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ABSTRACT

EXAMINATION OF ICING MECHANISM ON AIRCRAFT WINGS WITH
NUMERICAL METHODS

ONAY, CEM
MECHANICAL ENGINEERING MASTER'S THESIS

Supervisor: Assoc. Prof. Dr. Ulkii Ece AYLI
Co-Supervisor: Assist. Prof. Dr. Eyup KOCAK
September 2025, 82 Pages

In this thesis study, the effects of key parameters such as angle of attack (AoA),
liquid water content (LWC), median volumetric diameter (MVD), airspeed and
exposure time on the ice formation characteristics as well as the aerodynamic behavior
of the NACA 0012 airfoil were investigated using numerical methods. The impact of
these parameters was assessed by observing variations in lift and drag values, along
with alterations in the shape of the airfoil. To ensure the reliability of the numerical
methodology, validation studies were conducted by comparing simulation results for
both clean and iced airfoil configurations at various angles of attack with experimental
data available in the literature. Analyses of the clean airfoil were performed using
ANSYS Fluent, while ice accretion analyses were carried out with the FENSAP-ICE
software employing the Spalart-Allmaras turbulence model. Results show that
increasing AoA leads to asymmetric ice horn growth and up to 56% lift loss and 625%
drag increase at 12°. An increase in liquid water content caused the ice structure to
become more irregular and expanded the ice-covered area on both the upper and lower
surfaces. As the mean volumetric diameter increased, ice formation spread over a
larger area; notably, at an MVD of 50 um, the highest performance losses were
observed despite the maximum ice thickness not occurring at this value. With

increasing airspeed, the ice shapes became sharper and more pronounced, and

v



aerodynamic degradation was more significant especially up to speeds of 90 m/s.
Finally, longer exposure times caused an increase in both ice thickness and the extent
of the ice-covered area, with maximum ice accretion observed after 8 minutes. These
findings demonstrate that each parameter significantly affects not only ice geometry

but also the aerodynamic performance, which is critical for flight safety.

Keywords: NACA 0012, Ice accretion, CFD, FENSAP-ICE



OZET

SAYISAL METOTLAR iLE UCAK KANATLARINDAKi BUZLANMA
MEKANIZMASININ INCELENMESI

ONAY, CEM
MAKINE MUHENDISLIGI YUKSEK LiSANS TEZi

Danisman: Dog. Dr. Ulkii Ece AYLI
Ortak Danisman: Dr. Ogr. Uyesi Eyup KOCAK
Eyliil 2025, 82 Sayfa

Bu tez ¢aligmasinda; hiicum agisi, siv1 su igerigi (LWC), ortalama damla cap1
(MVD), ugus hiz1 ve buzlanma siiresi gibi temel parametrelerin, NACA 0012 kanat
profili tizerindeki buz olusum karakteristikleri ve aerodinamik davranig iizerindeki
etkileri sayisal yontemler kullanilarak incelenmistir. Bu parametrelerin etkileri,
kaldirma ve siirlikleme katsayilarindaki degisimler ile kanat geometrisindeki sekil
bozulmalar1 gozlemlenerek degerlendirilmistir. Sayisal yoOntemin gilivenilirligini
saglamak amaciyla, farkli hiicum agilar1 altinda temiz ve buzlu kanat profilleri igin
yapilan simiilasyon sonuglari, literatiirdeki deneysel verilerle karsilastirilarak
dogrulama calismalar1 gercgeklestirilmistir. Temiz kanat analizleri ANSYS Fluent
yazilimi ile, buzlanma analizleri ise FENSAP-ICE programi kullanilarak ve Spalart-
Allmaras tilirblilans modeli ile gergeklestirilmistir. Sonuclar, hiicum agisinin
artmasinin asimetrik buz boynuzu biiyiimesine yol agtigini1 ve 12° hiicum agisinda
kaldirma katsayisinda %56’ya varan azalma ile siiriikleme katsayisinda %625’e varan
artisa neden oldugunu gdstermistir. S1v1 su igeriginin yiikselmesi, buz yapisinin daha
diizensiz hale gelmesine ve hem iist hem de alt yilizeyde buz kapli alanin genislemesine
neden olmustur. Ortalama damla ¢ap1 arttikca buz olusumu daha genis bir yiizeye
yayillmis; ozellikle 50 um degerinde, maksimum buz kalinligr gézlemlenmemesine

ragmen en yliksek performans kayiplari tespit edilmistir. Ugus hiz1 arttik¢a buz sekli
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daha keskin ve belirgin hale gelmis; ozellikle 90 m/s’ye kadar olan hizlarda
aerodinamik bozulmalarin daha fazla oldugu goriilmiistiir. Son olarak, daha uzun
maruz kalma siireleri hem buz kalinliginda hem de buzla kapli alanin genisliginde
artisa neden olmus olup, maksimum buz birikimi 8 dakika sonunda gozlemlenmistir.
Bu bulgular, incelenen her bir parametrenin sadece buz geometrisini degil, ayn
zamanda ugus giivenligi acisindan kritik 6neme sahip aerodinamik performansi da

onemli Olgiide etkiledigini ortaya koymaktadir.

Anahtar Kelimeler: NACA 0012, Buzlanma, HAD, FENSAP-ICE
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CHAPTER1

1. INTRODUCTION

Flight safety is one of the most critical aspects of modern aviation, and
atmospheric icing remains one of the most significant hazards to aircraft operations.
Aircraft icing denotes the accumulation of frozen water on the aircraft structure,
particularly on surfaces directly exposed to the airflow, such as the wings, engine
inlets, and tail. This process happens when supercooled water droplets strike the
aircraft surfaces and freeze upon contact under sub-zero conditions. Narrow and sharp-
edged components tend to collect droplets more readily and initiate rapid ice
formation. Consequently, icing is most commonly observed on slender regions such
as the leading edges of the wings. A visual representation of ice formation on aircraft

wings is provided in Figure 1.1.

Figure 1.1: Ice accretion on an aircraft wing [1]

Icing on aircraft wings significantly degrades aerodynamic performance, with
the severity depending on the type, location, and thickness of the ice. The accumulated
ice can form in various shapes and layers, altering the wing’s geometry, which in turn

reduces lift and increases drag.



The effect of icing on the lift coefficient (CI) and drag coefficient (Cd) can be
seen more clearly with the graphs. The Figure 1.2 shows how ice formation on wing

negatively affect the lift coefficient in comparison to a clean airfoil.
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Figure 1.2: Effect of ice accretion on lift [2]

Similarly, the Figure 1.3 shows the effect of ice accumulation on the drag

coefficient compared to a clean airfoil.
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Figure 1.3: Effect of ice accretion on drag [2]



1.1  AIRCRAFT ICING ACCIDENTS

Despite the advancing technology, accidents caused by icing are still a
significant issue for the industry. The additional weight and drag caused by ice
accumulation can increase the aircraft's fuel consumption and also makes it difficult to
maintain altitude and control. Additionally, ice formation on the wings can disrupt
airflow and cause loss of lift as it distorts the wing geometry, causing the aircraft to
stall at lower angles of attack.

According to the Air Safety Foundation, a total of 3,230 weather aircraft
accidents were reported between 1990 and 2000, and 12% of these were related to
icing. Of these icing-related accidents, 8% were caused by ground accumulation, 40%
by structural icing, and 52% by induction icing [3].

The Roselawn ATR-72 accident is one of the most important icing-related
crashes in aviation history. This tragic accident occurred on October 31, 1994,
resulting in the deaths of 68 people. The National Transportation Safety Board (NTSB)
found that the crash was caused by a sudden loss of control due to ice accretion behind
the deice boots on the wing. After this accident, research on icing aerodynamics
accelerated significantly. Especially, studies on ice shapes formed in Supercooled

Large Droplet (SLD) conditions became more important [4,5].




1.2  TYPES OF ICING
Ice can accumulate on aircraft surfaces through various mechanisms. The most
commonly observed types of aircraft icing are categorized into three main forms:

glaze, rime, and mixed icing.

1.2.1 Glaze Ice

Glaze ice, as shown in Figure 1.5, usually forms when the temperature is close
to 0°C and the droplets are large. Glaze ice formation is more commonly observed at
high liquid water content (LWC). It has irregular shape and transparent, glassy
appearance. Furthermore, it is more difficult to detect visually than the rime ice type
and has more aerodynamic disadvantages. It forms at higher temperatures than the

rime ice type. (0 °C to —10 °C) [7].

Figure 1.5: Glaze Ice [8]

1.2.2 Rime Ice

Figure 1.6 shows the formation of rime ice, which usually occurs at low
temperatures and when the droplets are small. It generally forms at low liquid water
content. Unlike glaze ice, it has white matte and opaque appearance. Since its shape
fit to the airfoil leading edge, it has less aerodynamics disadvantages. It generally tends

to occur at temperatures —15 °C to —40 °C [7].

Figure 1.6: Rime Ice [8]



1.2.3 Mixed Ice

Mixed ice, as illustrated in Figure 1.7, can be considered a combination of glaze
and rime ice. It may have an irregular shape like glaze ice, but visually, it is closer to
the rime ice type. It has an impact on aerodynamic performance similar to glaze and
rime ice types, and this must be taken into consideration. It generally forms between

temperatures of -10 °C and -15 °C. [7].

