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ABSTRACT In order to optimize the wind turbine operation in ice prone cold regions, it is important to
better understand the ice accretion process and how it affects the wind turbine performance. In this paper,
Computational Fluid Dynamics (CFD) based 2D and 3D numerical techniques are used to simulate the
airflow/droplet behaviour and resultant ice accretion on a 300 kW wind turbine blade. The aim is to better
understand the differences in the flow behaviour and resultant ice accretion between both approaches, as
typically the study of ice accretion on the wind turbine blade is performed using simple 2D simulations, where
the 3D effects of flow (air & droplet) are ignored, which may lead to errors in simulated ice accretion. For
2D simulations, nine sections along a 300 kW wind turbine blade are selected, whereas for 3D study, a full-
scale blade is used. The obtained results show a significant difference in the ice accretion for both approaches.
Higher ice growth is observed in 2D approach when compared with the full-scale 3D simulations. CFD
simulations are carried out for three different icing conditions (typical, moderate and extreme), in order to
estimate the extent of differences the different operating conditions can introduce on the ice accretion process
in the 2D and the 3D simulations. Complex ice shapes are observed in case of extreme ice conditions, which

affect the aerodynamic performance of the blade differently from typical and moderate ice conditions.

INDEX TERMS Wind turbine blade; Ice accretion; Droplet; CFD; Aerodynamics.

I. INTRODUCTION

The primary appeal for the wind energy in cold climate
regions are the higher air densities and wind speeds, which
provide significant benefits to power production. However,
the low temperatures and the risk for atmospheric icing
associated with them poses additional challenges for wind
turbine systems, when compared with the warmer climate [1].
According to the WindPower Monthly report, 127GW of
installed wind power capacity was located in cold climate
regions at the end of 2015, with an expected total installed
capacity reaching 186GW in 2020, which would be a
remarkable 30% share of the global forecasted wind capacity
[2]. However, atmospheric ice accretion can be one of the
primary hazards for the design and safety of wind turbine [3,
4]. This highlights the need to better understand the ice
accretion process on wind turbine blades with the aim to
improve safety and to reduce the Capital Expenditure
(CAPEX) and Operational Expenditure (OPEX) related to
wind turbine operations in the cold regions.

Atmospheric ice accretion on wind turbine blade mainly
occurs due to the impingement of super-cooled water droplets,
which may freeze on blade surface [5]. The accreted ice

changes the blade geometry and increases its surface
roughness, thus altering the aerodynamic performance of wind
turbine blade [6, 7]. This primarily results in the decrease of
lift force and increase of drag force, which leads to reduction
in the aerodynamic performance of blade and overall power
production. The accreted ice shape along the blade’s leading
edge depends upon many variables, such as the geometry of
wind turbine blade and operating conditions, most important
being the relative wind velocity, atmospheric temperature,
droplet size, droplet distribution spectrum and liquid water
content [8].

The ice accretion process and its effects on wind turbine’s
aerodynamic performance can be studied using both the
experimental and the numerical approaches. Along with the
field measurements, the advanced multiphase CFD
simulations have become an important tool for simulating and
determining the performance of wind turbine blade under
icing conditions [9-14]. In 2011, Barber et al. [15] analyzed
the ice accretion process on the wind turbine blades and its
effects on the turbine performance using both CFD and the
field measurement data. They found that the ice accretion at
higher altitude sites can cause an AEP lose up to 17% and the
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outer section (95 — 100% of the blade length) are the most
severely iced. Moreover, Lamaraoui et al. [16] found that the
majority of power production loss due to atmospheric icing is
primarily happening at the 80% of the blade section close to
tip. Thus, the tip section of the blade is typically used in
studying the atmospheric ice accretion and its effects on the
wind turbine performance.

The existing codes for ice accretion such as LEWICE and
CANICE [17] were developed strictly for aviation with
redundant features analyses, while FENSAP-ICE is a second-
generation, state-of-the-art CFD icing code capable of 2D and
3D icing simulations for a large variety of applications. CFD
simulations of atmospheric icing on wind turbine blades can
be performed using 2D blade “planes” and 3D full blade
approach. FENSAP has been tested for icing on rotating
components such as helicopter rotors and engines. This
highlights the possibility to use this code for wind turbine rotor
blade also. Modern CFD tools such as LEWICE [18-20],
CANICE-WT [21], TURBICE [22], and FENSAP-ICE [23,
24] are capable for modelling the icing using both 2D and 3D
techniques of wind turbine. The differences of these software
including operational environment, prolonged exposure of the
wind machine to icing, and temporal variations in the external
meteorological parameters. Etemaddar et al. [25] have studied
the effects of atmospheric and system parameters on the 2D
icing simulated with the LEWICE code for different sections
along the blade and estimated aerodynamic coefficients using
FLUENT after ice accretion, following with the validation of
obtained results against experimental results of NREL 5SMW
wind turbine. Switchenko et al. have performed a series of 2D
and 3D simulations of complex wind turbine icing events in
Canada, using the FENSAP-ICE and compared with the
experimental data [26]. Study of ice accretion on wind turbine
blade shows that smaller wind turbines can be more adversely
affected by the atmospheric icing than the larger ones.

