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Abstract: With the advancement of science and technology, wind power generation has
been widely adopted globally. However, ice accretion severely limits the operational
efficiency and structural safety of wind turbines in cold regions, while existing research
primarily focuses on the impact of supercooled droplets on blade icing, the influence of ice
crystals in cold environments on the blade icing process has been largely overlooked. This
study systematically simulated the accretion of ice crystals and supercooled droplets under
clear ice conditions. It evaluated the effects of various ice crystal parameters on the icing
process using Fensap-Ice, which is an advanced icing simulation tool. The results indicate
that ice accretion, driven by the combined action of ice crystals and supercooled droplets,
weakened ice corners, making the ice shape smoother and fuller. When the angle of attack
of the ice-covered airfoil exceeded 15◦, a separating vortex formed on the suction side of
the blade, leading to a reduction in the lift coefficient. The findings of this study highlight
the critical role of ice crystals in the icing process and provide a scientific foundation for
understanding the icing mechanism under complex meteorological conditions.

Keywords: wind turbine icing; numerical simulations; ice crystal; aerodynamic impacts

1. Introduction
Wind power, as a clean and renewable energy source, has been widely adopted globally.

However, wind turbines typically operate in wet, cold, mountainous environments. Despite
the abundant wind resources in these regions, ice accretion on the blade surface significantly
impacts the operational efficiency and structural safety of wind turbine units [1,2], becoming
a critical factor limiting the development of wind power technology in cold regions [3].

This ice accretion poses a serious threat to the safe operation of wind turbines [4]. Ice
accumulation increases the blade surface’s roughness and weakens aerodynamic perfor-
mance, leading to reduced lift and increased drag [5]. This directly affects the turbine’s
energy capture efficiency and may lead to load imbalances, increasing stress on bearings
and the transmission system [6]. When the ice mass reaches a certain level, it can trigger
blade resonance and vibration fatigue [7]. In extreme cases, it can cause turbine collapse [8].

With the ongoing global development of wind energy technologies, significant
progress has been made in ice accretion research, particularly regarding the mechanisms
of ice formation, the aerodynamic performance of iced blades, and the development of
de-icing and anti-icing technologies [9–11]. For example, Homola et al., through wind
tunnel experiments, found that temperatures and relative humidity directly affect the rate
and thickness of ice formation on the blade surface [12]. Their results indicate that under
low temperature and high humidity, the speed of ice accretion increases and the ice layer
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thickens significantly, reducing the aerodynamic performance of the blades. Wang studied
the effect of wind speed on the ice accretion process using numerical simulations [13].
The results showed that as wind speed increases, the frequency and kinetic energy of
droplet impacts on the blade surface also increase, leading to broader ice coverage on the
windward side. Timmer et al. demonstrated through experiments that the angle of attack
(AOA) influences the ice shape, with larger AoA at higher rotational speeds leading to more
severe icing [14]. Ozcan Yirtici et al. utilized the Blade Element Momentum (BEM) method
combined with an ice accretion prediction approach based on the Extended Messenger
model to investigate the impact of ice accretion on the aerodynamic performance of wind
turbine blades, finding a significant power loss of approximately 20% [15]. Linyue Gao et al.
conducted experiments in an icing wind tunnel to analyze the aerodynamic performance
degradation of wind turbine blades under typical glaze ice conditions, concluding that
at low angles of attack, lift significantly decreases to 12% of its original value, while drag
increases by 4.5 times [16]. Additionally, Guan et al. conducted a numerical simulation
showing that the thickness and distribution of the ice layer directly affect the lift and
drag characteristics of the blades, reducing turbine output power [17]. Sokolov et al. also
analyzed the effect of blade rotational speed on the icing process. They found that higher
speeds increase centrifugal forces, affecting ice formation and distribution and altering the
aerodynamic properties of the blades [18].

Existing research has thoroughly examined blade icing caused by supercooled droplets
and has made significant progress [19–21]. Nevertheless, significant gaps remain regarding
the accretion of ice crystals, particularly their influence on the blade icing process and the
aerodynamic performance of iced blades. In cold regions, ice crystals and supercooled
droplets typically coexist in the atmosphere. Ice crystals are formed through the direct
condensation of atmospheric water vapor or by freezing liquid droplets. The diameter,
concentration, and aspect ratio of ice crystals significantly influence their settling velocity
and spatial distribution in the atmosphere. In extreme weather conditions, such as bliz-
zards or windblown snow, the atmosphere contains large quantities of ice crystals, further
complicating and increasing the uncertainty of blade icing.