Figure 1.7: “Mixed Ice [8]

To facilitate a clearer understanding of the distinct characteristics of glaze and
rime ice, a simplified comparison is presented in the table below. This comparison
highlights key differences in their formation mechanisms and physical properties,

providing a concise overview for better interpretation of their impact on aircraft

performance.
Table 1.1: Differences between glaze ice and rime ice
Glaze Ice Rime Ice
Appearance Transparent, glassy White, matte and opaque
LWC High Low
MVD High Low
Temperature 0°Cto—-10°C —15°C to 40 °C
Shape Irregular Mostly regular

1.3 MAIN PARAMETERS AFFECTING AIRCRAFT ICING

Understanding the parameters that influence ice formation on aircraft surfaces
is essential for predicting aerodynamic degradation and for developing effective anti-
icing strategies. The severity and characteristics of ice accretion are governed by a
complex interplay of environmental and operational conditions. In the following
sections, the effects of key parameters, namely temperature, liquid water content
(LWC), median volumetric diameter (MVD), airspeed, and ice accretion time, on the
type, extent, and aerodynamic impact of icing are examined in detail, supported by

experimental and graphical findings from the literature.
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1.3.1 Temperature

The formation of ice on aircraft wings is significantly impacted by temperature.
The impact of temperature changes on ice formations under two separate icing
conditions is presented in Figure 1.8. It is clearly observed that as the temperature
increases, the ice accumulation on the surface decreases. Additionally, at lower
temperatures the ice type is rime, while as the temperature increases, the icing pattern

becomes more irregular and transforms into glaze ice [9].

© ARSPEED, 200 kmlhrs IWC, LIg/m’; TIME, 3 min,

IS = S S SR e e e S S

TEMPERATURE  -2°C  -2°PC -IC  -I5%C 2P¢c ®c ¢ B¢ -°C
DO ARSPEED, 338 kmihrs IWC, L 05 g/m’: TIME. 6.2 min,

arc

TOTAL
TEMPERATURE

) lce shape.
Figure 1.8: The effect of temperature on ice formation [9]

The variation of the drag coefficient with temperature is shown in Figure 1.9.
As seen, the drag coefficient reaches its highest levels at around -5 °C, where the icing
pattern is the most irregular and has the greatest aerodynamic disadvantages. It can
also be seen from this graph that a relatively small change in temperature may be

enough to transition to a glaze ice type, which significantly increases drag coefficient

[9].

RUN CORDITIONS -

O V= 29kmihr, (WCe L. 3gim3, 1= Amin
0 v« 338kmibe, LWC - L gim®, 1=4,2 min

.
—
=

SECTION DRAG COEFFICIENT, Cp

-2 -2 -10 [
TOTAL TEMPERATURE, O

Figure 1.9: The effect of temperature on drag [9]

1.3.2 Liquid Water Content
Liquid water content (LWC) refers to the amount of water mass present in a

cloud per unit volume of dry air, typically expressed in grams per cubic meter (g/m?).



Figure 1.10 illustrates the ice formations resulting from changes in LWC values under
two different temperature cases. It can be seen that as the LWC increases, icing on the

leading edges of the airfoils increases in both conditions [9].

o’

—e—- L0
e — 13
— L6

TOTAL TEMPERATURE « -89 C

m=e— L0
- 13

—_— 20
TOTAL TEMPERATURE = -18° C

Figure 1.10: The effect of LWC on ice formation [9]

The effect of LWC variation on the drag coefficient under two different icing
cases i1s presented in Figure 1.11. In both cases, an increase in LWC resulted in a
corresponding rise in the drag coefficient. Notably, this effect is more pronounced
under glaze icing conditions, where the increase in LWC led to a substantial

deterioration in aerodynamic performance.
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Figure 1.11: The effect of LWC on drag [9]

1.3.3 Median Volumetric Diameter
The size of liquid water droplets is typically expressed in terms of the median

volumetric diameter (MVD), and its unit is micrometers. Figure 1.12 shows ice shapes



obtained only by increasing the MVD under different icing conditions. As expected,

the increase in MVD led to an increase in the amount of icing in all cases [9].

Figure 1.12: The effect of MVD on ice formation [9]

1.3.4 Airspeed

One of the important factors influencing ice accretion on aircraft is airspeed.
With increasing airspeed, the water droplets have less time to escape from the surface,
which results in greater ice accumulation on the wing surface.

Figure 1.13 illustrates the ice formations observed at three different airspeeds,

along with the corresponding changes in drag coefficient under each condition [9].
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Figure 1.13: The effect of Airspeed on ice formation and drag [9]

It can be seen that as the airspeed increases, ice accumulation on the wings also

increases. Moreover, the most irregular ice shape is occurred at 338 km/hr and this



proves to us that irregular ice shapes and glaze type of icing are more prominently

observed at higher speeds [9].

1.3.5 Ice Accretion Time

As shown in Figure 1.14, cases A, B, and C show the effects of 2, 5 and 15-
minute icing durations under glaze ice conditions for different angle of attack values.
Similarly, cases D, E, and F show the effects of the same icing durations under rime
ice conditions at different angle of attack values. It is observed that in all cases, ice

accumulation increased as the icing duration increased [9].
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Figure 1.14: The effect of time on ice formation [9]

1.4  AIRCRAFT ICE PROTECTION SYSTEMS

Aircraft icing is a critical phenomenon that must be either prevented or
eliminated once it occurs. To address this issue, two primary strategies are employed:
anti-icing and de-icing systems. Anti-icing systems are designed to prevent the
formation of ice on critical surfaces, whereas de-icing systems function to remove ice

that has already accumulated on the aircraft.

1.4.1 Pneumatic Boot De-Icing Systems
This de-icing method is intended to remove ice after it has accumulated on the
airfoil, meaning it is not used to prevent ice accumulation. Basically, it removes ice

accumulations by inflating and deflating tubes mechanically placed on the surface.
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Inflation of the tubes breaks up the ice on the surface and allows it to be removed.
Figure 1.15 shows the spanwise and chordwise configurations of pneumatic boots.
The tubes can be arranged either spanwise or chordwise, but the more commonly used
design is one with tubes arranged spanwise. For pneumatic boots to work efficiently,
they need to inflate and deflate quickly. To achieve this, the time required to reach full
pressure should be approximately 5 to 6 seconds. For moderate icing conditions, a 60-
second cycle is recommended, while in lighter icing conditions, longer ice

accumulation times of 3-4 minutes can be acceptable [10].

SPANWISE CHORDWISE

TURES INFLATED TUBES DEFLATED

TUBES INFLATED

TUBES CEFLATED

Figure 1.15: Pneumatic Boot De-Icing system [10]

1.4.2 Electro-Thermal Systems

Another ice protection system is electro thermal system as shown in Figure
1.16. These systems are divided into two as anti-icing and de-icing systems. Electro-
thermal systems utilize electrical heaters to keep the surface temperature above
freezing during icing conditions or to quickly apply heat to the surface after ice has
formed. In order for these systems to operate, an energy source, a cabling system to

distribute the energy, resistance heaters and control system are required [10].
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Figure 1.16: Electro-Thermal De-Icing system [10]

1.4.3 Fluid Ice Protection Systems

Fluid ice protection systems work by coating the surface to be protected from
icing with a fluid that lowers its freezing point. These fluids are referred to as freezing
point depressant (FPD). When supercooled water droplets come into contact with a
surface, they mix with the FPD, forming a mixture that has a freezing point lower than
the ambient air temperature. This mixture eventually evaporates or is released from
the surface. While there are several chemicals that lower the freezing point of water
when mixed with it, the most commonly used substances for de-icing or anti-icing
operations are glycol and alcohol. The freezing point of glycol is approximately -12
°C, but when combined with an equal volume of water, depending on the type of glycol

used, it can drop to between -22 °C and -40 °C [10].

1.4.4 Electro-Impulse De-Icing Systems

It is a mechanical de-icing system, similar to the pneumatic boot de-icing
system. Figure 1.17 shows a cross-section of the Electro-Impulse system. A sudden
high voltage (typically 800 to 1400 V) is passed through the coils placed under the
surface where the ice will be removed, and the resulting pulsed movement is aimed at
removing the ice. The peak force on the surface is in the range of 1780-2220 Newtons.

Since it does not disrupt the airflow, it does not have a negative effect on aerodynamic
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performance. Low power requirement is one of the most important factors that make

this system advantageous [10].
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Figure 1.17: Impulse Coils located at the leading edge [10]

1.4.5 Hot Air Systems

Similar to electro-thermal systems, it can also be applied for anti-icing and de-
icing applications. The basic principle of this system is to heat the surfaces that are
either already iced or need to be protected from icing by using a hot air source.
Potential hot air sources include engine compressor air, shaft-driven compressors,

exhaust gases, or fuel-burning combustion heaters [10].

1.5 LITERATURE SURVEY

A detailed review of the available studies is necessary to understand the current
knowledge of research on aircraft icing phenomena, its aerodynamic implications, and
the effectiveness of various mitigation strategies. Numerous experimental, numerical,
and analytical studies have been conducted to investigate ice formation mechanisms,
classify icing types, and assess their impact on aircraft performance. This section
summarizes key contributions in the literature, highlighting the methodologies,
findings, and knowledge gaps relevant to the present study.

