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ABSTRACT

The focus of this research was on the equivalent particle roughness height correction required to account for the
presence of ice when determining the performances of wind turbines. In particular, two icing processes (frost ice
and clear ice) were examined by combining the FENSAP-ICE and FLUENT analysis tools. The ice type on the
blade surfaces was predicted by using a multi-time step method. Accordingly, the influence of variations in icing
shape and ice surface roughness on the aerodynamic performance of blades during frost ice formation or clear ice
formation was investigated. The results indicate that differences in blade surface roughness and heat flux lead to
disparities in both ice formation rate and shape between frost ice and clear ice. Clear ice has a greater impact on
aerodynamics compared to frost ice, while frost ice is significantly influenced by the roughness of its icy surface.
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1 Introduction

Wind energy is one of the most extensively developed renewable energy sources worldwide. However,
with the rapid expansion of the global wind power industry, several issues arise during wind turbine
operation, including ice accumulation on blades in cold regions. The presence of ice alters not only the
aerodynamic profile and surface roughness but also reduces the lift coefficient and hinders blade
efficiency in capturing wind energy output. Furthermore, icing can cause blade quality imbalance leading
to additional torque on the main shaft that changes natural frequency and reduces operational reliability
while potentially triggering resonance between tower and turbine resulting in safety accidents [1].

A considerable number of studies have been conducted in the world on the icing type and aerodynamic
performance of wind turbine airfoils, however, limited research has been carried out on the impact of ice
surface roughness on the aerodynamic performance of these airfoils. In the study on the effect of icing on
the aerodynamic characteristics of blade, Huang et al. [2] put forward the superposition calculation
method of icing surface roughness of aircraft airfoil, and analyzed the influence of different ice
microscopic characteristic parameters on aircraft wing stall characteristics. Homola et al. [3] focused on
the NREL 5MW wind turbine, conducting frost simulations on five-blade sections using CFD methods to
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analyze the aerodynamic characteristics and performance loss caused by ice-covered airfoil sections. Guo-te
et al. [4] predicted wind turbine airfoil icing types based on FENSAP-ICE software, examining changes in
airflow field and lift resistance characteristics before and after icing using Fluent. In the study of the blade
surface icing process, the icing type and aerodynamic performance of wind airfoil have also been studied. Mo
et al. [5] discussed the effects of blade shape, heat load distribution, and energy transfer mode on blade
surface icing, based on the energy distribution theory and blade surface temperature rise characteristics.
Kong et al. [6] studied the development law of the main external environmental factors such as ambient
temperature, incoming flow speed, and water droplets on the surface icing of wind turbine blades. Li
et al. [7] used Lagrange method to numerically calculate the collision process between water droplets and
blade surface, analyzed the change of flow field during the icing process, and studied the influence of
water droplets collision velocity on the physical process of icing. Ibrahim et al. [8] utilized FENSAP-ICE
software to investigate liquid water content and temperature as sensitive factors, analyzing their effects on
icing speed and aerodynamic performance of wind turbine blades.

In summary, many scholars have conducted extensive research on the icing process of airfoil and the
influence of blade icing on its aerodynamic characteristics. In the icing process of wind turbine
blades, studies mainly focus on the influence of external environmental factors (such as temperature,
humidity, and water drop impact) on the formation of ice coating. However, considering the influence of
surface roughness on secondary ice formation after blade surface icing. In addition, the research on the
effect of blade shape change after ice solidification on the aerodynamic characteristics of wind turbine
blades, especially the effect of ice surface roughness on the aerodynamic performance of wind
turbine airfoils is very limited. Therefore, based on the actual working conditions of wind farms and
considering the impact of water droplet impact reflux, this paper puts forward the analysis and calculation
of the icing mechanism based on frost ice and clear ice, in order to study the change of airfoil surface
roughness during the icing process, predict the type of ice formation, and then discuss how the change of
ice roughness affects the aerodynamic performance of airfoil. It is designed to improve the energy output
in the high cold area and ensure the safe operation of the equipment [9–13]. This paper presents an
analysis and calculation based on the frosting ice and clear ice icing mechanisms to investigate the
variation in airfoil surface roughness during the icing process, predict ice formation types, and
subsequently explore how changes in ice roughness affect airfoil aerodynamic performance. The present
study employs the software FLUENT and FENSAP-ICE to conduct an analysis on the aerodynamic
performance of offshore wind turbine blades under icing conditions in cold regions. The ice growth
process is simulated through iterative calculations and ice shape reconstruction, thereby establishing a
model for wind turbine blade ice growth and examining the impact of different wind speeds on such
growth. Furthermore, this research investigates the effects of various types of icing on the aerodynamic
performance of wind turbine blades in cold offshore areas. The findings from this study hold practical
engineering significance for enhancing control over wind turbine operation reliability and power
generation efficiency in future endeavors.

