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Abstract 

Ice accumulation on airfoil shapes changes the airfoil shape significantly depending on the severity of icing 

conditions. In rotor blades, blade profile goes under oscillation motion in forward flight. The shape change due 

to ice accumulation affects aerodynamic performance of the oscillating rotor blade and may risk the flight 

safety. Shape change of profile also affects pressure variation over the blade therefore acoustic signature is 

expected to change. In order to investigate possible use of acoustic signature change due to ice accretion, 

oscillating airfoil analyses are conducted with iced and clean profiles using Ffowcs Williams-Hawking ap-

proach. Acoustic pressure changes and frequency content are investigated. Significant sound pressure levels 

changes are observed at a specific frequency range at the one and two chord length distances. Sound energy 

is integrated at receiver locations. Comparison of sound energy for iced and clean profiles shows increasing 

trend with ice accumulation. Furthermore, the effect of exposure time on noise generation is explored. Horn 

formation is observed to change sound energy levels significantly. Changes in aerodynamic characteristics 

are resulted to be in line with noise generation. 

 

1. NOTATION1 

Symbols  

𝑝0 Reference pressure, Pa 

c Speed of sound, m/s 

ρ Air density, kg/m3 

  

Acro-

nyms: 

 

RANS Reynolds Averaged Navier Stokes 

URANS Unsteady RANS 
SBES Stress-Blended Eddy Simulation 

LES Large Eddy Simulation 
DDES Delayed Detached Eddy Simulation 

MVD Mean Volumetric Diameter 
LWC Liquid Water Content 
SPL Sound Pressure Level 

2. INTRODUCTION 

                                                      
1 Copyright Statement 

The authors confirm that they, and/or their company 

or organization, hold copyright on all of the original 

material included in this paper. The authors also con-

firm that they have obtained permission, from the cop-

yright holder of any third-party material included in 

Icing can impact the performance of rotor blades and 

safety of flight, therefore detecting the presence of ice 

accretion could be benefical for ensuring safe flight 

operations. Accumulation of ice changes the shape of 

the profile therefore pressure field generated by the 

blades also changes. Variations in pressure field re-

sult in change of characteristics of noise generated by 

the blades. Hence, variations in acoustic signature 

may clue the accumulation of ice on blades. In litera-

ture, there are studies focused on the relationship be-

tween acoustic signatures and icing on airfoils, with 

researchers using high-fidelity simulations and exper-

imental tests to investigate the effects of icing on the 

flow field and acoustic response. 

One such study, conducted by Akbal et al. [1], used 

RANS, SBES, and LES to simulate the flow field and 

FENSAP-ICE for icing simulations, and found that 

this paper, to publish it as part of their paper. The au-

thors confirm that they give permission, or have ob-

tained permission from the copyright holder of this pa-

per, for the publication and distribution of this paper 

as part of the ERF proceedings or as individual off-

prints from the proceedings and for inclusion in a 

freely accessible web-based repository. 



iced airfoils generated a strong wake, causing pres-

sure fluctuations and thickening of the boundary 

layer, which led to an increase in sound pressure lev-

els at high frequencies. Another study, conducted by 

Zhou et al. [2], used the Spalart-Allmaras DDES ap-

proach to simulate the flow field and the FW-H ap-

proach for acoustic analyses, and found that iced air-

foils generated significant wake structures, which led 

to an increase in sound pressure levels at high fre-

quencies. 

Icing wind tunnel test campaign conducted with col-

laboration of rotorcraft industry, NASA, and academia 

is selected as a valuable validation dataset for flow 

predictions and icing analyses [3, 4]. Tests were per-

formed in the Icing Research Tunnel at NASA Glenn 

Research Center and focused on icing of oscillating 

airfoils, which were designed to mimic the motion of a 

rotor blade in forward flight conditions. Patented pro-

file, SC2110, was used in the tests [5]. 

In the present work, aero-acoustic analyses of oscil-

lating airfoil with ice accumulation are performed to 

explore whether acoustics signature can be used to 

detect ice accumulation. Variation of noise around the 

airfoil is investigated at different azimuthal and radial 

positions. Change of noise levels is examined at dif-

ferent exposure times.  

