research problems in the vertical-axis wind turbine blades.

Variation of the blade surface roughness decreases its acrodynamic characteristics. This opens a
future research plan in which the impact of ice accumulation on the variation of the blade surface
roughness and its aerodynamic consequences can be examined. Under icing conditions, a larger
turbulent wake can also be generated downstream of the blade surface, which deserves more in-depth
analysis in the future.
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