Currently there are large number of wind farms are being
built at high-altitude mountainous areas. When compared to
the European sites, the icing characteristics of the Chinese
sites such as the accreted ice shapes, ice density and its
adhesion to the surface is quite different, mostly due to
different climatic characteristics[12-14] . Thus, studying the
ice accretion in such regions presents a unique opportunity.
Chongging University (CQU) is one of the major research
institute, which has carried out various studies on the
atmospheric ice accretion and its effect on the wind turbine
operations in China, especially due to the access to the
Xufeng Mountain natural icing test station [15, 18, 19, 27].
The researchers at CQU have carried out the CFD simulation
of airflow behaviour along full scale wind turbine blade
using 3D approach using ANSYS-FLUENT and have found
that higher wind speeds lead to more abrupt flow separations,
especially for glaze ice [28]. They have not performed any
icing simulations, rather used ice template shapes along wind
turbine blade and simulated the airflow behaviour to estimate
the aerodynamic performance. In order to extend the results

from the previous CQU study, the focus of this paper is to
better understand the differences in the ice accretion process
on the CQU 300kW wind turbine using both 2D and 3D
numerical techniques. For the 2D analysis, nine sections
have been selected along the blade, whereas for 3D analysis
the entire blade is used in full scale.

Il. WIND TURBINE SPECIFICATIONS

The work in this paper is performed using 300kW wind
turbine blade. This wind turbine is installed at Xufeng
Mountain natural icing test station, which is situated in the
Southwest Hunan Province of China (27.1258 °N, 110.5606
°E). The wind turbine is located on a complex terrain at the
average elevation of 1400 m.a.s.l. at the top of the Xufeng
Mountain, which has an annual average precipitation of 1810
mm that belongs to the typical micro-topography icing prone
region [29]. Figure 1 shows the terrain and the installation
location of CQU 300kW wind turbine, where typically more
than 90 days annually of ice cover and high humidity are
observed.

Parameter Value Parameter Value

Power production (kW) 300 | Blade length (m) | 14.6

Rotating speed (RPM) 44 Hub height (m) 31

Wind speed (m/s) 13 Tower height (m) 30
Cut-in speed (m/s) 3 Tower radius (m) 1.6
Cut-off speed(m/s) 25 Overhang (m) 3
Rotor diameter (m) 31 Inclination (°) 4

FIGURE 1. Overview of Xufeng mountain nature icing test station and
300kW wind turbine. [26]

I1l. DESIGN OF EXPERIMENT

Typical procedure for the numerical modelling of
atmospheric ice accretion on wind turbines is to perform the
CFD simulation on the 2D blade profile sections (airfoils),
primarily to estimate its aerodynamic performance. The main
advantage of 2D approach is the simplicity and computational
efficiency of the setup. However, the main drawback of the 2D

2

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2020.3022458, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

simulations is its inability to provide information about the
flow in the z-direction, which can be crucial if more “physics-
rich” processes are expected to occur that may influence the
results. Therefore, this study investigates the potential
differences in the ice accretion process on the CQU 300 kW
wind turbine using both 2D and the 3D CFD simulations. The
design of experiment section consists of following three parts:
geometry, mesh and the CFD setup.

A. GEOMETRY MODEL

For simplicity, it is assumed that the structural model is limited
to a surface representation of the wind turbine blade and the
surface in question is assumed to be composed from a
collection of airfoil shapes that are lofted in the blade axis
directions. In order to extend the previous CQU research, [29]
the focus is on the full scale blade geometry and the chosen
nine cutting planes, situated from root to tip in the ascending
order 14.6 m long blade is attached to the hub with a radius of
3 m, which gives the total rotor radius of 17.6 m. The on-site
observations at the Xufeng Mountain icing test station show
that the outer section of the wind turbine blade near tip often
has the largest ice thicknesses, thus, the majority of the chosen
planes in this 2D study are located close to the tip section of
the blade. The blade is composed of 15 airfoils which are
shown in Figure 2. The main geometric parameters for these
nine chosen sections are summarized in Table 1.

Zoom In

FIGURE 2. CQU wind turbine blade model and nine chosen planes.