This paper aims to reveal the mechanism of ice accretion on wind turbines under
the coexistence of ice crystals and supercooled droplets by analyzing the icing process of
the turbines under complex meteorological conditions. By investigating the interaction
between ice crystals and droplets during ice accretion, we explored the characteristics
of the ice shape and thoroughly examined the impact of ice crystals on the aerodynamic
performance of the airfoil. This research not only broadens the understanding of the icing
process under complex weather conditions but also provides essential theoretical support
for optimizing wind turbine blade design and anti-icing technologies.

2. Numerical Method
2.1. Simulation Process

Numerical modeling techniques have become a critical research method for studying
ice accretion phenomena. In particular, for ice accretion behavior under complex meteoro-
logical conditions, numerical simulations provide accurate and efficient predictions of the
ice shape. FENSAP-ICE [22–24], one of the most established ice accretion simulation tools,
has been widely recognized and utilized by researchers for its excellent simulation capabili-
ties. In this study, FENSAP-ICE was employed to predict the ice shape on the blade surface
of a wind turbine, exploring the ice accretion process and the aerodynamic characteristics
of the blade surface under complex meteorological conditions. The numerical simulation
calculation process for this study is shown in Figure 1.
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Figure 1. Numerical simulation calculation process.

2.2. Airflow Solution

The airflow solution is obtained using Fluent 2020R1 software. To address the aerody-
namic problem, the Fluent solver employs a continuity equation, a momentum equation,
and an energy equation. The governing equations are presented in Equations (1)–(3) [25].

The continuity equation is as follows:

∂ρa

∂t
+ ∇⃗· (ρaV⃗a) = 0 (1)

where t is time, V⃗a is the airflow velocity, and ρa is air density.
The momentum equation is as follows:

∂ρaV⃗a

∂t
+ ∇⃗· (ρaV⃗aV⃗a) = ∇⃗· σ⃗ij + ρa g⃗ (2)

where σij is the stress tensor component and g⃗ is the gravity vector.
The energy equation is as follows:

∂ρaEa

∂t
+ ∇⃗· (ρa∇⃗a Ha) = ∇⃗·

(
κa(∇⃗Ta) + νiτ⃗

ij
)
+ ρa g⃗· V⃗a (3)

where Ea is air internal energy and Ha is air internal enthalpy.
The Spalart–Allmaras model offers an efficient computational approach for the calcula-

tion of aerodynamic properties of airfoils and has become a widely used turbulence model
in the analysis of aerodynamic characteristics [26]. The modeling of turbulent viscosity and
the transport equation for the Spalart–Allmaras model are shown in Equations (4) and (5).

µT = ρν̃ fv1 (4)

∂

∂t
(ρν̃) +

∂

∂xi
(ρν̃ui) = Gν +

1
σν̃

 ∂

∂xj

{
(µ + ρν̃)

∂ν̃

∂xj

}
+ Cb2ρ

(
∂ν̃

∂xj

)2
− Yν + Sν̃ (5)

where ρ is density, ν̃ is turbulent kinematic viscosity, fv1 is the viscous damping function,
Gν is the production of turbulent viscosity, Yν is the destruction of turbulent viscosity, σν̃

and Cb2 are the constants, ν is the molecular kinematic viscosity, and Sν̃ is a user-defined
source term.

2.3. Droplet and Crystal Field Solution

The DROP3D solver is used in Fensap-Ice to calculate the collision of droplets and crystals
on solids. In the case of two types of particles, such as droplets and ice crystals, the DROP3D
solver defaults to a state of thermal equilibrium between the two particles. Therefore, both sets
of dispersed phase equations are treated in an uncoupled manner [25]. The DROP3D solver
calculates droplets and ice crystals in the flow field by the Eulerian method. The continuity
equation and momentum equation are shown in Equations (6) and (7).
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The continuity equation is as follows:

∂α

∂t
+ ∇⃗· (αV⃗d) = 0 (6)

The momentum equation is as follows:

∂(αV⃗d)

∂t
+ ∇⃗·

[
αV⃗d ⊗ V⃗d

]
=

CDRed
24K

α(V⃗a − V⃗d) + α

(
1 − ρa

ρd

)
1

Fr2 (7)

In the formula, α and V⃗d are the particle concentration and the mean velocity. K is the
particle inertial parameter, CD is the drag coefficient of particle, and Fr is the Froude number.