2 Numerical Analysis of Icing

2.1 Blade Flow Field Calculation
The mathematical model of the blade flow field is formulated based on the principles of mass,

momentum, and energy conservation, resulting in a nonlinear partial differential equation governing the
blade flow field.
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where, qa is fluid density, va is fluid velocity vector, Ta is fluid static temperature, rij is stress tensor, Ea is
total energy of fluid, Ha is enthalpy of fluid, ka is fluid surface roughness, and sij is surface shear force.

The blade surface roughness model is based on the equivalent particle roughness height model, and its
impact on icing primarily lies in the correlation between the convective heat transfer coefficient of a rough
surface and the ice growth process on the blade surface. However, since the equivalent particle roughness
height model is only applicable to numerical analysis of single airfoils, this study focuses on investigating
wind turbine blades as a whole. Therefore, we have made two revisions to the original roughness
mathematical model, resulting in a refined mathematical model [14,15].
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modified surface roughness, M denotes the median diameter of water droplets (MVD), L stands for liquid
water content (LWC), T is the ambient temperature, c is the airfoil chord length.

2.2 Calculation of Water Droplet Trajectory
The droplet motion trajectory was solved using the DROP3D module in FENSAP-ICE software, while

the Eulerian gas-liquid two-phase control equation was solved using the finite volume method. The
continuous equation and momentum equation were as follows:
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where, a is water volume fraction, qa is droplet density, va is fluid velocity, vd is droplet velocity,Hd is droplet
enthalpy, CD is droplet resistance coefficient, Fr Froude number, and Red is droplet Reynolds number.

2.3 Calculation of Ice Type
The blade surface thermodynamic model was solved through numerical calculation using the Bourgault

icing model in the ICE3D module. The mass conservation equation and energy conservation equation in
formulas (1) and (3) were employed for this purpose. The modified mass conservation equation in
formula (1) is as follows:

qf
@hf
@t

� �
þr � mf hf

� � ¼ m1 � L � b� _mevap � _mice (7)

In the mathematical equation, qf is water film density, hf is water film height (h), b is absorption
efficiency, mf is overflow flow rate, _mevap is evaporated water mass, and _mice is freezing mass.
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The energy conservation equation in formula (3) has been revised.
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where, eTf is the water film temperature, qf is the fluid density, cf is the heat transfer coefficient of spilt water,
cs is the heat transfer coefficient of solid, r is the Steffin-Boltzmann constant, e is the radiative heat transfer
rate of solid, Levap is the energy coefficient of the transformation process of liquid water per unit mass into
water vapor, Lfus is the energy coefficient of the transformation process of liquid water per unit mass into ice,eT is the control body temperature, eTice;rec is the temperature of the fluid returning to the control body, eT1 is
the reference temperature, v1 is the reference speed, ch is the heat transfer coefficient of the water film with a
high h, Qanti�icing is the heat protection flux.

3 Verification of Icing Calculation and Analysis Methods

Using the NACA0012 airfoil as the verification object, this study selects two sets of test results for
comparative analysis, and ice type is calculated according to “ISO 12494 Atmospheric icing of
structures” [16] and the characteristics of wind turbine icing in cold areas of our country. The specific
parameters of frost ice and clear ice are shown in Table 1. The NACA0012 airfoil features a base chord
length of 3600 mm, a tip chord length of 1500 mm, and a leading edge sweep angle of 5 degrees. This
particular type of airfoil incorporates a robust spar, fin, and skin structure to ensure the necessary strength
and stiffness required for optimal performance in fluid dynamics applications such as wind turbines.