TABLE |
THE GEOMETRIC PARAMETERS FOR THE NINE CHOSEN PLANES
Cutting z Chord IR Twist0 Th?(/:llirfess
plane (m) length (m) angle (°) (m)
Plane 2 2.0 1.20 14% 19.96 0.54
Plane 4 4.0 1.31 27% 13.94 0.34
Plane 6 6.0 1.00 41% 9.50 0.24
Plane 8 8.0 0.82 55% 6.58 0.19
Plane 10 10.0 0.69 68% 4.65 0.15
Plane 12 12.0 0.55 82% 3.56 0.11
Plane 13 13.0 0.47 89% 3.17 0.08
Plane 14 14.0 0.36 96% 2.86 0.06
Plane 15 14.5 0.32 99% 2.81 0.05
B. MESH

Numerical mesh is generated using Pointwise for 2D airfoils
and the ANSYS Workbench for 3D blade. Fine meshes are
made in order to accurately determine the boundary layer
characteristics (shear stresses and heat fluxes) of the turbine
blade. Mesh sensitivity study was carried out using coarse,
medium and fine meshes to accurately determine the boundary
layer characteristics (shear stress and heat flux). During mesh
sensitivity analysis, number of mesh elements and y+ value
less than 1 for first cell layer was selected based upon the heat
flux calculations, where a numerical check was imposed that
the heat flux computed with the classical formulae dT/dn
should be comparable with the heat flux computed with the
Gresho’s method. Mesh sensitivity study showed that the
effect of mesh size on droplet solution was negligible,
however some flow quantities including convective heat flux
on the blade surface was sensitive to the mesh size. 2D airfoil
meshes use the C-type structured numerical grid while 3D
mesh of full-scale blade is generated using unstructured
tetrahedral mesh. For 2D mesh the total number of hexahedral
elements, ranges from 75761 to 84056 and approximate 4.88
million grid cells were used for full-scale 3D analysis. The
examples of these meshes are shown in Figures 3 and 4.

wall

Inlet Outlet

FIGURE 3. Two-dimensional numerical grid for airfoils.
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FIGURE 4. Three-dimensional numerical grid for full-scale wind turbine
blade.

C. CFD MODEL

CFD based multiphase numerical simulations are carried out
using ANSYS FENSAP-ICE, which uses the finite element
method Navier-Stokes analysis with Eulerian water droplet
impingement solver to analyses the steady flow field around
the turbine blade. Atmospheric ice accretion on a wind turbine
blade can be numerically simulated by means of integrated
thermo-fluid dynamic models, which involve the fluid flow
simulation, droplet behavior, surface thermodynamics and
phase changes. Airflow behavior is simulated by solving the
nonlinear partial differential equations for the conservation of
mass, momentum and energy.

0pa/0t +V(pavg) = 0 @)
0paVa/0t +V (pe Dy Vg) =V.0Y + p, § @)

00aEa/0t +V (pg DgHg) =V (ko (VT,) + vi7V)
+PaGVa ®)

Where p is the density of air, v is the velocity vector, subscript
o refers to the air solution, T refers to the air static temperature
in Kelvin, o¥/ is the stress tensor and E and H are the total
initial energy and enthalpy, respectively. The sand grain
roughness for the iced surface is calculated using following
Shin and al. roughness model.

[(ks/c)/((ks/Cbase)Imvp

{ 1, MVD < 20 @
1.667 — 0.0333(MVD), MVD > 20

Where MVD is the droplet mean diameter (in microns),
whereas, the corresponding value of sand-grain roughness is
obtained in Equation 5:
kg = 0'6839[(ks/c)/((ks/c)base)]LWC
X [(ks/c)/(ks/c)base]Ts

X [(ks/c)/((ks/c)base)]MVD (ks/c)basec (5)

Two-phase flow (air and water droplets) is numerically
simulated using the Eulerian approach, where the super
cooled water droplets are assumed to be spherical. The
Eulerian two-phase fluid model consists of the Navier-
Stokes equation with the water droplets continuity and
momentum equation. The water droplet drag coefficient is
based on the empirical correlation for the flow around the
spherical droplets described by Clift et al.[30]

da/ot +V(aV,) =0 (6)
3(aVq)/0t +V (po V- Vg)
= CpReq/24k a(V, —Vy)
+a(l—pa/pa) 1/(Fr?)  (7)

Where o is the water volume fraction, Vd is the droplet
velocity, CD is the droplet drag coefficient and Fr is the
Froude number. Surface thermodynamics is calculated using
the mass and energy conservation equations, considering the
heat flux due to convective and evaporative cooling, heat of
fusion, viscous and kinetic heating.

pf[ahf/at + V(thf)] = VooLWCB'mevap'rhice (8)
Equation 9 expresses the conservation of energy:
prl(OhycTy) /0t + V(0hycr Ty )]

= (T = T) + (||‘7d||2)/2] V, LWCE

- Levapmevap + (qusion - CST)mice
+ oe(TE) — Tf4 - Ch(Tf Tice rec)
+ Qanti—icing (9)