In the DROP3D solver, the calculation of droplet drag is based on the assumption that
the droplets are spherical and the droplet drag model as shown in Equation (8).

CD =


(

24
Red

)(
1 + 0.15Re0.687

d
)
, Red ≤ 1300,

0.4, Red > 1300.
(8)

The drag coefficient (CD) of the droplet will change with the change in Reynolds
number (Red). The droplet gradually begins to deform into a non-spherical shape when
the Reynolds number exceeds 250. In calculating the drag force of ice crystals, it is also
assumed that the particles are spherical and rigid, and the drag model for ice crystals as
follows [25]:

Cd =



8m
3Reic

[
1 + mReic

48 + m2

1440 Re 2 ln
(

Reic
2

)]
, Reic ≤ 0.01,

Cd,OB[1 + 10X ], 0.01 < Red ≤ 1.5,

Cd,OB[1 + 0.138Re0.792
ic ], 1.5 < Red ≤ 100,

Cd,OB[1 + 0.00087Re1.393
ic ], 100 < Red ≤ 300.

(9)

The drag coefficients of ice crystals is derived based on an aspect ratio of 0.05; the
derived drag coefficients of ice crystals are still valid when the aspect ratios are more then
0.5 [25].

2.4. Calculation of Ice Accretion Shapes

The calculation of the ice shape is implemented using the ICE3D solver in Fensap-Ice,
which reads the data from DROP3D to simulate the growth of ice accumulation based on
the collection efficiency of droplets and ice crystals on solid surfaces. The partial differential
equations for mass conservation and energy conversion in the ICE3D solution are given in
Equations (10) and (11).

The governing equation for the water film is

ρ f

[
∂h f

∂t
+ ∇⃗· (V f h f )

]
= V∞LWC β − ṁevap − ṁice (10)

where ρ f is the water film density, h f is the water film height, V f is the water film velocity,
V∞ is the freestream velocity, LWC is the liquid water content, β is the water droplet
collection efficiency, ṁevap is the evaporated water rate, and ṁice is the iced water rate.
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ρ f

[
∂h f c f T̃f

∂t
+ ∇⃗·

(
V f h f c f T̃f

)]
=

[
c f

(
T̃∞ − T̃f

)
+

∥V⃗d∥2

2

]
V∞LWC β

− Levapṁevap +
(

Lfusion − csT̃
)

ṁice + σε
(

T4
∞ − Tf 4

)
− ch

(
T̃f − T̃ice,rec

)
+ Qanti−icing.

(11)

where the first three terms on the right-hand side of the equation model the heat transfer
generated by the impinging supercooled water droplets, by evaporation, and by ice ac-
cretion. The last three terms represent the radiative, convective, and 1D conductive heat
fluxes. c f is the heat capacity of the water film, the equilibrium temperature is T̃f at the
air/water film/ice/wall interface, and Vd is the droplets’ impact velocity. Qanti−icing is the
anti-icing heat flux.

Compatibility relations are needed to close the system of equations. Based on physical
observations, one way to write them is as follows [25]:

h f ≥ 0,

ṁice ≥ 0,

h f T̃f ≥ 0,

ṁiceT̃f ≤ 0.

(12)

These inequalities ensure that the model predicts no liquid water in the calculations if
the equilibrium temperature is below the freezing point (0 ◦C) and that no ice forms if the
film temperature is above 0 ◦C.

The NTI model in FENSAP is used to analyze the collision and adhesion of ice crystals.
When ice crystals impact cold surfaces, they typically rebound and move downstream,
but they may partially adhere when impacting wet surfaces. The rebound and adhesion
process is influenced by the normal velocity (vn), liquid film thickness (h f ), and particle
diameter (dp). To describe this behavior, a rebound coefficient function is defined as

αst =
h f

max(h f )
e−χ∥vn∥2

(13)

In rime-ice regions, ice crystals fully rebound (αst = 0). In contrast, some ice crystals
adhere to the surface in glaze-ice regions, while those in liquid-film regions fully adhere
(αst = 1). A critical velocity vc =

√
2

dp
is defined. Ice crystals partially rebound when

vn < vc, whereas they fully rebound when vn > vc.
Ice crystal erosion causes angular rough protrusions on ice surfaces. The ice crystal

erosion model is established based on erosion efficiency [27]:

