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Abstract

Wind energy is an emerging renewable energy but its reliability in cold regions is significantly affected by atmospheric
icing. Ice accretion alters airfoil profiles by reducing energy production and increasing operational risks and maintenance
costs. This study focused on the prediction of aerodynamic performance of iced airfoil blade sections through numerical
approach using ANSYS Fluent and FENSAP ICE. The results obtained were verified with the experimental studies in a
closed loop wind tunnel that was equipped to replicate the conditions for in-cloud icing phenomena.

The ice accretion was numerically simulated with the aid of FENSAP ICE on NACA4412 airfoil at given conditions
such as Liquid water content (LWC) of 0.8 g/m®, 1.6 g/m®, and 4.9 g/m®, angle of attack of a=0 ° to 15 °, and median
volume diameter (MVD) of 50 um, 51 um and 54 um. Temperatures of -4° C and -17° C were considered during the
experimental set up and numerical calculations to correspond to the in-cloud temperatures for glaze and rime ice
occurrence during Icing. The experimental findings were done in an icing wind tunnel using NACA4412 airfoil blade
section during which the LWC, angle of attack and ambient temperature were varied while maintaining the velocity
constant at 20m/s. The experimental aerodynamic performance findings showed similar trends with numerical findings.
It was observed that an increase in LWC and angle of attack with decrease in temperature led to an increase in ice mass
accreted on the airfoil section. The ice shapes were found to be nearly the same for both the numerical and experimental
set ups. In both cases, aerodynamic performance was found to decrease gradually with increase in LWC, angle of attack
and ice accretion time.

Keywords: Wind Energy, Atmospheric Icing, Liquid Water Content (LWC), Median Volume Diameter (MVD), Aerodynamic
Performance, ANSYS Fluent and FENSAP ICE, Icing Wind Tunnel

1. Introduction

In recent years, the global energy scene has been marked by a
significant increase in demand. In 2023, global energy consumption
grew by 2.3%, surpassing the average annual growth rate by
1.5% that had been observed between 2010 and 2019 [1]. In the
international Energy Agency (IEA) world energy outlook 2023, it
emphasized the critical role of renewable energy in meeting the

future energy need while ensuring energy security and fostering
economic development. The report also recommended cost
effective ways to bend the emissions curve downwards by 2030.
These included Tripling renewable energy capacity, doubling the
pace of energy efficiency improvements to 4% per year, ramping
up electrification and slashing methane emissions from fossil fuel
operations that would together provide more than 80% of the
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emissions reductions needed by 2030 to put the energy sector on a
pathway to limit warming to 1.5 °C [2].

Within the renewable energy spectrum, wind energy has emerged
as a pivotal contributor. The Global Electricity Review 2023
highlights that clean energy generation, led by wind and solar, is
anticipated to grow significantly, outpacing the projected demand
and increase. The report also acknowledged that Wind and solar
had reached a record 12% of global electricity in 2022[3]. The total
installed wind power has been on a constant rise with estimated
power produced being 6.6 % (837 GW) as of 2020 [4]. The wind
energy in cold regions is influenced by seasonal variability due
to geographical locations [5,6]. It has been observed that in cold
regions, the power output is expected to rise due to an increase
in air density and velocity stratifications. About 20 % of wind
power energy potential is found in icing regions with an annual
energy production (AEP) loss estimated to be about 20 % to 50
% [7,8]. Wind turbines in cold regions experience a challenge
due to accumulation of ice on the blades impacting aerodynamic
performance, power output and structural integrity [9-11].
estimated that 94 %, 72 %, and 19 % of Europe, North America,
and Asia respectively encounter icing events that affect wind
turbines in these regions.