Aircraft icing has been an important research topic since the early years of
aviation and remains a significant issue today. The studies by Hardy (1946) [11],
Langmuir & Blodgett (1946) [12] and Messinger (1953) [13] contributed to the
development of the first mathematical models and laid the foundation for later research
[14].

Institutions such as NASA’s Lewis Research Center, the Office National
d'Etudes et de Recherches Aérospatiales (ONERA), and the Royal Aerospace
Establishment (RAE) have led research on aircraft icing. Especially during World War
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IL, there was a need for specialized icing wind tunnels to experimentally investigate
ice accumulation on aircraft surfaces. These icing wind tunnels were built to simulate
the atmospheric conditions encountered during flight in a laboratory environment. In
this way, ice formation on aircraft wings and other surfaces under certain atmospheric
conditions was tested. These tests provided critical data for understanding the
mechanisms of ice formation, determining its effects on aerodynamic performance,
and developing effective anti-icing and de-icing systems.

Since the 1980s, NASA has been conducting both numerical and experimental
research on aircraft icing. While experimental research has been carried out at NASA’s
Glenn Icing Research Tunnel, the LEWICE software, developed by the same
institution, has become one of the most widely used and reliable tools for numerical
icing analyses. Numerous reports based on these experiments and simulations have
been published, becoming key references for researchers working on aircraft icing in
the literature. In particular, icing studies on the NACA 0012 airfoil serve as primary
sources for validation studies.

Notable research on NACA 0012 airfoil icing has been carried out by Olsen et
al. [15], Shin and Bond [16], and Wright et al. [17]. These studies investigated how
various factors such as temperature, airspeed, mean volume diameter (MVD), and
liquid water content (LWC) affect ice accumulation.

Lee and Bragg [18] carried out experiments to analyze the aerodynamic effects
of simulated supercooled large droplet ice accumulation on a modified NACA 23012
airfoil. The study was conducted at a Reynolds number of 1.8 x 10° and the effects of
the positions of different ice shapes on lift, drag and pitching moments were examined.
Their findings showed that the placement of ice shapes significantly changes the
aerodynamic performance of the airfoil. The study further shows that the most critical
location for ice accretion, in terms of lift reduction, was at 12% chord, with a height-
to-chord ratio of 0.0139. At this location, the maximum lift coefficient decreased
significantly to 0.27, compared to 1.46 for the clean airfoil.

In a study conducted by Kim and Bragg [19], the aerodynamic effects of
simulated ice shape geometries on a flapped NLF(1)-0414 airfoil were investigated
through wind tunnel experiments. The ice shapes were fabricated from aluminum in
three different sizes and positioned at six distinct surface locations on the airfoil. The
tests were conducted at three Reynolds numbers: 0.5, 1.0 and 1.8 x 10°. The results

revealed an almost linear correlation between the loss in maximum lift and the location
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of the ice horn, with the most significant degradation observed when the ice was placed
furthest along the upper surface. Additionally, the study concluded that variations in
Reynolds number had minimal influence on the overall aerodynamic performance of
the airfoil.

Broeren et al. [20] conducted an experimental study to analyze the aerodynamic
performance penalties of a 36-inch chord NACA 23012 airfoil under various icing
conditions, selected based on the FAR 25 Appendix C. The tests were carried out at
static air temperatures of —22 °F, —4 °F, 14 °F, and 21 °F. Cloud droplet median
volumetric diameters of 20 um and 40 pm were used, while cloud liquid water content
ranged from 0.15 to 2.20 g/m?® to represent various icing scenarios. The simulated
intercycle ice shapes caused a marked reduction in the aerodynamic performance of
the airfoil. The lift coefficient dropped significantly, by approximately 60%, going
from 1.8 to 0.7. The stall angle also reduced, falling from 17° in clean conditions to 9°
when ice was present. Additionally, the minimum drag coefficient rose from 0.007 to
0.026. Moreover, variations in Reynolds and Mach numbers had little effect on the
performance coefficients of the iced airfoil.

Chi et al. [21] performed a study using CFD tools such as WIND, Fluent, and
PowerFLOW to predict the lift, drag, and moment coefficients of a business-jet airfoil
(GLC305) with rime and glaze ice accretions. In the study, various turbulence models,
such as Spalart-Allmaras, RNG k-€, shear-stress transport, v>-f and differential
Reynolds stress models were evaluated by comparing their results with experimental
data. The results obtained are presented in graphical form.

Son et al. [22] developed a code to predict ice shape formation on a two-
dimensional airfoil. The developed code was compared with existing ice accretion
analysis codes under three different conditions: rime, mixture, and glaze. Parameters
such as the cross-sectional area of the ice, maximum ice thickness, ice heading, and
distribution of ice thickness were used for comparison. Validations were carried out
on the NACA 0012 airfoil. Additionally, ice shapes were determined according to
different environmental conditions. The selected environmental parameters included
freestream velocity, liquid water content and temperature. The results showed that an
increase in LWC led to an increase in the ice accretion area, and a linear correlation
was observed between LWC and the ice cross sectional area.

Pouryoussefi et al. [23] conducted an experimental study to investigate the

aerodynamic performance penalties of a NACA 23012 airfoil under runback ice, horn
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ice and spanwise ridge ice conditions at a Reynolds number of 0.6 x 10°. Tests were
performed at angles of attack ranging from —8° to 20°, and the results were compared.
Their study showed that spanwise ridge ice had the most significant negative impact
on the aerodynamic performance of the airfoil, causing the stall angle drops
approximately 10° and the maximum lift coefficient decreased by about 50%. In
contrast, runback ice had the least negative effect, with the stall angle decreasing by
around 2° and the maximum lift coefficient decreased by approximately 8%.

Sznajder et al. [24] performed ice accretion analyses on the NACA 0012 airfoil
using ANSYS software. The simulations were carried out at a Mach number of 0.3, a
Reynolds number of 4.39 million and an air temperature of 262 K (-11 °C). In addition,
the airfoil was modeled by solving URANS equations with Spalart-Allmaras
turbulence model. In this study, they observed a significant decrease in the lift
exceeding 50% of the lift produced by the clean airfoil at angle of attack approximately
8 degrees as a result of 420 seconds of simulated ice accretion.

Lu et al. [25] performed ice accretion analyses on the NACA 0012 airfoil by
considering various icing durations and different airflow velocities. Simulations were
performed at angles of attack of 4°, 8°, 12°, 16° and 20°, and results were compared.
In their study, they used ANSYS Fluent software for the airflow field solver and
FENSAP-ICE software for the ice accretion solver. Their findings showed that
between 0 and 30 minutes, the lift coefficient of an airfoil decreased by up to 48% and
46.2% at angles of attack of 8° and 12°, respectively.

Bhatia and Wahaibi [26] conducted numerical icing simulations on the NACA
23012 airfoil for three different icing scenarios. Analyses were carried out in ANSYS
Fluent software with using the SST k- turbulence model. According to the results of
the study, it was observed that the lift coefficient decreased by up to 75.3% and the
drag coefficient increased by up to 280%. In addition, study showed that aerodynamic
performance loss is significantly affected by the ridge height, the extent of ice
accretion and the thickness of the ice.

Yirtici et al. [27] conducted a study to assess the performance losses caused by
icing in wind turbines. In the study, NACA 64618 and S809 airfoils were used for
icing validation studies and results observed to be compatible with numerical and
experimental studies in the literature. Furthermore, study successfully simulated 24%

power loss for 30 kW wind turbine under icing conditions.
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Krogenes et al. [28] performed experimental and numerical analyses using the
NREL S826 airfoil to demonstrate aerodynamic performance penalties under rime,
glaze and mixed ice cases. The experiments were conducted on an airfoil with 3D-
printed ice shapes at a Reynolds number of 1 x 10° to 4 x 10°. According to their study,
mixed ice condition had the most significant negative effect on the aerodynamic
performance of the airfoil. Under mixed ice condition, lift was reduced by 30% and
drag was increased by 340% compared to clean case.

Hann et al. [29] examined the impact of 3D-printed ice formations on the
aerodynamic efficiency of an S826 airfoil. Experiments were carried out at three
Reynolds numbers (2, 4, and 6 x 10%). Numerical simulations performed at FENSAP
software with using the Spalart Allmaras and Menter’s k- SST turbulence models.
Experimental studies were compared with numerical studies and presented in
graphical form. According to the study, it was revealed that rough, rugged, and
complex geometries have a more negative impact on aerodynamic performance.

In a study conducted by Hann and Johansen [30], the effects of icing on
unmanned aerial vehicles (UAVs) investigated with using FENSAP-ICE software.
Their study primarily focused on the effects of airspeed and chord length on ice
accretion. The investigations were carried out using the RG-15 airfoil under three icing
conditions: glaze, rime, and mixed ice. In their study, the effect of chord length was
examined by testing four different chord sizes (0.11 m, 0.23 m, 0.45 m and 0.90 m) at
a constant airspeed of 25 m/s. Additionally, the effect of airspeed was examined at
four different velocities (12.5 m/s, 25 m/s, 50 m/s and 100 m/s) with a fixed chord
length of 0.45 m. The study showed that an increase in airspeed resulted in greater
aerodynamic performance penalties. Furthermore, a decrease in chord length also led
to more aerodynamic degradation.