Φer = B
(

ut,i

u0

)2( β IWC
β IWC0

)−A1
(

1 − ηi
η0

)−A2
(

Di
D0

)A3

· exp
[
−A4

Qs

R

(
1
Ts

− 1
Tm

)]
· exp

[
−A5

Qs

R

(
1
Ti

− 1
Tm

)(
1 + (l0k)2

)] (14)

In the equation, Φer represents the ice crystal erosion efficiency; ut,i is the tangential
velocity of ice crystal impact (m· s−1); Di is the average mass diameter of ice crystals (m);
Ti is the temperature of ice crystals; κ denotes the local curvature of the ice layer; c is
the chord length of the airfoil (m); Tf is the phase change temperature of ice (K); and
R = 8.314 J·mol−1·K−1 is the ideal gas constant. The experimental constants for the ice
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crystal erosion model include B at 0.58, u0 at 84.5 m· s−1, βIWCO at 6 g·m−3, η0 at 0.166,
D0 at 52.7µm, and l0 at 0.015c, with constants A1 to A5 valued at 0.8, 3.0, 0.4, 3.0, and
0.1, respectively.

2.5. Establishment of the Icing Model for Blades

For wind turbine blades, the tip region experiences the most significant load variations
and is also the area most prone to ice accretion. Therefore, this study focused on the
tip region for numerical simulation, concentrating on simulating and analyzing the ice
accretion process at the blade tip. The NACA0012 airfoil was chosen for this study, with a
chord length (C) of 0.5334 m. The length and height of the flow field were set to 40C, and
the leading edge of the blade was positioned 20C from the flow field boundary, as shown in
Figure 2a. The inlet was defined as a velocity inlet, the outlet as a pressure outlet, and the
airfoil as a no-slip. The turbulent intensity was set to the default value, and the turbulent
length scale was set to 0.5334 m. Meshing was performed using ICEM with a C-type grid,
and mesh refinement was applied near the airfoil region, as shown in Figure 2b.

Figure 2. Computational domain: (a) overall domain, (b) blade, (c) clean blade leading edge.

The number of elements significantly impacts the calculation results. To accurately
simulate the flow process, five different numbers of elements were used to calculate the lift
coefficient, and the results are shown in Figure 3.

Figure 3. The lift coefficient versus the number of elements.

From Figure 3, it can be observed that the lift coefficient exhibits a converging trend as
the number of elements increases, eventually reaching an asymptotic value of 1.0. When
the number of elements was approximately 170,000, the mesh growth ratio was set to 1.1,
achieving a mesh quality of 0.95, as shown in Figure 2b. The accuracy of the grid with
approximately 170,000 mesh elements was verified using experimental data from NASA’s
turbulence modeling resource [28]. During the calculations, the pressure coefficient on the
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blade surface was used to evaluate mesh sensitivity. The environmental parameters are
presented in Table 1, and the validation results are shown in Figure 4.

As illustrated in Figure 4, the numerical simulation results exhibit a high degree of
consistency with the experimental data at angles of attack of 10◦ and 15◦. At an angle
of attack of 10◦, the maximum and minimum pressure coefficients align closely with the
experimental data. At an angle of attack of 15◦, the minimum pressure coefficient calculated
using Fluent is marginally lower than the experimental data; however, the overall trend
remains consistent. These findings indicate that employing an unstructured mesh after
C-shaped mesh splitting ensures the accuracy of the numerical simulation results.

Table 1. Parameter settings for simulating air pressure distribution.

Description Values

Airfoil NACA0012
Chord length (m) 0.5334

Relative velocity (m/s) 43.8
Ambient temperature (◦C) 15

Ambient pressure (pa) 101325
AoA (deg) 10◦, 15◦

Figure 4. Validations of pressure distribution: (a) AoA = 10◦ (b) AoA= 15◦.

3. Results and Discussion
3.1. The Role of Ice Crystals in the Icing Process

A droplet impacting a solid surface generally experiences spreading, retraction, oscil-
lation, splash, rebound, or adhesion stages [29,30]. Finally, droplets adhering to the blade
surface are driven by the airflow toward the trailing edge and form a liquid film. The
film is affected by heat transfer on the blade surface and convective heat transfer with
the surrounding cold air. The freezing process can be divided into five stages based on
the temperature transition characteristics [31,32]: liquid cooling, nucleation, recalescence,
solidification, and solid cooling. The ice crystals significantly affect the distribution of the
accumulated ice on the blade surface. Therefore, ice crystals play a multifaceted role in
the icing process, affecting both the droplet impact and freezing stages. Based on previous
studies of supercooled droplet icing, new insights have been gained into the combined
effects of ice crystals and droplets on the icing process, as shown in Figure 5.