The use of experimental studies has been found to provide valuable
detailed icing studies. Numerical models based on computational
fluid dynamics (CFD) have recently been used in icing studies
due to their cost and its time consuming [12,13] Theoretical icing
incorporates complex Mathematics and Physics in the models
used in predicting analytical accretion solutions such as FENSAP
ICE, TURBICE, MULTI-ICE and Open-FOAM [14-16]. Several
studies using these models have been widely used in predicting
ice accretion in varying conditions [17-21]. However, numerical
studies alone are insufficient without validation. Experimental
studies are necessary to confirm the accuracy of CFD predictions
and ensure realistic representation of icing effects. While only a few
institutions worldwide have dedicated icing wind tunnels, many
studies rely on CFD-generated iced airfoils rather than physical
testing. In our institution, that is E6tvos Lorand University (ELTE),
we have access to an icing wind tunnel, which provides a unique
opportunity to validate CFD findings against real-world conditions.
By integrating both numerical and experimental approaches,
this study aims to enhance the reliability of icing models and
contribute to the development of effective mitigation strategies for
wind turbine performance in cold climates by comparative study
of numerical and experimental aerodynamic performance of wind
turbine airfoils under atmospheric icing conditions.

1.2. Research Objectives

The main objective of this research is to compare the aerodynamic
performance of wind turbine blade section under atmospheric icing
conditions using both numerical and experimental approaches.

To achieve this, the study is guided by the following specific
objectives.

1. To numerically investigate the effects of icing on the
aerodynamic performance of wind turbine blade sections by
varying wind velocity, angle of attack, liquid water content (LWC),
and evaluating changes in the lift-to-drag ratio.

2. To experimentally examine and quantify the real-time
aerodynamic degradation of iced wind turbine blade sections in
a controlled wind tunnel environment by systematically varying
wind velocity, angle of attack, and LWC, while measuring lift and
drag.

3. To validate the numerical simulation results against experimental
data to ensure accuracy and reliability, establishing a correlation
between predicted and observed aerodynamic behavior under
icing conditions.

2. Methodology

2.1. Computational Domain and Boundary Conditions

To ensure that there was a minimal boundary effect while
maintaining accurate flow over the airfoil, the computational
domain was carefully designed. The domain extended to 5 and
14 chord length from the leading and trailing edge respectively as
shown in figure 1 ensuring accurate capture of flow disturbances
in ANSYS Fluent. This was done to capture wake characteristics
which could have led to stabilization and reduction in vortex
shedding phenomena as described in [22]. The k - w SST turbulence
model was used to help in capturing far field flows that would
prevent numerical reflections, and which ensured that solutions
remained independent in the boundary conditions. The triangular
mesh was considered with a growth rate of 1.05 %, near the airfoil,
the boundary layer with a first layer thickness which corresponded
to a non-dimensional wall distance obtained from y*< 1 with the
first layer thickness of 1.43 x 10 m with the 45th layer being 2.78
x 10° m. A steady state solver was considered with an appropriate
time stepping of 300 and grid convergence of 1 x 10,

The first layer thickness y, was calculated to ensure that the y*

value at this was less than 1.This is achieved by rearranging the
tov

y*equation to Y1 = where v is the kinematic viscosity of
the fluid, u, represente(f the friction velocity which depends on
the flow conditions such as freestream velocity, Reynolds number,

and wall shear stress, Uy = %/ Ensuring y* < 1 was important
because it would allow the solver to accurately resolve the viscous
sublayer, where viscous effects dominate, ensured that the near-
wall turbulence models that is k-¢, and k-w in involved in the k-w
SST model could correctly predict the flow behavior. Generated
mesh from ANSYS Fluent was then exported to a readable file
used in FENSAP ICE to study icing.

Int J Aerosp Sci Technol Engg, 2026

Volume 2 | Issue 1 | 2



Bottom s

Outlet

=

ame 70

Figure 1: Rectangular Computational Domain with the mesh and its boundaries.

The geometry used for computational modelling was NACA 4412
and it corresponded to the experimental model. Other parameters

used during the numerical and experimental set up are as shown
in table 1.