Fajt et al. [31] investigated the performance penalties of UAVs under various
icing conditions. Numerical analyses were conducted on RG-15 airfoil with using
FENSAP-ICE software and validated with experimental data. The study was
conducted at a constant airspeed of 25 m/s. Median volumetric diameter values of 15
pm, 20 um, 30 pm, and 40 pm were selected and for each MVD, the effects of
temperatures at —2 °C, -5 °C, —15 °C, and —30 °C were examined. According to the
results of their studies, they found that lift could decrease by up to 35% and drag could

increase by up to 160% under icing conditions.
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1.6 OBJECTIVE OF THE THESIS

The primary objective of this thesis is to investigate the effects of key
atmospheric and operational parameters, namely Liquid Water Content (LWC),
Median Volumetric Diameter (MVD), airspeed and exposure time on ice accretion
characteristics and aerodynamic performance of an airfoil. To ensure the reliability of
the numerical methodology, initial validation studies were conducted for both clean
and iced airfoil configurations under various angles of attack by comparing the
simulation results with available experimental data in the literature.

Following the validation phase, a comprehensive parametric study was
performed using a verified numerical setup to analyze how variations in LWC, MVD,
airspeed and exposure time influence ice shape development and the corresponding
aerodynamic degradation. The effects were assessed in terms of changes in lift and
drag coefficients, as well as geometric alterations to the airfoil surface under icing
conditions.

This study stands out in the literature due to its integrated approach that
combines thorough validation, detailed parametric evaluation, and focus on
aerodynamic performance at multiple angles of attack. It provides novel insights into
how specific icing parameters influence both the severity and aerodynamic
consequences of ice accretion, making it one of the few studies in the field that

systematically addresses these interactions under controlled numerical conditions.
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CHAPTER 11

2. NUMERICAL METHODOLOGY
In this study, clean case simulations were performed using the ANSYS
FLUENT software. ANSYS FLUENT is a widely used computational fluid dynamics
(CFD) tool that numerically solves the Reynolds-Averaged Navier-Stokes (RANS)
equations for fluid flow problems. On the other hand, iced case simulation studies were
conducted using the FENSAP-ICE software. In order to simulate ice accretion on the
airfoil surface, firstly a flow field solution is required, secondly, droplet trajectory
prediction is needed to determine impingement locations of water droplets on the
surface, and finally, an ice accretion tool is required to perform heat transfer
calculations for evaluating ice growth.
As defined in the study by Cao et al. [32], the following fundamental
assumptions are made for the governing equations of two-phase flows:
e The effect of droplet motion on the airflow is neglected, meaning the volume
fraction of the droplets is assumed to be negligibly small.
e Only drag force, gravity, and buoyancy act on the droplets; they are assumed
to be unaffected by turbulence-induced fluctuations.
e No heat transfer or evaporation occurs for the droplets, meaning their physical
properties remain unchanged.
e All droplets are considered to be spheres with a constant diameter.
e (Collision between droplets is ignored.

e After impacting the wing surface, the droplets do not bounce or splash.
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Figure 2.1: Workflow of airfoil icing simulation

2.1 FLOW FIELD CALCULATIONS

For droplet trajectory and ice accretion simulations, the flow field solution is
obtained through FENSAP module within the FENSAP-ICE software. Similar to the
FLUENT, FENSAP also solves the Reynolds-Averaged Navier-Stokes (RANS)
equations to determine the flow field characteristics. The flow field is modeled using
partial differential equations that represent the conservation of mass, momentum, and

energy [33].

2.1.1 Governing Equations

The continuity equation is presented in Equation 2.1 as follows:

0Py = _
Do 1T (palh) = 0 @)
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In the equation, p denotes the density V is the velocity vector, t is the time, subscript
a refers to air solution.

The momentum equation is presented in Equation 2.2 as follows:

(o, V) e o
—i%%ig—kv-(paKlKJ::V-G”-+pa§ (2.2)

Where 6V is the stress tensor and is presented in Equation 2.3 as follows:
o = —8YUp, + 19 (2.3)

In the Equation, p is the static pressure and ¥ is shear stress.

The energy equation is presented in Equation 2.4 as follows:

0paE,
ot

+V- (pal_/;Ha) =V- (KQ(V T,) + vit/) + pag - v, (2.4)

In the equation, E and H are the total internal energy and enthalpy, k is the thermal

conductiviy and g is the gravity vector [33].

2.1.2 Spalart Allmaras Turbulence Model
The Spalart-Allmaras model is a one-equation turbulence model and was used

in the analyses [33].

pr = V1 (2.5)
Where 7 is determined through the transport equation, as given in Equation 2.6.

av{_ v Son 1 4 o+ 9) sy N )Y av] 1 (0)2 -
ot Y ox; Co1oY oRe,, 0x;, Ve 0x;,  0x), 0xy Cwifw Re,, \d (2.6)
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S= [20;0;; (2.8)
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Oui _ 0t 2.9

The variable d represents the distance to the closest wall. The functions f,,; and f,,,

are given in Equations 2.10 and 2.11.

3

X
= 2.10
fUl X3 + C.‘:jl ( )
X
— 2.11
_! 2.12
x=3 (212)
The term v denotes the laminar kinematic viscosity of the fluid.
The destruction term f;, is calculated based on the following equations.
6 2
1+cy3\°
fw=g <—> (2.13)
" gt +cys
g=r+c,,[T—1) (2.14)
Y
(2.15)

" T \@d?Re,S + Vf,,

2.1.3 Surface Roughness
To simulate the distribution of sand-grain roughness over the airfoil surface,
the empirical correlation developed by Shin et al. were applied, as shown in Equation

2.16 [33].
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k= 0.6839 [—S<—

In Equation 2.16, ¢ represents the airfoil chord, and ( ) is equal to 0.001177.

base

The parameters liquid water content (LWC), static temperature Ty and median volume

droplet (MVD) are described respectively by the given equations below [34].

[ ks/c ] = 0.5714 + 0.2457(LWC) + 1.2571(LWC)2  (2.17)
(ks/c)base LWC
ks/c ] = 0.047T, — 11.27 (2.18)
(ks/c)base 4 . S . .
ks/c
[—] =1 (MVD <20), 1.667—0.0333MVD (MVD > 20) (2.19)
(ks/c)mme MVD

2.2 DROPLET IMPINGEMENT ANALYSIS

Droplet trajectory prediction and impingement analysis were performed using
the DROP3D module of the FENSAP-ICE software. DROP3D computes particle flow
as a continuum using the Eulerian approach. The general Eulerian two-fluid model
comprises the Euler or Navier-Stokes equations extended by additional equations for
droplet continuity and momentum, which are presented in Equations 2.20 and 2.21

[33].

Ja
YT V- (aly) =0 (2.20)

In Equation 2.20, a denotes the mean field value of the particle concentration, while

V4 represents the mean field value of the particle velocity.

a((de)
at

o 1
Red (7, - Vd)+oc(1—p—)m (2.21)
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In Equation 2.21, the first term on the right-hand side denotes the drag acting on
particles of mean diameter d.

The droplets Reynolds number Re,is given in Equation 2.22.

_ Pa Vool IV = Vil

e (2.22
d p )
The inertial parameter K is given in Equation 2.23.
pddZVa 0o
=== 2.23
18L g ( )

In Equation 2.21, the second term on the right hand-side expresses buoyancy and

gravity forces. It depends on local Froude number.

The local Froude number is given in Equation 2.24.

|1Va,00]1

VLG

Fr = (2.24)

Cp is determined using different drag correlations. In this study, the water-default
droplet drag model was selected. According to this model, the drag coefficient Cj, is
calculated based on Equation 2.25 and 2.26.

Cp = (24/Rey)(1 + 0.15Re®®7)  for Re; < 1300 (2.25)

Cp =04 forReyz; > 1300 (2.26)

The validity range of this drag coefficient is not constrained by Re ;. However, water

droplets are generally observed to deform at Re; values exceeding 250 [33].
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2.3 ICE ACCRETION ANALYSIS

Ice accretion analyses were performed using the ICE3D module of the
FENSAP-ICE software. In the ICE3D module, the mass balance calculations for icing
simulations are based on the Messinger model.

The contamination resulting from impinging droplets is modeled as a thin
liquid film on each solid surface. This film may run back under the influence of shear
stresses generated by the airflow, gravity, or centrifugal forces. The height of the liquid
film must be determined at all grid points on the solid surfaces. Depending on the
thermodynamic conditions of the surface, part of the film may freeze (ice accretion),
evaporate, or sublimate [33].