As the ice crystals collide with the water film, droplet splashing occurs, generating
secondary droplets. Additionally, the sheet-like structure of the ice crystals adheres more
readily to the water film. As the adhered ice crystals accumulate, the fluidity of the water
film decreases, leading to a higher concentration of the water film at the blade’s leading
edge. The water film releases heat through convective heat transfer and thermal conduction,
which wraps around the ice crystals and causes gradual freezing, as illustrated in Figure 5b.
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As the operation continues, the accumulated ice on the blade surface tends to form layered
structures, increasing the ice thickness and expanding the coverage area. Furthermore,
when ice crystals impact the accumulated ice on the blade surface, ice crystals continuously
erode the existing ice layer, as shown in Figure 5c.

Figure 5. The blade icing process. (a). Droplets and ice crystals continue to impact the blade’s surface.
(b). First layer of ice accumulation. (c). Second layer of ice accumulation.

3.2. Icing on Static Blade

In order to ascertain the impact of ice crystals on ice shape, a series of tests were
conducted in glaze ice and rime ice environments. The experimental data were sourced from
collaborations with AMIL (Anti-Icing Materials International Laboratory) and CIRA (Italian
Aerospace Research Center) [33]. The conditions used for validation are summarized in
Table 2. Ice accretion shapes are depicted in Figure 6.

Table 2. Features of blade profile used for validation cases.

Parameter Rime Glaze

Relative velocity (m/s) 67.06 67.06
Ambient temperature (◦C) −7.8 −19.4

Ambient pressure (pa) 101,325 101,325
Angle of attack (deg) 4 4
MVD-droplets (µm) 20 20

LWC (g/m3) 1 1
MVD-crystals (µm) 100 100

ICC (g/m3) 1 1
Icing time (s) 360 360

As shown in Figure 6a, when supercooled droplets in the airflow hit the leading edge
of the blade, the pressure near the leading edge is reduced due to an increase in flow
velocity. Liquid water formed at the stagnation point travels toward surfaces with lower
pressure and begins to form ice horns. FENSAP-ICE can accurately simulate the ice angle
on the suction side, but the predicted ice shape profile is larger than the experimental
measurements. The overall thickness of the blade icing is greater when droplets and ice
crystals are present in the atmosphere than when only droplets are present.

In glaze ice conditions, the film water that forms after a droplet hits the surface of the
blade does not freeze immediately. The ice crystals disintegrate immediately upon hitting
the blade surface, resulting in a complete separation from the blade surface. However,
when ice crystals collide with the water film on the airfoil surface, some adhere to the water
film. These adhered ice crystals hinder the water film flow toward the trailing edge.
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Figure 6. Validations in ice shape. (a) Glaze ice. (b) Rime ice.

In rime ice conditions, FENSAP-ICE demonstrates superior predictive performance,
with the predicted results exhibiting a high degree of similarity to the experimental mea-
surements. As illustrated in Figure 6b, the ice shape formed by the droplets and ice crystals
is similar to that formed when only droplets are present. This phenomenon occurs due
to the low ambient temperature, which results in the immediate freezing of all the water
droplets that hit the blade surface, converting them into ice. As a result, there is a lack
of water film formation on the blade surface, resulting in ice crystals directly contacting
the airfoil surface rather than a liquid film, which cannot influence the ice shape. In glaze
ice conditions, the influence of ice crystals on the ice shape becomes more significant.
Therefore, the velocity and ice thickness on the leading edge of the airfoil were analyzed.
The computational results are shown in Figures 7 and 8.

(a) (b)

Figure 7. Velocity of the leading edge of the airfoil. (a) Supercooled droplets. (b) Supercooled droplets
+ ice crystals.

Supercooled droplets impact the leading edge of the airfoil, causing the pressure
to drop significantly. The water film spreads from the stagnation point toward the low-
pressure region and gradually freezes to form ice horns on the surface. Compared to
icing caused by supercooled droplets, ice crystals impacting the water film on the airfoil
surface partially adhere to the water film. Ice crystals change the flow direction of the
water film, significantly influencing the ice shape. In addition, a larger low-pressure region
forms behind the ice horns. The low-pressure area significantly increases the residence
time of supercooled droplets, promoting further freezing of the supercooled droplets and
thickening the ice accumulated.