Airfoil

Chord length (m)

Spanwise length (m)

MVD (um)

LWC (g/m3)

Velocity (m/s)

A0A (°)

Temperature (°C)

Accretion time (mins)

NACA4412
0.2

0.5

50, 51, 54
0.8,1.6,4.9
20

0,5, 10, 15,
4°C,-17°C
20

Table 1: Operating parameters of Airfoil NACA 4412 used in the numerical and Experimental modelling

2.2. Icing Simulation

Icing on the airfoil occurs when supercooled water droplets
impact on the airfoil surface (wall) and freeze upon contact. In
this study, the icing process was simulated using numerical
software that is FENSAP — ICE. This approach involved the
multiphase order in which the conditions varied from gas-liquid-
solid that is incorporated in FENSAP-DROP3D-ICE3D software.
Finite Element Navier-Stokes Analysis Package (FENSAP) is
a computational fluid dynamics (CFD) tool used for simulating
complex fluid flows, particularly in aerospace applications.
Generally, FENSAP can solve incompressible, compressible,

ap

steady, unsteady, viscous and inviscid three-dimensional flows
[23,24]. For incompressible flows FENSAP offers Euler equations,
whereas for compressible flows FENSAP solves compressible
Reynolds Averaged Navier-Stokes (RANS), also termed Favre-
averaged Navier-Stokes equations [25]. The Eulerian method was
used to model supercooled water droplets in the flow field, which
would solve droplet transport equations. Convergence studies
were performed to ensure numerical stability, with iterative solvers
applied to balance mass, momentum, and energy conservation,
whose fundamental equations are represented in equations 1, 2 and
3 respectively.

a —
PPl o (pu;)) =0

d a ij
o () + 5 (puay) = — 5=+ S0+ pg

(1
ap ot
- 2
o . or
o, ( ox; 3)

P a a
5 (PE) + ox; (w;(pE +p)) = _a_xj(uifij) +
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Whereby, p - Density of the fluid, # - Velocity of the fluid, p - The
pressure, 7 - Temperature, £ — Total energy, 7 — Viscous stress
tensor, k- Thermal conductivity, and g- acceleration due to gravity
The DROP3D that is 3D Eulerian water droplet and ice crystal
impingement module of the FENSAP-ICE system, was used to
compute the impingement solution in a single, non- iterative pass
that eliminated the need of laborious iterative droplet injection. It
uses high-resolution discretization of partial differential equations
to calculate droplet velocity fields and water concentration over

the entire computational domain. The output included the mass
of water captured by the airfoil, the droplet impingement limits,
impingement patterns, droplet velocity vector and shadow zone
characteristics. The mathematical model for DROP3D was
introduced by Bourgault et al [26]. and it consists of the Navier-
Stokes or Euler equations for viscous and inviscid air represented
by continuity and momentum equations [27]. In non-dimensional
form these equations are shown in equations 4 and 5 respectively.

a—(:+V. (aug) =0

614d

at 24K Pd
Whereby, u_- The air velocity, a- Mean water fraction, u, - Mean
droplet velocity, K- is the droplet inertia parameter, F_r — Froude
number, and p - the droplet density, Re, - Droplet ICE3D is the
3D ice accretion module of the FENSAP-ICE system, also based
on high resolution partial differential equations for the complex
thermodynamics of ice formation. It yields 3D ice shape, water
film thickness and surface temperature on any number of complex
3D surfaces [23].

oh — Y y
P |52+ V)| = UL WEB = ey = Thice

Where by, p,,

oy [ah—T+ V(@rhy G T| = [Ca(T = Ta +

CiceT)mice + O'E(To% - Td4) + Qh

Rd 4y Vu, = DaRd (ua—ud)+(1— i)%g
3

“4)
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ICE3D was used to calculate the ice accretion rate based on the
friction force and the heat fluxes obtained by FENSAP and the
mass rate of water caught known from the impingement module
DROP3D [25]. The model is based on a system of partial differential
equations (PDEs) derived from the conservation of mass and
energy, building upon the foundational work of the Messinger [28]
model and further refined to account for ice accretion and water
runback phenomena. The key equations, that is Mass Conservation
and Energy conservation equations are presented in equations 6
and 5 respectively.

- Density of water, h - Thickness of the water film, u_f
LWC - Liquid Water Content, f - Collection efficiency of droplets, m

a1
all u
2

(6).