The coefficients py, cf, ¢5, 0, €, Lepap» Lyusion are physical
properties of the fluid. The reference conditionsT,,, V,,, LWC
are the airflow and droplets parameters. Equation 10 express
the Jones (glaze) formula:
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0.21Ry0.53, Ry < 10
ps = {Ry/(1.15Ry + 2.94), 10 < Ry < 60 (ing/cm?)
Ry/(1.15Ry + 2.94), Ry = 60 (10)

Where Ry = (d - [Vall)/(2Tar).

d is the droplet diameter in microns, V; is the droplet impact
velocity (m/s) and T,,4;; is the wall temperature (Celsius).
ALE (Arbitrary Langrangian Eulerian) formulation is used
for the mesh displacement during ice accretion. This approach
adds the grid speed terms to the Navier-Stokes equations to
account for the mesh velocity [31].

TABLE Il
NUMERICAL SETUP
Icing type Typical | Moderate | Extreme
LWC (g/cm3) 0.2 0.5 1
MVD (um) 17 25 35
Temperature (°C) -5
Freestream Velocity (m/s) 13
AOQA () 0
Icing duration (min) 60
Turbulence model k—® SST
Droplet distribution spectrum Langmuir D
Icing model Glaze (with beading)
Icing de'.‘s'tY Jones (Glaze)
parameterization

IV. RESULTS AND DISCUSSION

Ice accretion along wind turbine blade changes its
geometric shape, which effects the flow behaviour along
pressure and suction sides of the blade and results a change in
its aerodynamic coefficient and overall performance. In this
study, CFD based numerical analysis are carried out to
simulate the airflow behavior, droplet behaviours and ice
shapes using CQU clean and iced single airfoils (2D) and full
scale blade (3D).

A. AIRFLOW BEHAVIOR COMPARISON

Figure 5 shows the velocity vectors and the pressure
coefficient distribution for the full-scale blade in the 3D
numerical simulations, while Figures 6 shows the comparison
of velocity magnitudes and the pressure coefficients on the
nine chosen planes in the 2D and the 3D CFD simulations,
respectively. The 3D planes in Figure 6 are extracted from
full-scale 3D simulations of the blade using plane-cutting
option in CFD post processing. A clear difference in the
airflow behaviour is observed in both cases.

Velocity vectors " Pressure coefficient
yeoct 4 A

0.00000e+00

1.95011e401

-8.89301e-01

1.17353e+00

A

FIGURE 5. Velocity vectors and pressure coefficient for the 3D full-
scale blade.

The first immediate observation when comparing the results
between 2D and 3D simulations is that the 2D simulations
have significantly higher values of the velocity magnitudes.
This implies that the flow separation in the 2D case occurs
more abruptly than in the 3D case, which results into sharp
pressure gradients. Moreover, there is a significant change in
the vorticity patterns, occurring behind the trailing edge when
comparing the results for the velocity magnitudes between 2D
and 3D case. In the 3D case, the vorticity is present in all nine
planes of interest, with the sections, closer to the root of the
blade having a non-zero value of the velocity magnitudes in
said vortices, which gradually reaches values close to zero in
the section closer to the tip. In comparison, the results from the
2D simulation show more extreme vorticity in sections closer
to the root (Plane 2, 4 and 6) with velocity magnitudes being
close to zero, while the sections closer to the tip do not have
vorticity in the wake at all. This suggests that the flow velocity
magnitude in the 3D case has a significant non-zero
component in the z-direction along the blade, which can cause
complex fluid-structure interactions and as a result a more
complicated flow pattern. The same sort of interaction is
absent from the 2D cases simply by virtue of them having no
extrusion in the z-direction. The primary explanation for this
difference is the asymmetry of the blade in the 3D, mainly due
to twist angle between different sections of the blade, such as
Plane 8 have no vortex in 2D case but in 3D case it shows
vorticity pattern.
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FIGURE 6. Velocity streamlines along clean wind turbine blade profiles
sections (2D and extracted planer section from 3D full-scale blade).

Thus, based on 2D and 3D separation study of aerodynamic
characteristics, the comparison of pressure coefficient (Cp) for
both 2D-airfoil and 3D-plane cases have carried out in Figure
7 for clean and iced conditions. The good agreement between
single airfoil and single blade cutting planes are found in most
cases, especially in leading edge. Reversing point are carried
out more forward in single blade’s most cutting planes, due to
the lift and drag forces have effects the flow behaviours which
affect Cp, however, the uncommon trends is found in the 3D
mid section (Plane 6, 8,10 and 12) because of flow effects and
wake effects. Compared with 3D simulation results, 2D results
have smaller Cp range because the windward and leeward
have different lift and drag force due to the shadow regions
and aerodynamic changes. Icing types leads a big difference
in 2D simulation, however for the 3D simulation the
difference not obvious. It may be the reason that the flow
behaviours are difference from 2D and 3D due to the higher
and lower artificial viscosity respectively.
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FIGURE 7. Pressure coefficient comparison between 2D and 3D cases
in clean and iced profiles.