3. MODELLING 

The aero-acoustic analyses are conducted using 

StarCCM+ commercial software. URANS methodol-

ogy with Spalart-Allmaras turbulence model with wall 

function approach is utilized for flow solution. Curva-

ture correction for turbulence model is activated. 

Ffwocs-William Hawkings methodology is used for 

acoustic calculations. An inner cylindrical domain in-

cluding airfoil surface and an outer cylindrical domain 

encapsulating the inner domain is generated. The in-

ner domain oscillates while outer domain stays sta-

tionary. The information change between domains is 

achieved by sliding mesh interfaces. The airfoil sur-

face is modelled as no-slip wall. Side walls of the do-

mains are treated as symmetry. Boundary conditions 

are visualized in Figure 1. It should be noted that far-

field is located at distance of 50 chords from airfoil 

surface however scaled down in Figure 1 for presen-

tation purposes. 

Icing analyses are performed with FENSAP commer-

cial software. Unsteady icing analyses are started 

from a steady solution without any droplet trajectory 

calculation. Total exposure time is divided into equal 

time intervals for ice shape calculations. At each shot, 

300 time steps are used with 5 inner iterations. After 

each shot, surface mesh and roughness is updated 

with automated scripts. Ice water model is selected 

as glaze ice and beading is activated.  

 

Figure 1 Oscillating Airfoil Model and Boundary Con-
ditions 

Quadrilateral elements are utilized on the airfoil sur-

face as shown in Figure 2. Leading edge of the airfoil 

is discretized with fine elements in order to capture 

ice shape and high flow gradients. The element sizes 

on the leading and trailing edge is 0.005c while max-

imum element size on airfoil surface is 0.025c. Solu-

tion domain is discretized with polyhedral elements. 

First wall height distance is adjusted such that wall y+ 

value of 30 and higher is obtained over the airfoil sur-

face with 5 layers of quadrilateral elements. Mesh re-

finement is applied around the airfoil geometry in a 

cylindrical region. On the sliding mesh interface 

boundary layer treatment is applied with thick cells in 

order to improve interpolation algorithm between two 

domains. Section views from the volume mesh are 

presented in Figure 3. 

Oscillatory motion mandates the use of unsteady 

model. Second order implicit time stepping is utilized 

with 20 inner iterations. Algebraic multi grid method is 

also enabled with a V-cycle of maximum 30 levels.  

 

 

 



 
(a) Leading Edge 

 
(b) Trailing Edge 

Figure 2 Surface Mesh of Iced Airfoil (a) Leading 

Edge, (b) Trailing Edge 

 
(a) Leading Edge 

 
(b) Trailing Edge 

 
(c) Airfoil Nearfield 

 
(d) Refinement  

Figure 3 Volume Mesh, (a) Leading Edge, (b) Trailing 

Edge, (c) Airfoil Nearfield and (d) Refinement Region 

4. RESULTS 

4.1. Flow Solution for Oscillating Airfoil 

Flow field and aerodynamic characteristics predic-

tions under oscillatory motion are validated using 

wind tunnel test results available in literature. Aerody-

namic characteristics of iced and clean airfoils are in-

vestigated in a special test run during oscillating airfoil 

icing tests in NASA Glenn Research Center [4]. The 

test condition represents a typical motion of a rotor 

blade in forward flight. SC2110 airfoil is tested under 

icing conditions while having oscillatory motion. The 

resultant ice shape is manufactured with a solid ma-

terial for further testing. The aerodynamic perfor-

mance of clean and iced airfoils are reported and 

used for validation purposes. The test conditions are 

given in Table 1. 

 

Table 1 Testing Conditions for Icing Effect on Airfoil 
Performance [4] 

Icing Conditions 

Temperature -14 C LWC 0.5 g/m3 

MVD 22 μm Chord 0.381 m 

Oscillatory Motion 

Amplitude 3 deg Mean Angle 5 deg 

Frequency 2.8 Hz Air Speed 150 Kts 

The ice shape obtained from the test point given in 

Table 1 is provided in Figure 4. The clean and iced 

airfoils are modelled for specified test conditions. 

Simulation results are compared with test results in 

Figure 5. The lift coefficient values are presented in 

hidden axis. However, it is still useful to compare lift 

hysteresis and its change with ice accumulation. 