The calculation conditions from the literature [17] are adopted, with an airfoil chord length of 0.5334 m,
angle of attack of 4°, total air pressure of 1.01325 × 105 Pa, inflow velocity of 67 m/s, temperatures of
−26.11°C and −2.22°C respectively, liquid water content of 1.0 g/m3, droplet diameter of 20 μm, and
freezing time of 360 s. For numerical analysis in this study, both single-time step and multiple-time
step methods are employed for freezing simulation calculations to compare against the experimental
results obtained. Fig. 1 presents a comparison chart between calculated data using the single-time-step
method and multiple-time-step method with measured data during the formation process of clear ice and
frost ice.

As depicted in Fig. 1 through comparative analysis, both the single-time step method and the multi-time
step method were employed to analyze clear ice formation. Upon comparing the calculated data with
experimental results, it was observed that these two methods exhibited similar calculation accuracy, with
relative deviations of less than 5%. However, when investigating frost ice formation, the multi-time step
method demonstrated significantly superior accuracy in analyzing and calculating results compared to the
single time step method. The relative deviation between calculated data using the multi-time step method

Table 1: Typical properties of accreted atmospheric ice [16]. Copyright ©2017, ISO publishing

Type of ice Density Adhesion and cohension General appearance

Colour Shape

Clear ice/Hard rime 600 to 900 Strong Opaque Accentric, pointing wind ward

Frost ice/Soft rime 200 to 600 Low to medium White Accentric, pointing wind ward
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and experimental data was less than 8%, indicating a close agreement between calculation results and
experimental findings. Therefore, this paper adopts the multi-time step method for related research during
analysis and computation.

4 Example Analysis

4.1 Grid Independence Verification
According to the literature [18,19], The icing is predominantly concentrated in the leading edge area of

the blade airfoil, accounting for 95% to 100% of its coverage. This localized icing has a significant impact on
the overall aerodynamic performance of the blade. The rotation process of wind turbine blades generates
centrifugal force, which, combined with the inertial force acting on the blades, causes water droplets to
move towards the blade tip after impact. However, due to this deviation from the flow line trajectory, ice
formation occurs on both the tip and leading edge of the blades. The thickness of ice accumulation
increases with higher wind speeds primarily because of an increasing local water collection coefficient on
the blade surface. Nevertheless, when the amount of collected water droplets at the tip and leading edge
exceeds their freezable capacity, unfrozen water droplets exhibit characteristics of a flowing film resulting
in the gradual expansion of frozen areas on the blade surface as depicted in Fig. 2. The research subject
of this study is a 5 MW wind turbine blade located in Zhangdong Wind Farm, while the focus of analysis
is the representative airfoil positioned at 70% wingspan distance from the blade root along the wingspan
direction. The selected airfoil is NACA0012 with a chord length of 2130 mm.

The 2D computational flow field is established, and the structured grid division of the computational
domain is performed using ICEM. A no-slip condition is applied to the fixed wall of the airfoil. The fluid
domain grid division is illustrated in Fig. 3, employing a quadrilateral grid scheme. k � x SST turbulence
model is employed for boundary layer calculations. To enhance accuracy, the first layer thickness outside
the subdivided airfoil wall is set at 2 × 10−3 mm, ensuring a y+ value below 1. Environmental parameters
are determined based on measured data from the wind farm (Table 2). Grid independence verification is
conducted for the airfoil analysis. The impact of varying grid numbers on icing accumulation on the
airfoil surface distribution can be observed in Fig. 4. As depicted in Fig. 4, when exceeding a count of
2e5 grids, there appears to be no correlation between grid number and icing amount calculation results;
hence, this analysis employs a total of 2.5e5 grids.