B. DROPLET BEHAVIOR COMPARISON

Figure 8 shows the droplet collision efficiency comparison for
the moderate, typical and extreme icing conditions in the 2D
and the 3D simulations. Since the droplet impingement
simulations have been performed with the Langmuir D
distribution, which is a seven-bin distribution, only the
spectrum-averaged results are presented, in order to streamline
the comparison.
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FIGURE 8. Droplet collision efficiencies comparison.

Since the operating conditions for the different icing types in
Table 2 are constant with the exception of the MVD and LWC
values, the differences in the droplet behaviour will be
primarily influenced by the droplet inertia, which depends on
the airflow velocity magnitude distributions and the MVD
values as a function of parameter \Vd? where ‘d’ is the droplet
diameter. Thus, the preceding discussion on the differences in
the velocity magnitudes between the 2D and the 3D numerical
simulations, is also relevant for the droplet collision
efficiencies comparison, as the higher velocity magnitudes in
the 2D case will directly result in the increase in the droplet
inertia, which will in turn will increase the overall and local
collision efficiencies, maximum impingement angles and the

droplet impact velocities. This effect in terms of the local
collision efficiencies and the maximum impingement angles is
clearly visible in Figure 8, where the results from 2D
simulations displays higher values of the local collision
efficiencies and the maximum impingement angles, when
compared with the 3D results. This will directly result in more
accreted ice masses, thicker ice shape, covering larger area and
higher accreted ice densities, as they are a function of the
droplet inertia in the Jones (glaze) icing density formulation,
in the 2D simulations. These conclusions are applicable for all
three tested icing types — typical, moderate and severe, as the
2D simulations show consistently higher values of the local
collision efficiencies and the maximum impingement angles
for all planes and at all icing types. The only thing which will
change with the change in icing type is the “ratio” of the
droplet collision efficiencies between the 2D and the 3D
simulations, however, due to non-linear dependence of the
droplet collision efficiencies on the droplet inertia the exact
“ratio” will also be highly non-linear.

C. ICE ACCRETION COMPARISON

Tables 3 and 4 show the comparison of accreted ice densities
and the maximum ice thicknesses for the nine planes of
interest in the 2D and the 3D simulations, while Figure 9
shows the ice accretion on full scale blade for three different
icing conditions, whereas Figure 10 provides the comparison
of the accreted ice shapes after 60 minutes of ice accretion.

TABLE Il
MAXIMUM ICE DENSITIES COMPARISON.
Maximum Ice Ice types
density Typical Moderate Extreme
(kg/m3) 2D 3D 2D | 3D | 2D 3D

Plane 2 785.1 | 840.0 | 814.0 | 840.0 | 840.0 | 840.0
Plane 4 787.5 | 840.0 | 840.0 | 840.0 | 840.0 | 840.0
Plane 6 7935 | 479.7 | 8400 | 840.0 | 840.0 | 840.0
Plane 8 800.7 | 840.0 | 840.0 | 840.0 | 840.0 | 840.0
Plane 10 | 795.2 | 840.0 | 840.0 | 840.0 | 840.0 | 840.0
Plane 12| 7905 | 840.0 | 840.0 | 840.0 | 840.0 | 840.0
Plane13 | 787.9 | 840.0 | 840.0 | 840.0 [ 840.0 | 840.0
Plane 14 | 796.7 | 840.0 | 840.0 | 840.0 | 840.0 | 840.0
Plane 15 | 784.3 | 840.0 | 840.0 | 840.0 | 840.0 | 840.0

TABLE IV.
MAXIMUM ICE THICKNESSES COMPARISON.
Maximum Ice Ice types
thickness Typical Moderate Extreme
(mm) 20 | 3D | 20 | 3D | 2D | 3D
Plane 2 1.01 0.51 4.13 0.85 5.07 1.11
Plane 4 2.55 1.02 3.43 1.12 7.26 1.57
Plane 6 3.19 0.79 5.16 1.45 9.03 2.05
Plane 8 3.36 143 6.44 1.84 10.78 2.55

Plane 10 3.44 1.44 7.64 1.81 11.59 2.50
Plane 12 3.67 1.92 8.38 2.27 12.52 3.04
Plane 13 3.67 2.28 8.45 2.64 12.20 341
Plane 14 3.86 1.90 8.52 2.43 12.63 3.25
Plane 15 4.01 2.17 8.56 2.59 12.67 3.44
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FIGURE 9. Ice accretion for the 3D full-scale blade.
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FIGURE 10.