- Mean velocity of the water film, u_|
- Evaporative mass flux, m,_

- Freestream air velocity,
- Ice accretion rate..

evap

ooLWCﬁ - 05 (Levap + Lsubl )mevap +

).

+(qusion -

Where by, C, - Specific heat of water, T - water-ice interface
temperature in degrees celsius, T - mean Temperature in degrees
Celsius, C, - Specific heat of ice, L - Latent heat of evaporation,
L subl - Latent heat of subhmatlon, L fusion - Latent heat of fusion,
€ - Emissivity, o -Boltzmann constant, g, - Convective heat flux.
In the above equation, co denoted freestream conditions while d

denoted droplet properties.

The velocity profile of the water film u, (x, y) was assumed to
be linear in the direction normal to the surface, justified by the
thickness of the film (typically less than 10 pm). u, x,y) =

2 Twau(%,Y), where u,, represented Dynamic viscosity of
water and T, represented Wall shear stress from the air [24]. The
mean Velocrcy Us is obtained by averaging cross film thickness by
h > therefore,

ur(x,y) =hif f ur (x,y)dy = Twau(x y)

The integration of mass and energy conservation equations, along
with empirical correlations for heat and mass transfer, ensured
robust and accurate predictions in icing scenarios.

2.3. Experimental Set — Up
The experimental component utilized a closed-loop, horizontal

wind tunnel located at the Fluid Mechanics Laboratory of the
Savaria Institute of Technology, E6tvos Lorand University. The
tunnel is capable of simulating flows around immersed objects as
well as simulating icing processes by incorporating water injection
and cooling systems making it unique in Central Europe. The wind
tunnel used had a total length of 24m closed loop , Cross-section
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of the test section of 0.5 m x 0.5 m and a length of 1 m as
shown in figure 2, Contraction ratio of 1:5, maximum velocity in
the test section: 35 m /s, lowest temperature in the test section:
-20°C,water injection through 3 nozzles, each with adjustable flow
rate in the range of (10-100 ¢m?*)/m in, insulated cabin around the

test section, with an area of 5 m? and inner height of 2.1 m. During
the experiment, the nozzle opening and closing were controlled by
duty cycle. This parameter aided in the determination of the flow
rate of the nozzles and consequently, the liquid water content in
the cloud produced.

Figure 2:The closed-loop horizontal wind tunnel and its test section.

To simulate two-phase flows representative of in-cloud icing or
precipitation icing, supercooled water droplets were introduced
via nozzles, replicating a range of atmospheric conditions.

2.4. Experimental Determination of Median Volume Diameter
(MVD)

The two-phase flows were modelled by injecting supercooled water
droplets to create the cloud conditions with the help of atomizers
which were adjusted into wide range of atmospheric conditions.
The droplet size characteristic was considered using the PDPA in
examining spatial distribution of the super cooled droplet generated
on the SUJ11 vertical nozzles separated by 300 mm. These nozzles
were manufactured by Spraying Systems Co. The PDPA signals
were generated from the FSA 4800/5800 as transmitters whereas
the generated beams were received on RV2100 module 500 mm

apart from the Gaussian region (region of bright fringes). The
laser intersecting angle was obtained to be 30 © where Gaussian
distribution had the “butterfly point” based on the refractive index
between glass and air being 1.33 and the wave frequency of 532
nm. The data was captured using 5,000 maximum attempts with
a real time capture of 1000 and by applying photomultiplier tube
(PMT) voltage set to 500 V and burst threshold held at 200 mV. This
was done to ensure that smaller droplets were captured. The data
obtained were sent to readable data in BurstPro software where the
distributions sizes were calculated using the equations based on
ASTME?799 - 03¢ standard to obtain characteristic diameters. For
this study, the considered droplet diameters were d30 representing
the average volume of the droplets as shown in equation [29].

Where d. is the diameter of the ith droplet, and n. is the total number
of the valid count droplets.