Figure 1: Comparison analysis of calculated results and experimental results for multi-time step and single-
time step ice types
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4.2 Analysis of Icing Pattern of Airfoil
The calculation of the air phase must precede that of the water phase. The numerical method for the air

phase involves using a steady-state pressure-based solver and implementing the SIMPLE algorithm with
second-order upwind style for the solution. The turbulence model utilized is the k � x SST model.
Boundary conditions consist of velocity inlet and pressure outlet, with no-slip on the wing surface and

Figure 2: Ice thickness distribution in blade at different wind speeds

Figure 3: Airfoil mesh division

Table 2: Environmental parameters

Wind speed/m·s−1 Temperature /°C MVD/um LWC/g·m−3 AOA Time/s

78.21 −5 20 0.35 4 360
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symmetrical upper and lower boundaries. Once convergence is achieved in the air phase calculation, the
solution for the water droplet phase is carried out using a second-order upwind scheme with 10−8 as the
convergence residual [20,21]. Based on the wind conditions measured in the wind farm, the operational
parameters of the wind turbines listed in Table 3 are determined. The icing patterns of blade airfoils are
analyzed using FENSAP-ICE combined with a multi-time step method, with an icing calculation time of
30 min and a calculated angle of attack for turbine blades set at 0°.

(1) Water droplet impact characteristics and ice mass distribution

The analysis of droplet collision efficiency under different time intervals reveals a decrease in efficiency
with increasing condensation time during the formation of frost ice and clear ice on the airfoil. Fig. 5
illustrates the variation in droplet collision efficiency at different time intervals during the formation of
clear ice and frost ice. As depicted in the figure, initial freezing stages exhibit high droplet collision
efficiency. However, as the ice gradually forms and alters the external shape of the airfoil, there is a
narrowing of the droplet contact area accompanied by a reduction in impact angle, leading to a gradual
decline in droplet collision efficiency. Notably, due to its high initial efficiency at the leading edge,
significant accumulation of ice occurs in this region.

(2) Icing type

In the formation of clear ice, due to the elevated ambient temperature, not all liquid water droplets in the
air immediately coagulate upon impact with the blade surface. Furthermore, a small amount of water droplets

Figure 4: Relationship between the number of grids and the amount of ice formation

Table 3: Operating conditions

Relative wind speed/m·s−1 Temperature/°C MVD/μm LWC/g·m−3 Type

78.21 −20 20 0.35 Frost ice

78.21 −5 20 0.35 Clear ice

FDMP, 2024, vol.20, no.9 2035



will reflow along the upper and lower arcs of the airfoil under the combined action of centrifugal force from
blade rotation and aerodynamic force from flow field. During this process, uncondensed water droplets
gradually begin to coagulate. Additionally, wind rotor rotation increases airflow velocity on the outer
surface of the blade, intensifying heat loss from these droplets. Insufficient time for coagulation occurs
when these droplets collide with the blade surface and subsequent impacts lead to accumulation along
upper and lower arcs of airfoil forming a thin water film. The thickness and distribution pattern of this
film further promote clear ice shape formation while enhancing complexity at the leading edge of airfoil
where angular ice is present (Fig. 6 illustrates changes in water film thickness during freezing process on
clear ice surface). In this Fig. 6, axis X represents direction along chord line originating from stationary
point at leading edge; axis Y represents direction perpendicular to chord line originating from stationary
point at leading edge (i.e., perpendicular to axis X).

Uncondensed water flows from windward stationary point towards both sides of leading edge and
trailing edge of airfoil, resulting in angular ice formation as depicted in Fig. 7a. The shape of frost ice
observed in Fig. 7b exhibits regular and streamlined characteristics. This can be attributed to the low
atmospheric freezing temperature during frost ice formation, causing immediate freezing of liquid water
upon contact with the blade surface. As a result, the freezing rate of water droplets reaches 100%,
eliminating any possibility of condensed water reflow and ensuring the consistent regular and streamlined
shape of frost ice.

(3) Ice surface roughness and heat transfer coefficient

To enhance the study of physical characteristics and synthesis rate of frost ice and clear ice formation,
the icing surface roughness is selected as a sensitive factor in the calculation process of icing research to
analyze variations in blade surface roughness and heat transfer characteristics at each time step during
icing. The surface roughness of each ice type is calculated using Eq. (4) after correction by the surface
roughness ks. Through calculations, it was found that both frost ice and clear ice have similar surface