The ICE3D module solves a set of two partial differential equations on all solid

surfaces. The first equation represents mass conservation and is provided in Equation

2.27.
ahf — — . .
pr [a_t +V- (thf)] = Vi, LWCB — Mepap — Mice (2.27)

In Equation 2.27, Vf represents the mean velocity obtained by averaging the film
velocity across the film thickness. The expression for the mean film velocity is
provided in Equation 2.28. On the other hand, the terms defined on the right-hand side
of the equation represent, respectively, the mass transfer caused by water droplet

impingement, evaporation, and ice accretion.

hy

— 1 . he ,
VG = [ G dy = 5 faan® (228)
f Jo Hr

In the equation, I7f is expressed as a function dependent on the surface coordinates
x=(x1,x2) and the normal distance y from the surface. To simplify the problem, a linear
profile for the film velocity normal to the wall, with the velocity set to zero at the wall

is given in Equation 2.29.

e y - -
Vf(x’ y) = H_Ta,wall(x) (2.29)
f
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The second partial differential equation represents the principle of energy conservation

and is provided in equation 2.30.

pfﬁﬁf}+V(@W%ﬂﬂ=(%+&EQM4MTB_mw@@””)+

mice (qus - CiceTice) —Cp (Tf - Trec) + GE(T£ - Tf4) + Qanti—icing
(2.30)
Equation 2.30 describes energy transfer resulting from water droplets
impingement, evaporation and ice accretion. The final three terms correspond to
radiative, convective, and one-dimensional conductive heat fluxes which may be
provided by an anti-icing heating device. The parameters pg, ¢f, Leyap, Cices Lrus» 05 €
correspond to physical properties of water and ice, and can be modified through the
user interface. The parameters Ty, V,,, and LWC are specified by the user. 5, e;, and
V4 representing collection efficiency, droplet energy, and droplet impact velocity,
respectively, are provided by DROP3D. The evaporative mass flux m.,,qy, is recovered
from the convective heat transfer coefficient. hy is the film thickness, T is the
equilibrium temperature at the air/water film/ice/wall interface, and m;, is the
instantaneous mass accumulation of ice. These three unknowns need to be computed
as part of the solution.
To fully close the system of equations, compatibility relations are required. Based on
physical observations, a common representation of these relations is given as

follows[33]:

he 20
Mice = 0
heTy =0

miceTf <0

(2.31)
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CHAPTER III

3. CLEAN CASE STUDY

In this chapter, the aerodynamic performance of the NACA 0012 airfoil under
clean (ice-free) conditions is investigated through Computational Fluid Dynamics
(CFD) simulations. The clean case serves as the baseline reference for assessing the
aerodynamic degradation caused by ice accretion in subsequent sections. All clean
case simulations were conducted using ANSYS Fluent, a widely used CFD solver
known for its robustness in external acrodynamics applications. To ensure reliable and
accurate results, special attention was paid to the precise modeling of the airfoil
geometry, the proper definition of the computational domain, and the generation of a
high-quality structured mesh. These steps are critical to minimizing numerical errors
and capturing flow features such as boundary layer development and potential flow
separation, which are essential for accurately evaluating the lift, drag, and pressure
distributions of the clean airfoil. The validated clean case results form the foundation
upon which the aerodynamic consequences of different ice shapes and accretion

scenarios will be systematically analyzed.

3.1 NACA 0012 GEOMETRY

Since there are numerous experimental and numerical studies available in the
literature for the NACA 0012 airfoil, it was selected for validation purposes in both
clean and icing cases. Additionally, due to the simplicity of its geometry, the NACA
0012 airfoil was used for investigating the effects of icing on aerodynamic
performance.

The NACA 0012 airfoil has specific characteristics. The first two digits, 00,
define the airfoil as symmetric, while the last two digits, 12, indicate that the maximum
thickness of the airfoil is 12% of the chord length.

The geometry of the NACA 0012 airfoil used in the calculations was generated
by connecting points on the coordinate plane. The general formula required to create

the NACA 0012 geometry is given in the Equation 3.1.
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y:(x) = 5t(0.2969vx — 0.1260x — 0.3516x% + 0.2843x% — 0.1015x*) (3.1)

In this equation, y;(x) represents the airfoil thickness at a given position x, where t
denotes the maximum thickness of the airfoil. The variable x corresponds to the
position along the chord from the leading edge to the trailing edge. The geometric
profile of the NACA 0012 airfoil used in this study is illustrated in Figure 3.1.

NACA 0012

Figure 3.1: NACA 0012 Airfoil

3.2 COMPUTATIONAL DOMAIN

The computational domain and mesh structure to be used in the simulations
were prepared using the ANSYS ICEM-CFED. A C-type mesh domain was chosen due
to its suitability for airfoil simulations. The boundary conditions were defined as a
velocity inlet at the front and a pressure outlet at the back of the domain. The NACA
0012 airfoil was defined as a no-slip wall boundary condition. It was placed 10 chords
away from the inlet and 30 chords away from the outlet. A schematic representation

of the computational domain and the defined boundary conditions is provided in Figure

3.2.
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Figure 3.2: C-Type Computational Domain
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3.3 MESH INDEPENDENCY STUDY

Mesh independency study is a critical step to ensure the accuracy and reliability
of numerical simulations. The purpose of this study is to check whether the obtained
simulation results stabilize as the mesh resolution increases. When mesh independency
is achieved, the numerical solution no longer significantly changes with further mesh
refinement, indicating minimized discretization errors. In this study, drag coefficient
was selected as a control parameter to assess convergence behavior. In simulations
conducted on the NACA 0012 airfoil at a 0° angle of attack and a Reynolds number of
6 million, the change in drag coefficient with increasing the number of elements is

shown in Figure 3.3.
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Figure 3.3: Variation of Drag Coefficient with different number of elements

As illustrated in the graph, increasing the number of mesh elements beyond
approximately 1.5 million does not lead to a significant change in the drag coefficient.
Therefore, it can be concluded that using around 1.5 million elements provides an
optimal balance between accuracy and computational efficiency, as further refinement

only results in unnecessary increases in computation time.
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3.4  MESH SENSITIVITY ANALYSIS

Mesh quality is a critical factor influencing the accuracy of CFD simulations.
In particular, employing a high-resolution mesh in the leading and trailing edge regions
of the airfoil is essential for capturing the detailed flow characteristics accurately. This
level of refinement is especially important for both clean and iced configurations,
where subtle geometric and flow variations can significantly affect the aerodynamic
performance. The overall mesh structure of the computational domain and close-up

views around the NACA 0012 airfoil are presented in Figures 3.4 and 3.5, respectively.

Figure 3.4: Mesh structure of the full computational domain

Figure 3.5: Close-up views of the mesh around the NACA0012 airfoil
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In order to evaluate the mesh quality, general and orthogonal mesh quality
values were taken into account.

General mesh quality values are shown below. In general, values closer to 1
indicate higher mesh quality. As can be seen in Table 3.1, more than 97% of the

elements have values between 0.9 and 1.

Table 3.1: General Quality Values

Quality Values Percentage of Elements (%)
0.95-1 96.8%
0.9-0.95 1.03%

Similarly, values close to 1 in orthogonal mesh quality indicate that the cell
quality 1s good. As can be seen in Table 3.2 below, more than 92% of the elements

have values between 0.9 and 1.

Table 3.2: Orthogonal Quality Values

Orthogonal Quality Values

Percentage of Elements (%)

0.95-1

88.7%

0.9-0.95

3.59%

3.5 Y+ VALUE

The y+ value is a dimensionless parameter used in computational fluid
dynamics analyses, especially when determining the initial cell height in the boundary
layer. It is very important to choose the y value correctly because it significantly affects

the accuracy of the analyses. Y+ value is defined in Equation 3.2 below.

LY XU
\Y

y (3.2)

In the equation, y is the distance from the wall to the center of the first mesh
cell (m). u, is the friction velocity (m/s), which depends on the wall shear stress and v
is the kinematic viscosity (m?%/s).

In this study, the y+ value was taken as 1 and the first cell height was calculated

as 6 x 10,
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3.6 CLEAN CASE VALIDATION

After determining a suitable geometry and mesh structure, a detailed validation
study was conducted on the clean NACA 0012 airfoil to verify the accuracy and
reliability of the CFD simulations. It is particularly important to accurately predict the
lift and drag coefficients, as they are key indicators of how icing affects the
aerodynamic performance of the airfoil.

In the validation studies, the aerodynamic performance of the NACA 0012
airfoil at different angles of attack (0°, 4°, 8°, 12°, 16°) was investigated with a chord
length of 1 m and a Reynolds number of 6 x 10°. Three turbulence models that are
widely used in the literature were compared in the analyses. These turbulence models
are the k- model, the Transition SST model and the Spalart—Allmaras model. The
obtained lift coefficient and drag coefficient values were compared with NASA
Ladson's experimental results [35].

As shown in Figure 3.6, the lift coefficients predicted by all three turbulence
models exhibit good agreement with the experimental data across the entire range of
angles of attack. This consistency indicates the reliability of the numerical setup in

capturing the aerodynamic behavior of the airfoil under clean conditions.
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Figure 3.6: Variation of Lift Coefficient with different turbulence models
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In the Figure 3.7, the obtained drag coefficients for the k-o and Spalart—
Allmaras models are in good agreement with the experimental data especially at angles

of attack of 0°, 4°, and 8°.
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Figure 3.7: Variation of Drag Coefficient with different turbulence models

When comparing the turbulence models, it is observed that the lift coefficient
is predicted with less than 2% error across all models. However, as the angle of attack
increases, deviations between the numerical and experimental results become more
pronounced for each model. On the other hand, differences between the models are
more evident in the drag coefficient predictions. In terms of overall accuracy, the
Spalart—Allmaras model demonstrated superior performance, achieving the lowest
average error at approximately 6%, making it the most accurate among the evaluated

models.