Based on the Droplet sizes, it is possible to calculate the Liquid

masSwater m water

LWC = =

(©)

water content (LWC) which is the measure of liquid water per unit
volume of air in a cloud or spray. The formular in Equation 10 is
applied to calculate LWC based on the droplet size distribution
measured by the PDPA system and as applied by Knop et al., 2021
[30].

air XAtestsection'Ua

Where m water is the mass flow rate of injected water from the
SUJ11 nozzles, « is the is the percentage of the moistened cross-
sectional area, A, . is the cross-sectional area of the test section
and U_is the tunnel velocity. During the experiment, the total
obtained volume flow rate varied between 30 ml/min to 255 ml/

(10).

min depending on the air and water pressure and the duty cycles
ranging between 20% to 80%. The test section cross-sectional
area was 0.25 m? and the percentage of the moistened cross-
sectional area was set to 0.5 during calculation of the LWC based
on equation 10.

Int J Aerosp Sci Technol Engg, 2026

Volume 2 | Issue 1|5



2.5. Experimental Procedure

The liquid water content (LWC) and median volumetric diameter
(MVD) of the droplets were controlled by precisely regulating
the water and air pressures within the nozzle channels, as well
as adjusting the nozzle duty cycle. The target LWC values were

determined based on prior calibration experiments that had been
carried out before. Table 2 specifies the air pressure settings
applied at the nozzle for each corresponding water spray condition
to achieve the desired LWC and MVD during experiments.

S/N | Water pressure (Bars) | Air pressure (Bars) | Duty cycle (%) | LWC (g/m®) | MVD (um)
2.07 2.07 20 0.8 54
. 2.34 3.45 50 1.6 51
3. 345 2.41 80 4.9 50

Table 2:Various operation conditions considered during icing experiments

During experiments, the wind tunnel velocity was held constant
at 20 m/s, and data acquisition was performed at a sampling rate
of 2 Hz over a 20-minutes duration. The angle of attack (a) was
systematically varied from 0° to 15° to assess the aerodynamic
forces acting on the airfoil across the specified flow conditions.
At the conclusion of each trial, the accumulated ice mass was
measured using a precision weighing balance to quantify ice
accretion. The same procedure was followed for both -4°C and
-17°C conditions, with the test room and the wind tunnel set to

PEE

il

—

these respective temperatures. There were five load cells that were
installed on the cross-sectional area of the test section. These cells
were the primary means by which we measured the Aerodynamic
forces generated by the airfoil as shown in figure 3. The raw
analogue signals were then transferred to QuantumX MX840B
(figure 4) where they were converted to digital signals using the
HBM Catman software. The data obtained were then transferred to
Excel for analysis and visualization.

Figure 3: Strain gauges set up used to measure forces acting on the airfoil section.
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Figure 4: QuantumX MX840B data acquisition system and its connection to the Load cells.

3. Results And Discussion

3.1. Comparison of Numerical and Experimental Ice Mass
Accretion

Tables 3,4 and 5 present the mass of ice accreted at liquid water
content (LWC) of 0.8 g/m3, 1.6 g/m?, and 4.9 g/m? respectively,
for both -4°C and -17°C conditions after 20 minutes of accretion.
The results indicated that the conditions at -17°C led to a greater

mass of ice accretion compared to -4°C across all angles of attack.
Furthermore, the mass of accreted ice increased with the angle of
attack for -4°C and -17°C conditions. This trend suggested that
higher angles of attack enhanced ice accumulation, likely due
to increased droplet impingement and prolonged exposure to
supercooled water droplets.