Figure 5: Comparative analysis of droplet impact efficiency on blades with frost ice and clear ice
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roughness values, approximately 5 × 10−4 m. Therefore, for sensitivity analysis, the initial value of icing
surface roughness is set as a random distribution around this mean value. During cold climate operation
conditions on wind turbine blades, changes in blade surface roughness occur which affect shear stress and
heat flux on the blade’s surface leading to variations in boundary layer thickness and convective heat
transfer coefficient. Convective heat transfer directly influences icing growth mode, type, growth rate, and
freezing coefficient on the blade’s surface. Figs. 8 and 9 illustrate variations in blade surface roughness
and heat flux during condensation processes for two types of ice.
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Figure 6: Variation in water film thickness on the surface of clear ice during airfoil icing process

Figure 7: Shapes comparison of ice accumulation under clear ice and frost ice conditions
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Figs. 8 and 9 demonstrate that an increase in freezing time leads to elevated blade surface roughness and
heat flux under both freezing conditions. Fig. 8 reveals that after the formation of clear ice and frost ice, the
surface roughness of the airfoil’s leading edge increases, with the maximum point of roughness not occurring
at the stationary point of the airfoil. This phenomenon primarily arises from water droplets colliding with the
leading edge during freezing, resulting in a polishing effect due to their impact force, thereby reducing
surface roughness. Fig. 9 illustrates that the highest convective heat transfer coefficient is observed in the
leading edge region of the airfoil, while different areas exhibit corresponding changes in blade surface
roughness and convective heat transfer coefficient; specifically, an increase in surface roughness
corresponds to an increase in convective heat transfer coefficient.

Figure 8: Variation of surface roughness height during icing

Figure 9: Change in heat flux during icing
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4.3 Influence of Ice Profile Roughness on Aerodynamic Output Effect of Frozen Airfoil
According to the two ice geometry types calculated in Fig. 6, an analysis was conducted on the lift and

drag characteristics of frost ice airfoil, clear ice airfoil, and clear/smooth airfoil individually. Furthermore, the
variation patterns of roughness and lift and drag coefficients were investigated under multiple angles of
attack (−5°~15°).

(1) Influence of ice surface roughness on the aerodynamic performance of frost-ice airfoil

The variation curves of the lift drag coefficient of a frosted airfoil with different ice roughness, along
with the angle of attack, are depicted in Fig. 10. When the temperature and humidity of the wind turbine
blade are suitable, the surface of the wind turbine blade will form tiny holes, which will lead to an
increase in the surface roughness of the blade. Because of the existence of holes, the viscous force of the
blade surface will increase. In the model calculation, the geometry of small protrusions and depressions
in 2D airfoil modeling will be increased, and the viscosity coefficient at this location will be improved
when the boundary conditions are set. The flow field around the clean ice body is treated by this method.
In order to clearly distinguish the influence degree of blade surface roughness on the lift coefficient, when
calculating the lift coefficient of ice-covered wind turbine blade, the fluid in the flow field is calculated as
an ideal fluid, and the velocity direction of the inlet fluid is ensured to be consistent with the angle of the
chord length of the blade airfoil (angle of attack), that is, the changing trend of blade surface roughness
on the aerodynamic characteristics of the blade can be clearly obtained.

The results presented in Fig. 10 demonstrate that the overall aerodynamic performance of the clear/
smooth airfoil is relatively less susceptible to frost, with a gradual decline observed. Conversely,
when considering variations in surface roughness, the lift coefficient of the frosted airfoil decreases by
36.5% compared to that of the smooth airfoil, while the drag coefficient increases by 84%. However,
neglecting the influence of surface roughness on lift coefficient for frosted airfoils leads to only a
marginal decrease of 2.8%, accompanied by a slight increase in drag coefficient by 1%. Henceforth, it
can be inferred that ice-induced surface roughness significantly impacts the aerodynamic performance of
frosted airfoils.

Figure 10: Effect of ice roughness on aerodynamic performance of frost-ice airfoil
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(2) The influence of ice surface roughness on the aerodynamic performance of open ice airfoil

The variation curves of the lift and drag coefficient of an ice airfoil with different levels of ice surface
roughness at various angles of attack are presented in Fig. 11.

The aerodynamic performance of the smooth blade without icing is significantly affected by clear ice,
leading to a noticeable decrease in overall performance. This can be attributed to the irregular shape of the
ice, which causes premature stall onset on the blade. With surface roughness, the lift coefficient of clear ice is
52.6% lower than that of a smooth airfoil, while the drag coefficient increases by 135%. Neglecting the
impact of surface roughness, the lift coefficient decreases by 35.4% compared to a smooth airfoil and the
drag coefficient increases by 111%. It can be observed that surface roughness has less influence on the
aerodynamic performance of clear ice airfoils.