Figure 8 shows that supercooled droplet icing and ice-crystal-involved icing processes
exhibit nearly constant ice growth rates. However, significant differences are observed in
ice shape and thickness between the two processes. During supercooled droplet icing, the
ice shape is more scattered and protruding. The maximum ice thickness at 120 s, 240 s, and
360 s is higher than in the ice-crystal-involved icing process. This results from the longer
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residence time of droplets and the enhanced freezing in low-pressure regions. In contrast,
ice-crystal-involved icing produces smoother and more uniform ice shapes. Ice crystals
adhere to the water film upon impact, restricting its flow and limiting the growth of ice
thickness. This section focuses on the effects of the median particle size of ice crystals, ice
crystal concentration, ice crystal shape, and the relative concentration between ice crystals
and liquid droplets on the ice shape on the blade surface.

Figure 8. Ice shape and ice thickness at different times. (a) Ice shape (supercooled droplets). (b) Ice
thickness (supercooled droplets). (c) Ice shape (supercooled droplets + ice crystals). (d) Ice thickness
(supercooled droplets + ice crystals).

3.3. The Influence of MVD-Crystals

As the size of the ice crystals changes, the fluidity of the liquid film on the blade
surface also changes accordingly, affecting the entire ice accretion process. For this purpose,
four different ice crystal sizes (50, 100, 150, and 200 µm) were selected to experimentally
simulate ice accretion. In these experiments, the critical role of particle size variation in the
ice accretion process was revealed by a detailed analysis of how ice crystals of different
sizes affect the mobility of the liquid film and the ice shapes on the blade surface. To ensure
the reliability of the experimental results, other variables were strictly controlled, ensuring
that the observed changes in ice shape accurately reflect the effect of ice crystal particle size
on the ice shape. The simulation parameters are shown in Table 3, while the ice shape on
the blade surface at different particle sizes is shown in Figure 9.

As shown in Figure 9, the median particle size of the ice crystals not only altered the
thickness of the accumulated ice but also affected the distribution of the ice on the blade
surface. Smaller ice crystals are more likely to be carried toward the trailing edge of the
blade by airflow and the liquid film after impacting the blade surface. As a result, thinner
ice accumulates in the leading-edge region. The ice shape is similar to that observed when
only droplets are present. However, as the ice crystal particle size increases, larger ice
crystals are less influenced by airflow after impact and have a greater contact area with
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the liquid film. Consequently, more ice crystals adhere to the leading edge of the blade.
Therefore, ice crystal particle size changes directly affect the ice shape at the leading edge,
further intensifying ice accumulation in that region.

Table 3. Ice shape simulation parameter settings under different relative velocities.

Parameter Value

Relative velocity (m/s) 67.06
Ambient temperature (◦C) −7.8

Ambient pressure (Pa) 101,325
AoA (deg) 4

MVD-droplets (µm) 20
LWC (g/m3) 1

MVD-crystals (µm) 100
ICC (g/m3) 0.5

Icing time (s) 360

Figure 9. Ice shape under different MVD-crystals.

3.4. The Influence of Crystal Aspect Ratio

The aspect ratio of ice crystals significantly influences their adhesion to the liquid
film, thereby altering the ice shape on the blade surface. To further investigate the effect
of different ice crystal aspect ratios on the ice accretion process, numerical simulation
experiments were conducted with ice crystals having aspect ratios of 0.05, 0.1, 0.4, and 1.
The specific simulation parameters are detailed in Table 3, and the ice shapes for each
aspect ratio are shown in Figure 10.

Figure 10. Ice shape under different crystal aspect ratios.

As shown in Figure 10, changes in the shape of ice crystals not only affect their collision
behavior but also significantly influence the formation and distribution of the ice shape.
When the aspect ratio was 0.05, the ice crystals were elongated, making them more prone to
move with the airflow. This reduced the attachment area on the blade surface and caused
the accumulated ice to be more dispersed. As the aspect ratio increased, the ice crystals
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became more flattened, improving their ability to adhere to the liquid film on the blade
surface and impeding the flow of the liquid film. Subsequently, the liquid film, encasing
the ice crystals, gradually froze at the leading edge, forming a more uniform ice layer. The
results indicate that the aspect ratio of ice crystals has a significant impact on the ice shape.
Flattened ice crystals lead to a thicker ice layer, which directly influences the distribution of
ice crystals on the blade surface and the overall ice shape.