Accretion time - 20 minutes
Numerical mass of ice Experimental mass of ice
accreted (g) accreted (g)
Angle of attack | -4°C -17°C -4°C -17°C
(Degrees) conditions conditions conditions conditions
0° | 187.2 223.5 90 167
5° 1 2173 272.9 109 191
10° | 3394 408.8 128 249
15° | 466 507 158 310
Table 3: Mass of ice accreted at Liquid water content of 0.8 g/m®
Accretion time - 20 minutes
Numerical mass of ice Experimental mass of ice
accreted (g) accreted (g)
Angle of attack -4°C -17°C -4°C -17°C
(Degrees) conditions conditions conditions conditions
0°| 3734 561.1 453 528
5% - - 509 828
10°| - - 583 914
15°| - - 637 1003
Table 4: Mass of ice accreted at Liquid water content of 1.6 g/m?
Accretion time - 20 minutes
Numerical mass of ice accreted | Experimental mass of ice
(2) accreted (g)
Angle of  attack | -4°C -17°C -4°C -17°C
(Degrees) conditions conditions conditions conditions
0° | 886 2506 830 1569
5°] - - 907 1765
10° ] - - 1038 1858
15| - - 1145 2186

Table 5: Mass of ice accreted at Liquid water content of 4.9 g/m®
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A comparison between numerical simulations and experimental
data revealed that the numerically predicted ice accretion masses
were slightly higher than those obtained experimentally, though
the values remained within a close range. This agreement indicated
that both numerical and experimental approaches could be reliably
used to predict ice accretion mass under similar conditions.
However, the observed discrepancies may be attributed to
measurement tolerances in the experimental setup and conditions
that were not modelled numerically such as the clearance between

the aerofoil model and the top and bottom wall of the test section.

The experimental results further demonstrated that the masses
of ice accreted on the airfoil section were directly proportional
to the liquid water content (LWC) and angle of attack. Higher
LWC and larger angles of attack consistently resulted in greater
ice accumulation, highlighting the combined influence of these
parameters on accretion rates as shown in Figures 5 and 6.

a = 15° at LWC of 1.6 g/m?®

a =15° and LWC of 4.9 g/m*

Figure 6: Comparison of Ice Accretion Mass at & = 0° and & = 15° Under -4°C Conditions with LWC of 1.6 g/m* and 4.9 g/m?

Nevertheless, numerical simulations exhibited limitations at
extreme conditions specifically, at high angles of attack coupled
with high LWC values. Under these conditions, the rapid
accumulation of large ice masses introduced computational
instabilities, preventing convergence within the required iteration

steps and simulation time. Therefore, numerical analysis for higher
LWC values such as 1.6 g/m?® and 4.9 g/m?® was restricted to a zero
angle of attack to maintain reliability and computational feasibility
as shown in Tables 4 and 5.
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The ice accretion process described in [32] shows the conditions
influencing wind turbine ice accretion rate. The collection
efficiency described in that research was dependent on the
atmospheric and physical conditions such as temperature and
droplets sizes which were considered in this study. Figure 3 shows
that when LWC was increased, the ice mass increased, whereas
when the ambient temperature was lower (-17 °C), there was
higher ice mass compared to (-4 °C). The impact of LWC and
temperatures shows the effect of surface runback on the airfoil
surface, at higher temperatures and high LWC. It is estimated that
a significant proportion of supercooled water droplets remained
unfrozen upon impacting on the airfoil surface at -4 °C' as shown
in figure 4, while at extremely low temperatures and MVD, even
at higher LWC, there is likely formation of rime ice conditions due
to the rapid freezing of droplets upon impact as shown in figure 3.

CL/ CD against ice accretion time at -4 °C and LWC of 0.8 me
40 T T T T

| Angle of attack
0°

35

<——“\~—~—’\“—.

0 200 400 600 800
Accretion time (sec)

1000 1200

3.2. The Lift-to-Drag Ratio (C,/C)) of NACA 4412 Under
Atmospheric Icing Conditions

Figures 5, 6 and 7 illustrate the degradation of the lift-to-drag
ratio C, / C for -4°C and -17°C at the liquid water content (LWC)
conditions investigated in this study. During the experiments,
intentional stabilization period was implemented to validate that
the pre-icing aerodynamic performance matched the bare airfoil
conditions prior to the initiation of ice accretion via injections. In
the graphs presented, time zero represent the instantaneous time
at which spray system was opened. The results demonstrated that
the ice accretion at -4°C had a more pronounced adverse effect
on the lift-to-drag ratio C, / C, compared to -17°C at all stages
of the accretion process. In both cases, aerodynamic performance
deteriorated progressively as ice accumulated, with degradation
observed across all angles of attack. Notably, the C, / C, was
lower at higher angle of attack and higher LWC. In addition, the
rate of reduction (degradation) was lower at low LWC instances
as compared to the cases with Higher LWC across all cases as
demonstrated by the picture 8.