(3) The influence of two ice types on the stall characteristics of the blades

The numerical analysis model of ice surface roughness for various airfoils was established by integrating
the findings from Section 4.2 with computational fluid dynamics theory, aiming to investigate the impact of
wind turbine icing on blade stall characteristics. The calculations were performed using a wind turbine
operating at an angle of attack of 14° as the reference value. Fig. 12 illustrates the flow velocity
distribution in the airfoil flow field under specific blade surface roughness conditions and a wind turbine
blade angle of attack set at 14°.

The laminar geometric streamlines of the frosted airfoil outside the flow field, as shown in Fig. 12, have
minimal impact on the airfoil’s aerodynamics when roughness is not considered. However, considering the
influence of ice surface roughness significantly alters the outside flow field of the frosted airfoil. This
alteration leads to an advancement of the flow separation point on the leeward side and results in a large
separation vortex at the trailing edge, thereby enhancing blade aerodynamics. Nevertheless, this
modification can cause imbalances in lift and resistance between the upper and lower surfaces of the
blade, ultimately leading to instability during running.

Fig. 13 illustrates the irregular geometry of ice and numerous protruding corners on the blade surface,
which significantly affect the airfoil’s aerodynamics. The flow separation point on the leeward side remains
unchanged, resulting in no significant alteration to the flow separation phenomenon. Although ice blade

Figure 11: Effect of ice roughness on aerodynamic performance of clear-ice airfoil
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surface roughness has no apparent effect on the outer flow field of an airfoil, it increases separation vortex
width at its trailing edge, leading to increased blade vibration during rotation and compromising wind turbine
operational reliability.

5 Discussion

Utilizing the computational fluid dynamics analysis method and the modified equivalent particle
roughness height mathematical model, in conjunction with FENSAP-ICE and FLUENT analysis tools, a
multi-time step approach is effectively employed to investigate the icing forms of wind turbine blades,
encompassing both frost and clear ice.

(1) When wind turbines are in operation under cold and humid conditions, specific circumstances can
lead to the formation of water droplet reflux phenomenon due to variations in water droplet quantity,
freezing temperature, and impact angle. Consequently, frost ice and clear ice will develop on the
surface of the turbine blades. Frost ice exhibits a regular shape with an overall streamlined
appearance, while clear ice takes on an irregular form with angular ice formations scattered
across the blade surface.

Figure 13: Flow field of ice airfoil with or without roughness at 14° angle of attack

Figure 12: Flow field of frost-ice airfoil at 14° angle of attack
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(2) The overall shape of ice-covered blades undergoes changes due to different types of ice
condensation, subsequently altering the streamline shape of the outer flow field and significantly
impacting the aerodynamic force experienced by wind turbines during running. Among these
influences, the shape of clear ice plays a crucial role in determining blade aerodynamics.
Regarding the impact of ice surface roughness on blade aerodynamics, considering frost ice’s
surface roughness results in a 13.04 times lower lift coefficient compared to neglecting its
influence, while the drag coefficient increases by 84 times. Similarly, considering clear ice’s
surface roughness leads to a 1.49 times lower lift coefficient and a 1.22 times higher drag
coefficient when compared to ignoring its influence. Considering both shape and surface
roughness effects on wind turbine blade performance, it is evident that frost ice has a more
significant impact on blade aerodynamics.

6 Conclusion

By considering blade surface roughness as a sensitive analysis factor, this study examines the impact of
roughness on the aerodynamic characteristics of airfoils affected by frost and clear ice. During the formation
of frost ice and clear ice, the blade surface roughness changes as condensation time increases, primarily
concentrated in the leading edge area of the airfoil. Simultaneously, convective heat exchange occurs
between the two types of ice and the environment during wind turbine running, accelerating blade surface
icing. As ice patterns form on the blade surface, its roughness increases. However, due to the water
droplet impact on the trailing edge, the maximum point of blade surface roughness does not occur at the
leading edge stationary point.
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