3.5. The Influence of Ice Crystal Concentration

The concentration of ice crystals not only directly affects the frequency of ice crystal
impacts on the blade surface but also influences the distribution of ice crystals around
the blade, thereby altering the ice shape. To further investigate the influence of ice crystal
concentration on the ice shape, simulations were conducted with four different ice crystal
concentrations (0.25, 0.5, 1, and 2 g/m3). The ice shapes formed under these different
concentrations were analyzed through simulations. The relevant experimental parameters
are shown in Table 3, and the simulation results for ice shapes under different ice crystal
concentrations are shown in Figure 11.

Figure 11. Ice shapes under different ice crystal concentrations.

As shown in Figure 11, the attachment rate of ice crystals to the leading edge of
the blade increased significantly with rising ice crystal concentration, leading to marked
changes in both ice shape and ice thickness. At an ice crystal concentration of 2 g/m3,
the ice thickness on the blade surface reached its maximum. At lower concentrations, the
ice spread continuously toward both sides of the leading edge, resulting in an ice shape
similar to that formed in the presence of only liquid droplets. However, as the ice crystal
concentration continued to increase, the aggregation of ice crystals in the leading-edge
region became more pronounced. Ice crystals adhered more to the liquid film, causing a
reduction in ice on both sides of the leading edge and a significant increase in ice thickness
in the central region of the leading edge.

3.6. Aerodynamic Analysis of Iced Blades

Ice-covered blades not only increase the surface roughness but also disturb the stream-
lines of airflow around the blades, significantly affecting the aerodynamic performance
of wind turbine units. Additionally, changes in the AoA can substantially impact the
aerodynamic characteristics of wind turbine units. To assess the effect of the overlying ice
shape on aerodynamic performance under varying AoAs and the combined influence of
ice crystals and liquid droplets, numerical simulations were conducted. The streamlines
around clean blades and two types of ice-covered blades, as well as the ice shapes of these
covered blades, were calculated for different AoAs. The AoA was set to 5◦, 10◦, 15◦, and
20◦ during the numerical simulations. Streamlines were generated using TECPLOT after
importing data from FLUENT. The parameter settings are provided in Table 4, and the
streamlines for different AoAs are illustrated in Figure 12.
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Table 4. Icing conditions.

Parameters Values

Relative velocity (m/s) 67.06
Ambient temperature (◦C) −7.8

Ambient pressure (Pa) 101,325
AoA (deg) 5◦, 10◦, 15◦, 20◦

MVD-droplets (µm) 20
LWC (g/m3) 0.5

MVD-crystals (µm) 100
ICC (g/m3) 0.5

Icing time (s) 600

Figure 12. Ice accretion features after 10 min.

As shown in Figure 12, when the AoA ranged from 5◦ to 20◦, the ice shape caused by
the liquid droplets exhibited distinct ice corners. As the AoA increased, the ice corner on
the pressure side gradually shifted toward the trailing edge of the blade. However, when
ice crystals interacted with the droplets, the ice shape changed significantly; the ice corners
disappeared, resulting in a smoother and fuller ice shape.

When the AoA of the clean blade was less than 20◦, increasing the AoA did not
significantly disturb the flow field around the airfoil, and the streamlines remained quite
regular. At an AoA of 20◦, however, separation vortices appeared on the suction side of the
clean blade, indicating airflow separation from the blade surface. This resulted in a stall,
causing a decrease in lift and an increase in drag. At an AoA of 15◦, separation vortices
formed at the trailing edge of the airfoil under both ice accretion conditions. Compared
to the ice shape formed under the combined effect of ice crystals and droplets, the ice
shape caused by droplets alone produced a larger separation vortex near the trailing edge.
Therefore, the ice-covered blade has a greater impact on aerodynamic performance at an
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AoA of 15◦ under the action of liquid droplets alone than under the combined action of ice
crystals and liquid droplets.

As the AoA increased to 20◦, the separation vortex on the suction side moved forward,
and its area of influence expanded. A small secondary vortex appeared behind the primary
separation vortex for both clean and ice-covered blades. In summary, as the AoA increased,
the flow around the airfoil became increasingly turbulent. When the AoA exceeded the stall
angle, separation vortices and secondary vortices formed at the trailing edge, significantly
increasing airflow disturbances and severely degrading the aerodynamic performance of
the blades.