CL/ CD against ice accretion time at -17 °C and LWC of 0.8 g/m3
40 T T T T T

Angle of attack
0°

— 5 O

10°
3"\ —]52 1

251

38

15 \\“
10 \“ \

0 200 400 600 800
Accretion time (sec)

e

1000 1200

Figure 5: Graph of C_ / C against ice accretion time at 0.8 g/m’ for -4°C and -17°C respectively.

CL/ CD against ice accretion time at -4°C and LWC of 1.6 g/m3
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CL/ CD against ice accretion time at -17 °C and LWC of 1.6 g/m3
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Figure 6: Graph of C, / C, against ice accretion time at 1.6 g/m’ for -4°C and -17°C respectively.
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CL/ CD against ice accretion time at -4 °C and LWC of 4.9 g/m3

T T T

40

T

Angle of attack
—— () ©
st .

— O

10°

— 5 0

30

400 600
Accretion time (sec)

800 1000 1200

40

5F

CL/ CD against ice accretion time at -17 °C and LWC of 4.9 g/m3
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Figure 7: Graph of C,_ / C_ against ice accretion time at 4.9 g/m’® for -4°C and -17°C respectively.

CL/ CD against ice accretion time at -17 °C and LWC of 0.8 g/m3

CL/ CD against ice accretion time at -17 °C and LWC of 4.9 g/mJ
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Figure 8: Graph of C, / C against ice accretion time at 0.8 g/m® and 4.9 g/m’ for -17°C.

In Figure 7 at -4°C condition, there were peaks observed between
400 s and 1000 s, and a sharp drop occurred in the ratio of C, / C
especially at angle of attack of 5°. This indicated local shedding
of small parts of ice due to the instability of the ice formed. These

fluctuations highlighted the unsteady, chaotic nature of glaze ice
growth under high LWC, where thin films freeze slowly and build

complex ice structures that promote strong flow separation and
vortex shedding as shown in figure 9.

Figure 9: complex ice structures that promote strong flow separation and vortex shedding in glaze ice at 4.9 g/m*> LWC for - 4°C.
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3.3. Comparison Between Numerical and Experimental
Accreted Ice Shapes

During ice accaretion at -17°C conditions and low LWC, there
was a relatively symmetric ice growth pattern with a sharp leading
edge observed in the experiments as well as in the numerical
models as shown in figure 10. While at -4°C conditions, the
accreted ice structure had a complex shapes as shown in figure

s Accreted ice
s Airfoill

-0.05

L L L L L L
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
x/¢ (m)

Figure 10: Accreted ice shape on the leading edge at 0=0° at 4.9 g/m?

results.
0.04 — T T
0.02 -
3
v ! E—
>
<002 - -
= Airfoil
e | ced airfoill
_0.04 1 1 1 1
0 0.05 0.1 0.15 0.2
xlc (m)

10. The distribution of ice showed similarities, but there were
discrepancies in the ice accretion locally. These differences are
attributed to numerical simulation assumptions such as two-
dimensional flow, idealized thermodynamics boundary conditions
and uniform droplet size distribution. However, the experimental
shape showed slight local difference as a result of surface roughness
evolution which is difficult to capture in the simulations.

Figure 11: Accreted ice shape on the leading edge at 0=0° at 0.8 g/m* and — 4 °C after 20 minutes; (a) numerical, (b) experimental

results.

The ice accreted at — 4 °C conditions both experimentally and
numerically were characterized by rough and irregular hornlike
shapes, which resulted in sharper and unstable decreases in the CL
/ CD curve as highlighted in figures 5,6 and 7. However, at - 17
°C, rapid freezing of the droplets upon impact occurred, leading
to the formation of translucent but brittle ice. The microstructural
differences between the ice formed at - 4°C and that formed at -17
°C were influenced by the grain size and air bubble distribution
within the atmospheric ice at lower temperatures Microstructural
variation of these accreted ice greatly affected the mechanical
properties of ice, such as the ice density and adhesion strength as
depicted in figure 10 and 11.