Accreted ice shapes comparison for 2D and 3D study.

The primary observation from the Table 3 is that for the
typical icing conditions the ice density values are higher in the
3D simulations than in 2D. For the rest of the cases the values
of accreted ice densities are equal at 840 kg/m?. The difference
in values for the typical icing conditions is peculiar,
considering that from the comparison of the droplet collision
efficiencies it follows that in 2D cases the droplet collision
efficiencies and the maximum impingement angles are higher
than in the 3D simulations, thus implying that the droplet
inertia is higher in 2D simulations and by extension, the
droplet impact velocities should also be higher, which would
result in higher accreted ice densities. However, the higher
values of the accreted ice densities for the typical icing
conditions in the 3D cases suggest that the surface temperature
must be lower in the 2D cases possibly as a result of a
difference in the heat fluxes between the 2D and the 3D
simulations. When it comes to the maximum ice thicknesses
from Table 4 and the accreted ice shapes from Figure 10, it is
obvious that the CFD simulations in the 2D cases accrete
significantly more ice than the 3D simulations for all tested
icing conditions. This coupled with the fact that the velocity
magnitude and pressure coefficient distributions imply that the
airfoils in 2D may experience higher magnitude of lift and
drag forces than 3D simulations, and may results in the airfoils
in the 2D simulations being more significantly affected by the
accreted ice.

V. CONCLUSION

Within this study, a series of multiphase CFD simulations on
a 300 kW wind turbine blade have been performed using 2D
and 3D numerical simulations. The 2D simulations were
performed on the nine blade sections of interest, while the 3D
simulations were performed on the entire wind turbine blade
in full scale. The primary objective of this paper was
comparison of the multiphase flow behaviour between the 2D
and the 3D CFD simulations, primarily in connection with the
atmospheric ice accretion. The obtained results show that in
3D simulations there is a significant velocity component and
flow interactions in the z-direction, which are obviously
absent from the 2D simulations. As a result of this flow
interaction in the third dimension, the velocity magnitudes are
reduced in the 3D simulations when compared to the 2D
simulations. This, in turn, affects the ice accretion process, as
the higher velocity magnitudes in the 2D cases result in the
higher droplet inertia, collision efficiencies and the maximum
impingement angles, which results in more ice mass accreted
along with the thicker and larger ice shapes present in the 2D
simulations. Coupled with the airflow velocity magnitudes,
the result suggest that the airfoils in the 2D simulations are
more aerodynamically loaded than the full blade in 3D, and
the higher ice accretion values will affect the aerodynamic
performance of the airfoils more significantly in the 2D
simulations when compared to the 3D results. The primary
reason behind such differences is believed to be the
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asymmetry of the wind turbine blade in 3D, primarily due to
the twist angle, which causes the complex flow patterns to
arise in the first place.

ACKNOWLEDGMENT

Authors would like to acknowledge Professor Jiang Xingliang
and his research group from Chongging University, China for
providing the wind turbine blade models and field data from
Xufeng mountain natural icing test station. In addition,
Authors would also like to acknowledge Mr. Pavlo Sokolov
from UIT for assisting during the data analysis.

REFERENCES

[1] A. K. Ville Lehtoméki, Pieter Jan Jordaens,Charles Godreau,Neil
Davis,Zouhair ~ Khadiri-Yazami,Rolv  Erlend  Bredesen,Géran
Ronsten,Helena Wickman,Saskia Bourgeois, Till Beckford, IEA Wind
TCP Task 19 - Avaliable Technologies for Wind Energy in Cold
Climates, 2nd Edition, IEA Wind Task 19, 2018.

[2] V. Lehtomaki, Emerging from the cold, WindPowerMonthly, 2016.

[3] Neil Davis, “Icing Impacts on Wind Energy Production,” DTU, DTU
Wind Energy, 2014.

[4] A. B.B.Tammelin, M. Cavaliere, H. Holttinen, C. Morgan, H. Seifert,
K. Séantti, P. Vglund, Wind energy production in cold climate
(WECO), Finnish Meteorological Institute, Helsinki, 2000.

[5] M. M. Sohrab Gholahosein Pouryoussefi, Mohamed Mahdi
Nazemi,Mojtaba Fouladi, Alreza Doostmahmoudi, “Experimental
study of ice accretion effects on aerodynamic performance of NACA-
23012 airfoil,” Chinese Journal of Aeronautics, vol. 29, no. 3, pp. 585-
595, 2016.

[6] F. Lamraoui, Fortin, G., Perron, J., and Benoit, R., “Canadian icing
envelopes near the surface and its impact on wind energy assessment,”
Cold Regions Science and Technology, vol. 120, pp. 76-88, 2015.