Figure 13 illustrates the relationship between lift and drag coefficients and angle of
attack (AoA) for clean blades and two types of iced blades. Within the range of 0◦–10◦ of
the angle of attack (AoA), the increases in lift and drag coefficients are not significantly
pronounced, with both clean and iced blade profiles displaying a consistent trend in
drag coefficient variation. As the AoA continues to increase beyond 10◦, stall onset is
characterized by a sudden drop in lift coefficient and a significant rise in drag coefficient.
The presence of ice horns on the blade surface leads to increased surface roughness, which
accelerates the onset of stall. Consequently, for AoA values exceeding 10◦, the drag
coefficient experiences a sharp increase as atmospheric droplets form ice accretions on the
blade surface. However, when both atmospheric droplets and ice crystals coexist, the stall
angle is delayed to approximately 15◦, indicating a modification in aerodynamic behavior.

Figure 13. Lift coefficients and drag coefficients. (a) Lift coefficients. (b) Drag coefficients.

The lift-to-drag ratio Cl/Cd is a critical indicator of wind turbine performance, pro-
viding insight into the aerodynamic efficiency of turbine blades. An increase in Cl/Cd
indicates enhanced lift generation relative to drag, thereby improving energy extraction
from the wind. To evaluate the impact of icing on the Cl/Cd ratio, clean blades and blades
with droplet-induced icing were used as control conditions. This study specifically investi-
gates the effects of mixed icing conditions, involving both ice crystals and droplets, on the
Cl/Cd ratio. The Cl/Cd ratios for all three blade conditions are illustrated in Figure 14.

Figure 14 demonstrates that at an angle of attack (AoA) of 10◦, the Cl/Cd ratio for
both the clean and ice-covered blades attains its peak value. For blades covered with ice
formed solely from atmospheric droplets, the Cl/Cd ratio decreases by 22.9% compared
to the clean blade. A stall phenomenon occurs at an AoA of 10◦, resulting in increased
aerodynamic drag. The ice shape formed by droplets causes the Cl/Cd ratio to decrease
from 54.578 to 5.98, a reduction of 89%. For ice-covered blades caused by both droplets and
ice crystals, the Cl/Cd ratio is reduced by 12.37%. As the AoA increases from 15◦ to 20◦,
the Cl/Cd ratio drops sharply from 43.6 to 3.1, marking a 93% reduction.
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Figure 14. Comparison of Cl/Cd for the clean and iced blades.

4. Conclusions
This study employed the FENSAP-ICE simulation tool to investigate the ice accretion

process involving ice crystals and supercooled liquid droplets under clear ice conditions.
The effects of different ice crystal parameters on ice shape and mass were analyzed, as were
the impact of AOA and icing time on the aerodynamic performance of the blades.

The results show that the ice shape formed by the combined action of ice crystals and
supercooled droplets differs significantly from the ice shape generated solely by droplets.
Under the action of droplets alone, the resulting ice shape is characterized by pronounced
ice corners and high surface roughness. In contrast, the ice shape formed by the combined
effect of ice crystals and supercooled droplets is smoother and fuller. Moreover, as ice
crystal concentration and particle size increase, the ice thickness increases significantly,
while the prominence of ice corners diminishes.

As the AoA increases, clean blades exhibit highly regular streamlines at 15◦, whereas
the two ice-covered blades form separation vortices near the airfoil tip. The area of the
separation vortex generated by droplets alone is larger than that formed by the combined
action of droplets and ice crystals. This suggests that at 15◦, the ice shape resulting from
droplet-induced icing has a more significant impact on the blade’s aerodynamic performance.

The aerodynamic analysis indicates that as the airfoil’s AoA increases from 0◦ to 10◦,
the lift and drag coefficients of both iced and clean airfoils keep the same values. For
AoA values exceeding 10◦, the lift coefficient decreases while the drag coefficient increases,
indicating a divergence in aerodynamic characteristics attributable to the effects of icing.
Such fluctuations in aerodynamic performance directly influence the wind turbine’s energy
capture efficiency and stable operation.

In summary, this study reveals the critical role of ice crystals in the blade icing process
and elucidates the icing mechanism under complex meteorological conditions. These findings
provide a scientific foundation for developing efficient anti-icing and de-icing technologies.
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