3.7 CLEAN RESULTS

As the final step of the clean case studies, clean case analyses were performed
at a chord length of 0.53 m and a Reynolds number of 2.5 million, representing the
conditions under which the icing simulations were performed. The analyses were

performed at angles of attack of 2°, 4°, 6°, 8°, 10°, and 12° with using Spalart-
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Allmaras turbulence model. The results of these analyses are presented in Figures 3.8

as a reference for future icing simulations.
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Figure 3.8: Clean case result
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CHAPTER IV

4. ICED CASE STUDY

In the present icing simulations, the computational domain and mesh structure
established for the clean configuration were utilized as a basis. Flow field solutions
were carried out in the FENSAP module using the Spalart—Allmaras turbulence model.
A no-slip wall boundary condition was imposed on the airfoil surface, with the wall
temperature specified as the stagnation temperature plus 10 K. Droplet trajectory
calculations were performed in the DROP3D module, assuming a monodisperse
droplet distribution. Subsequently, the ICE3D module was employed to simulate ice
accretion on the airfoil surface. More detailed technical descriptions of these modules

and their implementations are provided in the methodology section of this thesis.

41  MULTI-SHOT ICE ACCRETION

Multi-shot approach is a method used to more realistically model the growth
processes of the ice on the airfoil surface over time. In this approach, ice accretion is
simulated sequentially by dividing it into specific time steps. At each step, new ice
accretion is calculated and the existing ice geometry is updated. FENSAP-ICE
software can perform icing analysis using both single-shot and multi-shot approaches.

Wright [36] emphasized that one of the most important factors for accurate ice
shape prediction is the use of multiple time steps, and stated that within each individual
time step, the maximum allowable ice thickness should be limited to no more than 1%
of the airfoil’s chord length. To determine the total number of time steps, the following

empirical correlation was used:

_ LWC XV X Time
~ Chord Length X p;c, X 0.01

n (4.1
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In the equation, n represents the number of time steps, V is the velocity and
Pice 18 the ice density. The term (LWC)(V)(t)/(pice) represents the maximum amount
of ice that could accumulate on the impact surface during the exposure time.

According to this empirical formulation, five time steps would be sufficient
under the current operating conditions. Nevertheless, six time steps were selected to
slightly enhance the accuracy of the simulation. Figure 4.1 presents an example
analysis of the ice accretion process, divided into six time steps of 60 seconds each,
for a total simulation duration of 360 seconds. The curves, color-coded from 1 to 6,
illustrate the evolution of the airfoil shape as a function of time. As observed, ice
accretion initially begins at the leading edge and gradually extends both upward and
downward. The ice growth eventually forms a structure resembling “horn ice,”

characterized by an upward-curving accumulation near the leading edge.
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Figure 4.1: Ice accretion development over six steps in the multi-shot simulation

4.2 ICED CASE VALIDATION

In order to validate the accuracy and reliability of the CFD simulations under
icing conditions, a specific ice accretion case was selected from the experimental study
conducted by Shin and Bond [16], which was supported by NASA. The tests were
conducted in the NASA Lewis Icing Research Tunnel, which has a test section
measuring 6 ft. high, 9 ft. wide, and 20 ft. long. A NACA 0012 airfoil with a span of
6 ft. and a chord length of 21 in. was used as the test model. Throughout all
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experiments, the angle of attack was kept constant at 4°. In this validation study, the
primary objective was to evaluate how closely the simulation results matched with the
experimentally obtained ice shape and drag coefficient under specific test conditions.

The experimental test parameters used for validation are summarized in Table 4.1.

Table 4.1: Experimental conditions for iced case validation study
AoA | Temperature Velocity LWC MVD Exposure Time
[°] [°C] [my/s] [g/m’] [nm] [s]
4 5.5 67.056 1 20 360

The ice shape comparison presented in Figure 4.2 shows a high level of
agreement between ice shape obtained from this study and the experimental ice shape
geometry. The ice accretion predicted by this study closely follows the contour of the
reference ice shape. The upper and lower limits of the accreted ice predicted by the
current model show good agreement with the experimental data. When the error is
calculated in terms of maximum ice thickness, the numerical prediction gives the
location of maximum thickness at approximately x/c = 0.028, while the experimental
data indicates it at approximately x/c = 0.0256. This corresponds to a 9.5% deviation
in the prediction of the maximum ice thickness location. However, such behavior is
also consistent with findings reported in the literature. For example, in the study by
Liu et al. [37], the maximum ice thickness near the stagnation point was predicted
greater in numerical simulations than in experiments.

Upon examination of the current airfoil, it is observed that the liquid droplets
do not freeze immediately upon impact with the surface. Instead, influenced by the
incoming airflow, a water film forms and moves upward along the surface, gradually
freezing over time. This process leads to the formation of an upward-curving ice
protrusion near the leading edge of the airfoil, exhibiting characteristics of ice
accretion. The resulting ice shape is irregular, with the maximum ice thickness
typically occurring around the stagnation point. This phenomenon significantly affects
the geometry of ice accretion on the aerodynamic surface and may lead to notable

performance degradation.
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Figure 4.2: Comparison of ice shapes for validation study

According to the calculation based on the definition provided by Wright [36],
the maximum ice thickness at the end of the 6 steps corresponds to approximately 3%
of the chord length, which remains below the recommended threshold of 1% at an any
single step.

As the second step of the icing validation study, the drag coefficient obtained
from the numerical simulation was compared with the experimental data. The
experimentally reported drag coefficient for the iced NACA 0012 airfoil 1s 0.03152
under the icing conditions specified in Table 4.1, while the simulation yielded a drag
coefficient of 0.02648. This corresponds to a relative error of approximately 16%,
indicating that the numerical model slightly underpredicts the drag caused by ice
accretion. The discrepancy may arise from simplifications in the ice roughness

modeling, mesh resolution, or turbulence modeling assumptions.
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Table 4.2: Iced case validation study results

Parameter Experimental Numerical Relative Error
Value Value (%)
CD 0.03152 0.02648 16

The validation results show that the numerical simulation accurately captures
both the ice shape and its aerodynamic effects. Although some minor differences exist
between the simulated and experimental data, CFD-based method developed in this
study has proven capable of accurately solving the icing problem. This validated setup
makes it possible to conduct detailed parametric studies under varying icing
conditions, allowing for the analysis of their effects on both ice shape formation and

aerodynamic performance.

38



CHAPTER V

5. RESULTS
This chapter presents comprehensive findings on ice accretion of the NACA
0012 airfoil under different atmospheric and operational conditions. The influence of
fundamental parameters such as liquid water content (LWC), median volume diameter
(MVD), airspeed, exposure time and angle of attack on ice shape, aerodynamic
performance (lift and drag coefficients), ice thickness distribution, and droplet

collection efficiency is systematically investigated.

5.1 EFFECT OF ANGLE OF ATTACK ON ICING
The effect of angle of attack on ice accretion was investigated at angles of 2°,
4°, 6°, 8°, 10° and 12°. The detailed parameters used in these simulations are

summarized in the table below.

Table 5.1: Icing conditions for different angles of attack

Simulation Cases SC1 SC2 SC3 SC4 SC5 SC6
AoA [°] 2 4 6 8 10 12
Temperature [° C] -5.5 5.5 -5.5 -5.5 -5.5 -5.5
Velocity [m/s] 67.056 | 67.056 67.056 67.056 67.056 67.056
LWC [g/m’] 1 1 1 1 1 1
MVD [um] 20 20 20 20 20 20
Exposure Time [s] 360 360 360 360 360 360

5.1.1 Effect of Angle of Attack on Ice Shape and Ice Thickness

Figure 5.1 depicts the effect of different angles of attack (AoA) on ice
accretion. As the AoA changes, it is evident that the ice horns vary in both position
and height, with the symmetry of the ice accretion pattern being altered. With
increasing AoA, the upper-surface horn tends to grow closer to the symmetry point on
the airfoil, which promotes earlier flow separation. Concurrently, the ice thickness on

the lower surface decreases, while that on the upper surface increases noticeably. This
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shift in the ice accretion pattern becomes particularly prominent at an AoA of 12°,
where the upper surface horn exhibits significant growth and the ice formation extends

along the x-axis to approximately 0.08 m.
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Figure 5.1: The effect of angle of attack on ice shape

Figure 5.2 presents the variation of ice thickness distribution over the airfoil
surface for different angles of attack. At lower AoA values (2° and 4°), the maximum
ice thickness is observed on the upper surface near the leading edge, and the profile
retains a largely symmetric form. As the AoA increases, the peak ice thickness
progressively shifts toward the lower surface, and the initially symmetric profile
becomes increasingly asymmetric. This change is accompanied by a reduction in ice
accumulation on the upper surface and a marked increase on the lower surface,
particularly evident at higher AoA values. The maximum ice thickness is recorded at
AoA = 8°, reaching approximately 0.018 m. The development of asymmetry in the ice
thickness profile is of particular concern, as it disrupts the aerodynamic balance of the
airfoil, alters the pressure distribution, and promotes earlier flow separation, leading
to greater performance degradation. These observations are consistent with the
findings of Lu et al. [25], who reported a similar transition from symmetric to

asymmetric ice accretion patterns with increasing AoA.
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Figure 5.2: The effect of angle of attack on ice thickness

5.1.2 Effect of Angle of Attack on Droplet Collection Efficiency

Figure 5.3 presents the influence of varying the angle of attack on the collection
efficiency. The overall trend indicates that, with an increase in the angle of attack, the
distribution of droplets gradually shifts toward the lower surface of the airfoil. Notably,

at AoA = 12°, nearly all droplets are captured by the lower surface of the airfoil.
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Figure 5.3: The effect of angle of attack on collection efficiency