4. Conclusions

The ice accretion effects on the aerodynamic performance of
NACA4412 airfoil section have been examined numerically and
Experimentally under different atmospheric conditions. Both the
average lift and drag forces exhibited a proportional relationship
with the angle of attack and flow velocity, as observed in both
numerical and experimental results presented aligning with

established theoretical principles regarding the dependence of
aerodynamic forces on angle of attack and velocity. The ice mass
comparison between the numerical and experimental results
displayed a linear correlation with increasing LWC and angle of
attack, the observations which have been confirmed by the results
of Banitalebi Dehkordi et al. 2013 and Rotich et al. [33,34]. Ice
accumulation at -4°C worsened aerodynamic performance more
significantly than that accreted at -17°C. This is because the ice
type formed at -17 °C  roughens the blade but does not modify
its shape significantly while that at - 4 °C, on the other hand, is
smoother yet alters the blade's shape significantly [35]. In both
Numerical and Experimental studies, the mass of ice accreted
increased exponentially with accretion time. Increasing the
angle of attack caused more ice to form on the lower surface of
the airfoil. The results obtained in this study are meant to better
understand ice-induced aerodynamic degradation and support the
development of effective mitigation strategies for wind turbines
operating in cold climates.
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5. Recommendations And Future Work

Based on the findings, it is recommended that a study on vorticity
and recirculation effects in the test section be carried out. This
could be done by incorporating end plates that were not utilized
during experimental studies. The results obtained would be used
to compare the ones presented here to help pave way for the
resolution and syncing of numerical results and experimental
results presented in this study.
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Appendix

Forces Acting on The Load Cell Strain Gauges
The forces acting on the blade section could be calculated based on the forces measured by the loads cells as highlighted in the Equations
Al to A9 below.

X-Direction:

E =

E

E. (2013). The effect of droplet size and liquid water content
on ice accretion and aerodynamic coefficients of tower legs.
Atmospheric research, 132,362-374.
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the performance of an asymmetrical airfoil under extreme
weather conditions.

35. Fortin, G., & Perron, J. (2009, January). Wind turbine icing
and de-icing. In 47th AIAA aerospace sciences meeting

including the new horizons forum and aerospace exposition
(p. 274).

M
M

E+FEq—Fyp+Fum=0 (A1)
—Fea + Fyp — Fan (A2)
Since each force gauge read negative when pulled, the force F, was given by.
Fy=Fyq—Fyp+Fyy (A3)
Y-Direction:
Fy+Fy—F,;=0 (A4)
= —F, +Fyf (AS)
Since each force gauge read negative when pulled, the force F, was given by.
Fy=Fy, —Fy (A6)
Torque vector in Z- direction.
—Fu k=0 (A7)
=F,u-k (A8)
Since each force gauge read negative when pulled, the moment force M was given by;
M=-F,yk (A9)

The calculated forces F, and F, provide the drag and lift forces, respectively, that act on the airfoil model in the test section of the wind
tunnel.

Copyright: ©2026 Ronald Okoth, et al. This is an open-access article
distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Int J Aerosp Sci Technol Engg, 2026

https://opastpublishers.com/ Volume 2 | Issue 1| 13


https://doi.org/10.5194/amt-14-1761-2021
https://doi.org/10.5194/amt-14-1761-2021
https://doi.org/10.5194/amt-14-1761-2021
https://doi.org/10.1016/j.atmosres.2013.07.002
https://doi.org/10.1016/j.atmosres.2013.07.002
https://doi.org/10.1016/j.atmosres.2013.07.002
https://doi.org/10.1016/j.atmosres.2013.07.002
https://doi.org/10.37775/EIS.2022.2.2
https://doi.org/10.37775/EIS.2022.2.2
https://doi.org/10.37775/EIS.2022.2.2