[7] B. Tammelin, Cavaliere, M., Holttinen, H., Morgan, C., Seifert, H.,
and Santti, K., Wind energy production in cold climate (WECO), UK
DTI, 1999.

[8] Drage Peter, Numerical simulation of Ice Accretion on Wind Turbines
IWAIS 2009, 2009.

[9] W. A. Timmer, “Aerodynamic characteristics of wind turbine blade
airfoils at high angle-of-attack,” in 3rd EWEA Conference-Torque
2010: The Science of Making Torque from Wind, Heraklion, Crete,
Greece, 2010.

[10] H. K. Woobeom Han, Bumsuk Kim, “Study on correlation between
wind turbine performance and ice accretion along a blade tip airfoil
using CFD,” Journal of Renewable and Sustainable Energy, vol. 10,
no. 2, 2018.

[11] F. M. Gitsuzo d. Tagawa, Héloise Beaugendre, “CFD study of airfoil
lift reduction casused by ice roughness,” in 2018 Applied
Aerodynamics Conference, Atlanta, Georgia, 2018.

[12] M. S. V. Jia Yi Jin, “Study of ice accretion along symmetric and
asymmetric airfoils,” Journal of wind engineering & industrial
aerodynamics, vol. 179, pp. 10, 2018.

[13] J. Y. J. Pavlo Sokolov, Muhammad S Virk, “Accreted ice mass ratio
(k-factor) for rotating wind turbine blade profile and circular
cylinder,” Wind Energy, 2018.

[14] M. L. Jian Liang, Ruiqi Wang, Yuhang Wang, “Study on the glaze ice
accretion of wind turbine with various chord lengths,” in Earth and
Environmental Science, 2018.

[15] Y. W. S. Barber, S. Jafari, “The Impact of Ice Formation on Wind
Turbine performance and Aerodynamics,” Journal of Solar Energy
Engineering, vol. 133, no. 1, pp. 311-328, 2011.

[16] G. F. F. Lamaraoui, R. Benoit, “Atmospheric icing impact on wind
turbine production,” Cold Regions Science and Technology, vol. 100,
no. 4, pp. 36-49, 2014.

[17] F. Saeed, "State-of-the-Art Aircraft Icing and Anti-Icing Simulation,"
ARA Journal, Vol. 2000-2002, No. 25-27, January, 2002.

[18] W. Wright, "User manual for the NASA Glenn Ice Accretion code
LEWICE version 2.2.2," NASA, ed., 2002.

[19] W. Wright, "Validation Results for LEWICE 3.0," NASA, ed., 2005.

[20] C. S.B.a. M. G. Potapczuk, "Users Manual for the NASA Lewis Three-
dimensional Ice Accretion Code (LEWICE3D)," NASA, ed., 1993.

[21] V. Patreau, “MODELISATION &QUE DWN SYSTEME
ELECTROTHERMIQUE DE DEGIVRAGE DES PALES
D~EOLIENNE A AXE HORIZONTAL,” Thése de maitrise, Ecole
Polytechnique de Montréal, December 1998.

[22] C. Son and T. Kim, "Development of an icing simulation code for
rotating wind turbines," Journal of Wind Engineering and Industrial
Aerodynamics”, Vol. 203, 104239, August, 2020.

[23] ANSYS, "ANSYS FENSAP-ICE," 2016.

[24] F. M. a. W. H. H. Beaugendre, “FENSAP-ICE's Three-Dimensional In-
Flight Ice Accretion Module : ICE3D,” Jounal of Aircraft, vol. 40, no.
2, pp. 239-247, 2003.

[25] M. O. L. H. a. T. M. M. Etemaddar, “Wind Turbine aerodynamic
response under atmospheric icing conditions ” Wind Energy, vol. 17,
pp. 241-265, 2014.

[26] W. G. H. David Switchenko, Guido Baruzzi and Isik Ozcer, “Fensap-
ice simulation of complex wind turbine icing events, and comparison
to observed performance data,” in 32nd ASME Wind Energy
Symposium, National Harbor, Maryland, 2014.

[27] G. F. Faycal Lamraoui, Robert Benoit, Jean Perron and Christian
Masson “Atmospheric icing impact on wind turbine production,” Cold
Regions Science and Technology, vol. 100, pp. 14, 2014.

[28] H. L. Lichun Shu, Qin Hu, Xingliang Jiang, Gang Qiu, Gaohui He,
Yangqing Liu, “3D numerical simulation of aerodynamic performance
of iced contaminated wind turbine rotors,” Cold Regions Science and
Technology, vol. 148, pp. 13, 2018.

[29] H. Li, “Power Performance and Its Computational Model of Wind
Turbine Under Icing Conditions,” Department of Electrical
Engineering, Chongging University, Ph.D. thesis, 2018.