5.1.3 Effect of Angle of Attack on Performance Degradation
Figures 5.4 and 5.5 compare the lift and drag coefficients of clean and iced

airfoils across a range of angles of attack. It is observed that an increase in the angle
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of attack leads to a significant rise in drag and a decrease in lift. Furthermore, the
earlier onset of stall is clearly evident from the variation in the lift coefficient. The
maximum lift coefficient of the iced airfoil is reduced by approximately 56%
compared to the clean configuration, and stall occurs around at AoA = 10°, whereas
the clean airfoil sustains lift up to 12° without a sharp drop. Similarly, the effect of
icing on the drag coefficient is significant at every angle of attack. Starting from 8°, a
dramatic rise in drag coefficient is observed. At AoA = 12°, the drag coefficient of the

iced airfoil increases by approximately 625% compared to the clean airfoil.
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Figure 5.5: The effect of angle of attack on drag coefficient
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5.1.4 Contour Investigation of Turbulent Viscosity at Different AoA

Figure 5.6 presents the turbulent viscosity contours for clean and iced cases at
different angles of attack. These contours illustrate the influence of turbulence on
momentum transfer within the flow. Regions with high turbulent viscosity indicate
intense turbulence, flow separation, and vortex formation, whereas areas with low
turbulent viscosity represent attached, orderly flow. Examination of the clean airfoil
reveals that the flow remains well-attached to the surface with no evident separation.
At AoA =10°, a thin turbulent region emerges, indicating the onset of flow separation.
In contrast, for the iced airfoil, turbulence formation is already observed immediately
downstream of the ice shape even at AoA = 2°. The increased surface roughness
accelerates the breakdown of the boundary layer. As the AoA increases, the rough ice
accretion near the leading edge further disturbs the flow, causing a progressive rise in
turbulent viscosity, and the separation region extends toward the leading edge. At the
highest examined AoA of 12°, the separation reaches nearly to the stagnation point.
This phenomenon is consistent with the sharp drop in lift coefficient and the substantial
increase in drag, providing a visual explanation of the observed aerodynamic

performance degradation.
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Figure 5.6: Turbulent viscosity contours for AoA (a) 2°(b) 4° (¢) 6° (d) 8° (e) 10° (f) 12°
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5.2 EFFECT OF LWC ON ICING
In this section, liquid water content values of 0.75 g/m®, 1.0 g/m?, 1.25 g/m’,
1.5 g/m? and 1.75 g/m? were selected to investigate their effects on ice accretion, and

the specific icing conditions are presented in the table below.

Table 5.2: Icing conditions for different LWC values

Simulation Cases SC7 SC8 SC9 SC10 SC11
AoA [7] 4 4 4 4 4
Temperature [° C] -5.5 -5.5 -5.5 5.5 5.5
Velocity [m/s] 67.056 | 67.056 | 67.056 | 67.056 | 67.056
LWC [g/m?] 0.75 1 1.25 1.5 1.75
MVD [um] 20 20 20 20 20
Exposure Time [s] 360 360 360 360 360

5.2.1 Effect of LWC on Ice Shape and Ice Thickness

Figure 5.7 illustrates the effect of varying liquid water content (LWC) on ice
shape formation over the airfoil surface. As observed, the amount of ice accretion is
minimal at LWC = 0.75 g/m>. With increasing LWC, the overall ice mass increases.
Furthermore, the ice features become more pronounced, with the lower-surface horn
growing larger as the total ice mass increases. In particular, the horns near the leading
edge become sharper and more protruding at higher LWC values. At the highest liquid
water content of 1.75 g/m?, the ice shape is the most irregular, and the area covered by

ice on both the upper and lower surfaces of the airfoil reaches its maximum extent.
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Figure 5.7: The effect of LWC on ice shape

Figure 5.8 illustrates the effect of varying liquid water content on the ice
thickness. It can be observed from the graph that as the LWC increases, there is a
significant rise in ice thickness, with the maximum ice thickness occurring on the

upper surface of the airfoil.
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Figure 5.8: The effect of LWC on ice thickness
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5.2.2 Effect of LWC on Droplet Collection Efficiency

Although the amount of ice accretion on the airfoil increases with higher LWC
values, the influence of increasing LWC on the collection efficiency remains minimal.
As shown in Figure 5.9, the distribution of collection efficiency under different LWC
values is remarkably similar. An increase in droplet density or number does not alter
the percentage of droplets impacting the surface; it only changes the total mass of water
striking the surface. Nevertheless, it should be emphasized that even if the collection
efficiency remains constant, a higher LWC increases the impinging mass flux, which

in turn leads to thicker ice accretion and larger horn formations.
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Figure 5.9: The effect of LWC on collection efficiency

5.2.3 Effect of LWC on Performance Degradation

Examination of Equation 2.17 reveals that an increase in LWC directly
increases surface roughness. This mathematical relationship already indicates that
LWC will have a dominant influence on drag force. Figure 5.10 and 5.11 present the
effects of LWC on the lift and drag coefficients. With increasing LWC, a drastic rise
in drag and a reduction in lift are observed. Moreover, the increase in drag is
significantly more pronounced than the decrease in lift. This can be explained by the
fact that lift is determined by the integral of the pressure difference, and the effects of
local disturbances are partially distributed. In contrast, drag is directly affected by
surface roughness and separation regions, as these disturbances increase momentum

loss. Therefore, icing has a disproportionately large impact on Cd not only with respect
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to LWC but also for each individual parameter. At the highest examined LWC value
of 1.75 g/m?, the lift coefficient is reduced by up to 12%, whereas the drag coefficient

increases by approximately 260%.
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Figure 5.10: The effect of LWC on lift coefficient
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Figure 5.11: The effect of LWC on drag coefficient

5.2.4 Contour Investigation of Velocity at Different LWC

Figure 5.12 presents the velocity contours for different LWC values. As LWC
increases, the ice horns formed at the leading edge alter the symmetric geometry of the
airfoil, increasing both the camber and thickness. This increased curvature induces
adverse pressure gradients, which, due to insufficient momentum within the boundary

layer, lead to flow separation. With higher LWC, the adverse pressure gradient
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becomes more pronounced, and the separation point is pushed toward the leading edge.

This forward shift becomes particularly evident for LWC values above 1.25 g/m>.
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Figure 5.12: Velocity contours for LWC (a) 0.75 (b) 1 (¢) 1.25 (d) 1.5 (e) 1.75 g/m’

5.3 EFFECT OF MVD ON ICING
Median volumetric diameter (MVD) values of 10 um, 20 pm, 30 pm, 40 pm,

and 50 um were chosen to analyze their influence on ice accretion. The detailed icing

conditions are listed in the table below.

Table 5.3: Icing conditions for different MVD values

Simulation Cases SC12 SC13 SC14 SC15 SC16
AoA [°] 4 4 4 4 4
Temperature [° C] -5.5 -5.5 -5.5 -5.5 -5.5
Velocity [m/s] 67.056 67.056 67.056 67.056 67.056
LWC [g/m’] 1 1 1 1 1
MVD [pm] 10 20 30 40 50
Exposure Time [s] 360 360 360 360 360

5.3.1 Effect of MVD on Ice Shape and Ice Thickness

The Stokes number is a dimensionless parameter that measures the ability of
water droplets to adapt to changes in inertia while moving within a flow. As the MVD
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increases, the droplet diameter grows, resulting in a higher Stokes number. Figure 5.13
presents a comparison of ice shapes formed at various MVD values along the surface
of the NACA 0012 airfoil. At lower MVD values (10 um), corresponding to low
Stokes numbers, ice accretion remains confined to a narrow region around the leading
edge, forming relatively symmetric. As the MVD increases into the intermediate range
(20-30 pm), the Stokes number approaches unity, leading to higher droplet collection
efficiency. This results in more pronounced horn development on the upper surface
and the initiation of horn formation on the lower surface. At higher MVD values (40—
50 pum), the large droplet inertia promotes breakup and splashing upon impact,
producing more irregular ice shapes. While horn heights remain substantial, the
accretion spreads over a wider area along both surfaces. At an MVD of 50 um, ice
extends significantly along the lower surface, reaching approximately 0.15 m along
the x-axis. This shows a clear increase in the total ice-covered area, even though the

maximum horn height is slightly smaller.
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Figure 5.13: The effect of MVD on ice shape

Figure 5.14 demonstrates the distribution of ice thickness at different MVD
values. Upon examining the graph, it is observed that the maximum ice thickness
occurs at an MVD of 20 um, reaching approximately 0.016 meters. Furthermore, as
the MVD increases, ice accretion tends to spread over a more extensive area of the

airfoil surface.
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Figure 5.14: The effect of MVD on ice thickness

5.3.2 Effect of MVD on Droplet Collection Efficiency

The impact of increasing MVD values on droplet collection efficiency is
presented in Figure 5.15. The results clearly indicate that MVD directly influences the
collection efficiency distribution over the airfoil surface. When the MVD increases
from 10 pm to 20 um, the collection efficiency rises by approximately 40%; an
increase from 20 pm to 30 pum results in a 15% increase; from 30 um to 40 um, the
increase is about 7%; and from 40 pm to 50 pum, it is approximately 5%. A similar
result was reported by Homola et al. [38], who stated that an increase in MVD
enhances droplet collection efficiency, which in turn leads to an expansion of the ice-

covered area on the airfoil surface.
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Figure 5.15: The effect of MVD on collection efficiency
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5.3.3 Effect of MVD on Performance Degradation

The impact of different MVD values on lift and drag characteristics is
examined in Figures 5.16 and 5.17 to evaluate their influence on aerodynamic
performance. The results indicate that as the MVD increases, the lift coefficient tends
to decrease, while the drag coefficient increases. Although the maximum ice thickness
is observed at an MVD of 20 pum, the most significant aerodynamic performance
degradation occurs at 50 um. This is due to the ice being distributed over a much larger
area of the airfoil surface. At an MVD of 50 um, the lift coefficient decreases by up to

17%, while the drag coefficient increases by approximately 325%.
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Figure 5.16: The effect of MVD on lift coefficient

52



0,045 A

0,040

D

o
o
8]
u

0,030 A

0,025

0,020 -

Drag Coefficient C

0,015 A

0,010

0,005 T T T T 1
0 10 20 30 40 50

MVD (pm)

Figure 5.17: The effect of MVD on drag coefficient

5.3.4 Contour Investigation of Turbulent Viscosity at different MVD

Figure 5.18 presents the turbulent viscosity distributions for different MVD
values. At a low MVD value of 10 um, a thin viscous layer forms near the leading
edge; however, flow separation tendency remains weak. When the MVD increases to
20 um, the ice-covered area grows and surface roughness increases. Consequently, the
turbulent viscosity region thickens, indicating greater momentum transfer and
resulting in a broader impingement area. In particular, at 50 um, a distinct turbulent
zone develops, and boundary layer separation occurs much earlier along the airfoil

surface.
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Figure 5.18: Turbulent viscosity contours for MVD (a) 10 (b) 20 (¢) 30 (d) 40 (e) 50 pm

5.4  EFFECT OF AIRSPEED ON ICING
The effect of airspeed on ice accretion was investigated using velocities of 50
m/s, 67.056 m/s, 80, m/s, 90 m/s and 100 m/s. The detailed parameters are summarized

in the table below.

Table 5.4: Icing conditions for different airspeeds

Simulation Cases SC17 SC18 SC19 SC20 SC21
Ao0A [°] 4 4 4 4 4
Temperature [° C] -5.5 -5.5 -5.5 -5.5 -5.5
Velocity [m/s] 50 67.056 80 90 100
LWC [g/m’] 1 1 1 1 1
MVD [um] 20 20 20 20 20
Exposure Time [s] 360 360 360 360 360
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5.4.1 Effect of Airspeed on Ice Shape and Ice Thickness

Figure 5.19 presents the ice shapes obtained at different air speeds. Regardless
of the velocity, a double-horn structure is observed in all cases, with one horn forming
on the pressure side and the other on the suction side of the airfoil. At lower velocities,
the horn geometry tends to be closer to a symmetric configuration, whereas with
increasing airspeed it becomes progressively more asymmetric. With increasing
velocity, the horns become more pronounced; however, the relative variation in horn
geometry is greater at lower speeds. At higher speeds, this variation diminishes, and

the influence of horn geometry on the overall ice shape becomes less dominant.
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Figure 5.19: The effect of airspeed on ice shape

Figure 5.20 illustrates the variation of ice thickness at different airspeeds. As
the horn height increases, particularly on the upper surface, the sharpness of the horn
becomes more pronounced, and the longitudinal extent of icing on this surface
increases significantly. Analysis of the maximum thickness reveals that it increased by
approximately 23% when the velocity rose from 50 m/s to 67 m/s, by around 10%
from 67 m/s to 80 m/s, and by about 7% from 80 m/s to 90 m/s. No increase in

maximum ice thickness was observed between 90 m/s and 100 m/s. This indicates that
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beyond 90 m/s, the influence of velocity on maximum thickness becomes minimal, a

trend that is also reflected in the aerodynamic performance variations.

V=50 m/s
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0,005

Figure 5.20: The effect of airspeed on ice thickness

5.4.2 Effect of Airspeed on Performance Degradation

Figure 5.21 and Figure 5.22 clearly demonstrate the effects of increasing
airspeed on the aerodynamic performance of the airfoil. Increasing airspeed results in
a reduction in the lift coefficient and a substantial rise in the drag coefficient.
Examination of lift and drag variations also shows that at speeds where significant
horn-geometry changes occur (up to 90 m/s), the reduction in lift and increase in drag
are more pronounced. Conversely, when horn-geometry changes become less
significant, the aerodynamic performance variations are also minimized. At the highest
simulated airspeed of 100 m/s, the lift coefficient drops by approximately 15%
compared to the clean profile, whereas the drag coefficient increases dramatically by

about 315%.
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Figure 5.21: The effect of airspeed on lift coefficient
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Figure 5.22: The effect of airspeed on drag coefficient

5.5 EFFECT OF EXPOSURE TIME ON ICING
This section focuses on the effect of exposure time on ice accumulation. Time
periods of 1, 2, 4, 6 and 8 minutes were used to observe changes in ice growth over

time. The detailed icing conditions are listed in the table below.
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Table 5.5: Icing conditions for different exposure times

Simulation Cases SC22 SC23 SC24 SC25 SC26
AoA [°] 4 4 4 4 4
Temperature [° C] -5.5 -5.5 -5.5 -5.5 -5.5
Velocity [m/s] 67.056 | 67.056 67.056 67.056 67.056
LWC [g/m’] 1 1 1 1 1
MVD [um] 20 20 20 20 20
Exposure Time [s] 60 120 240 360 480

5.5.1 Effect of Exposure Time on Ice Shape and Ice Thickness

Figure 5.23 illustrates the effect of different exposure times on ice shape
formation over the airfoil surface. When the overall structure is examined, the ice
formation can be described as a layered growth extending outward from the surface.
At an exposure time of 1 minute, the ice accumulation is relatively thin and closely
follows the airfoil contour, with minimal protrusion. After an exposure time of 2
minutes, horn-shaped ice formations began to develop more clearly, indicating a

transition to more complex ice shapes. At an exposure time of 8 minutes, the ice-

covered area reached its maximum extent.
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Figure 5.23: The effect of exposure time on ice shape
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Figure 5.24 illustrates how ice thickness varies with different exposure times.
Ice thickness gradually increases on both the upper and lower surfaces of the airfoil as
the exposure time increases. At an exposure time of 1 minute, the maximum ice
thickness reaches approximately 0.003 m. By the end of 8 minutes, this value increases

significantly, reaching up to 0.02 m.
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Figure 5.24: The effect of exposure time on ice thickness

5.5.2 Effect of Exposure Time on Performance Degradation

Figure 5.25 and Figure 5.26 present the changes in lift and drag coefficients
observed at different exposure times to assess their impact on aerodynamic
performance. As expected, the lift coefficient decreased while the drag coefficient
increased with increasing exposure time. At an exposure time of 8 minutes, the lift
coefficient was observed to decrease by up to 11%, whereas the drag coefficient

increased by approximately 175%.
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Figure 5.25: The effect of exposure time on lift coefficient
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Figure 5.26: The effect of exposure time on drag coefficient
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CHAPTER VI
CONCLUSION

In this thesis, various parameters affecting ice formation on the NACA 0012

airfoil have been investigated. In particular, the effects of angle of attack (AoA), liquid

water content (LWC), mean volumetric diameter (MVD), airspeed, and exposure time

on ice accretion were evaluated. Based on these parameters, the findings obtained are

summarized below:

The results indicate that increasing the angle of attack significantly alters the ice
accretion characteristics, leading to asymmetric ice horn development and earlier
stall. Aerodynamic evaluations demonstrated a notable decrease in lift up to 56%
and a dramatic increase in drag up to 625% due to icing observed specifically at
12° AoA.

As the liquid water content (LWC) increases, the ice shape becomes more
irregular. More ice accumulates on both the upper and lower surfaces of the airfoil,
and the maximum ice thickness also increases significantly. This leads to a
decrease in lift by up to 12% and an increase in drag by about 260% at the highest
LWC of 1.75 g/m°.

As the mean volumetric diameter (MVD) increases, ice forms over a larger area
on both the upper and lower surfaces of the airfoil, and the ice shape becomes more
irregular. Atlow MVD values, ice is mostly limited near the leading edge and more
symmetric. With higher MVD values, ice spreads more widely, especially along
the lower surface, reaching up to 0.15 m. Although the maximum ice thickness
occurs at an MVD of 20 pm, the most significant decrease in aerodynamic
performance happens at 50 pm due to the larger ice-covered area. This causes a
decrease in lift by up to 17% and an increase in drag by about 325%.

As airspeed increases, the ice on the airfoil forms a double-horn shape that
becomes more asymmetric at higher speeds. At lower speeds, the horns are more
symmetric but show greater variation. Increasing airspeed leads to a decrease in

lift and increase in drag. At the highest speed of 100 m/s, lift decreases by about
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15% and drag increases by approximately 315%.

As exposure time increases, ice grows thicker and covers more of the airfoil
surface. At 1 minute, ice is thin and follows the airfoil shape closely, but by 8
minutes, ice thickness reaches about 0.02 m and covers the largest area. At an
exposure time of 8 minutes, this causes lift to decrease by up to 11% and drag to

increase by approximately 175%.
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