[30] J. R. G. R Clift, Weber., M.E., "Bubbles, drops and particles ", 1978.

[31] N.S.U. Manual, NTI, 2010.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.3022458, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

JIA YI JIN was born in Xi’an, Shaanxi, China in
1991. She received the B.S. degrees in mechanical
and electronic engineering from China in 2015, and
received the M.S. degrees in industrial engineering
in UiT-The Arctic University of Norway in 2017.
She is currently pursuing the Ph.D. degree in
engineering science in UiT-The Arctic University
of Norway.

From 2016 to 2018, she was a Research
Assistant in UiT, and have been involved in a
completed EU project-WindCoE which got the
Wins of the ‘Arctic Award” in 2018. Her research interests is to better
understand the atmospheric ice accretion physics on wind turbine blades for
efficient wind turbine operation in icing conditions. Moreover, wind
resource assessment and anti-/de-icing technologies are the additional
interests for her research work.

Miss Jin is the membership of Arctic Technology & Icing Research
Group in UIT since 2019, she has been involved in the Arctic Center for
Sustainable Energy, and have been registered on the Editorial Manager site
of Elsevier Since 2020. Miss Jin’s awards and honors include the Best
Presenters in 2nd International Conference on Power and Renewable Energy
(ICPRE2017) and the excellent Oral Presentation in 2nd International
Conference on Renewable Energy and Environment (ICREE2018).

MUHAMMAD S. VIRK is a Professor of Cold
Climate Technology at University of Tromsg
(UiT), Norway. He did his Bachelor (Aerospace
Engineering) degree from NUST Pakistan,
whereas he obtained his Master (Aerospace
Engineering) and PhD (Computational Fluid
Dynamics) degrees from United Kingdom. At UiT,
he established the research activities and
infrastructure related to atmospheric icing, cold

Vi, , climate  technology, Computational  Fluid
Dynamics (CFD) and wind energy. With his experience of renewable energy
and CFD based numerical modeling of complex turbulent flow behaviors
and heat transfer, he is also having a good understanding of the aircraft
design and aspects related to high speed aerodynamics from his aerospace
engineering background. Presently, he is leading the Arctic technology and
icing research group at UiT. Professor Virk is having vast academic and
research network and actively working with many universities/research
centers of Europe, North America and Asia. Professor Virk is also engaged
in various applied research projects co-funded by industry and various
national and European funding agencies. During last 10 years, he has
successfully managed and participated as principal & co-investigator in
various international research projects funded by European Union,
Norwegian Research Council and industry. Presently he is the author of 140
scientific publications (peer reviewed journal publications and
international conference proceedings). He has received numerous scientific
prizes including best paper awards. His most recent in this regard is the
winning of EU Arctic Award 2018 from European Union, for one of his
research project focused on wind energy in cold climate.

QIN HU was born in Hubei, China, in 1981. He
received the B.E., M.E. and Ph.D. degrees from
Chongging University, China, in 2002, 2004 and
2010 respectively.

In 2004, he began to work at Chongging University
as a Teaching Assistant, then an Associate
Professor from 2007 to 2015. He is currently a
Professor with School of electrical engineering,
Chongging University. His research interests
includes corona discharge, external insulation of
high voltage transmission lines and the icing
problem of wind turbine.

XINGLIANG JIANG was born in Hunan, China, in
1961. He was with Shaoyang Glass Plant, Hunan,
China; Wuhan High Voltage Research Institute,
Wuhan, China, and received the M.S. and Ph.D.
degrees from Chongging University, China, in 1988
and 1997, respectively. His research interests
include high-voltage external insulation and
transmission line icing and protection.

His employment experiences include the Shaoyang
Glass Plant, Hunan, Shaoyang, the Wuhan High
Voltage Research Institute, Hubei,Wuhan, and the
College of Electrical Engineering, Chongging University, Chongging,
China. His special fields of interests include high-voltage external
insulation, and transmission line's icing and protection. He has published his
first monograph-Transmission Line's Icing and Protection, in 2001, and has
published over 400 papers about his professional work. He received the
First-class reward of national technology improvements, in 2013, the
Second-class Reward for Science and Technology Advancement from
Ministry of Power, in 1995, Beijing Government, in 1998, the Ministry of
Education, in 1991 and 2001, respectively, the First-class Reward for
Science and Technology Advancement from Ministry of Power, in 2004,
the Third-class Reward for Science and Technology Advancement from
Ministry of Power, in 2005, the Second-class Reward for Science and
Technology Advancement from the Ministry of Technology, in 2005, the
First class Reward for Science and Technology Advancement from the
Ministry of Education, in 2007, and the First-class Reward for Science and
Technology Advancement from Chongging City, in 2007.

10

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