Clean airfoil has a stall-free hysteresis while iced pro-

file has slight stall behavior and reduced lift genera-

tion capability. Simulation results show same findings 

of test. Stall behavior of iced profile is predicted 

harsher in the simulations. 

 

Figure 4 Ice Shape Obtained under Conditions Given 
in Table 1 [4] 

Velocity magnitude contours of clean and iced pro-

files are compared in Figure 6. Clean airfoil experi-

ences attached flow even at the highest angle of at-

tack however iced profile is having large vorticity gen-

eration over upper surface implying flow separation. 

Separated flow of iced profile re-attaches at around 6 

degrees. It is expected to have flow separation with 

iced profile due to its irregular shape on the leading 

edge.  

 



 
(a) Wind Tunnel Data 

 
(b) Simulation Results 

Figure 5 Lift Variation for Clean and Iced Airfoil, (a) 
Wind Tunnel Data [4], (b) Simulation Results 

 

 
Figure 6 Velocity Magnitude Contours for Iced(Upper) 
and Clean Airfoil(Lower) at 8 Degrees Angle of Attack 

4.2. Icing Solution for Oscillating Airfoil 

Icing analysis is conducted for the conditions desig-

nated as Run61 in oscillating airfoil icing test cam-

paign [3, 4]. The conditions are tabulated in Table 2. 

The exposure time is 600s. Simulations are per-

formed for 10 shots of each being 60s. After each 

shot, surface mesh is updated to predicted ice shape. 

The results of icing analyses are compared with test 

results in Figure 7. The ice shape is in reasonably 

good agreement with test data. The distinctive horn 

structure is captured although lower horn is predicted 

to be aft of the test result. Apart from final ice shape, 

ice shape after each shot is also shown. After third 

shot horn structure starts to develop according to sim-

ulations.  

Table 2 Test Conditions for Icing Analysis [3] 

Icing Conditions 

Temperature -14 C LWC 1.0 g/m3 

MVD 22 μm Chord 0.381 m 

Oscillatory Motion 

Amplitude 6 deg Mean Angle 5 deg 

Frequency 2.8 Hz Air Speed 150 Kts 

 
Figure 7 Ice Shape Predictions for Run61 and Com-
parison with Test Data 

4.3. Acoustic Analyses for Oscillating Airfoils 

under Icing Conditions 

Acoustic analyses are conducted for clean and iced 

airfoil for the conditions of Run61 defined in Table 2. 

Ice shape used in acoustic analyses is 10th shot of 

icing simulations. Duration of acoustic analyses are 

set for a total of 3 oscillation cycles. As depicted in 

Figure 8, acoustic receivers are located around the 

airfoil at different azimuthal and radial positions with 

respect to quarter chord position which is motion cen-

ter. 

AoA [deg]

C
l

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1

1.2

Clean Airfoil

Iced Airfoil

Run 35
V = 150Knots, Mean= 5

o
, Amp. = 3

o
, F = 2.8Hz

X

Y

-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

-0.05

0

0.05

Test

Simulation

SC2110

Run61 - Ice Shapes for 10min Exposure
10 Shots



 
Figure 8 Acoustic Receivers around the Airfoil 

Acoustic pressures variations with time is plotted in 

Figure 9, Figure 10, Figure 11 and Figure 12 for clean 

and iced profile at different azimuthal and radial loca-

tions. At all azimuthal locations, acoustic pressure 

variation synchronized with airfoil motion is observed 

for both clean and iced profile. Moreover, as the radial 

distance is increased, acoustic pressure values are 

observed to be decreased for both clean and iced 

profile. Azimuth 0 is located behind the trailing edge 

therefore it is expected to have minimum acoustic 

pressure change due to ice being accumulated on the 

leading edge. However, a change in mean acoustic 

pressure level and additional waveforms are ob-

served with iced profile. At azimuth of 90, clean airfoil 

has a clear wave form, while iced profile having de-

crease in mean level and abrupt and periodic 

changes in acoustics pressure. Azimuth 180 shows a 

different characteristics at acoustics pressure varia-

tions. Change of mean values of iced and clean pro-

file are more distinct compared to remaining azi-

muthal locations. Since the azimuth 180 is located up-

stream of the leading edge and leading edge is the 

point where ice is accumulated; effective surface is 

becomes closer to receiver with iced profile. There-

fore, acoustic pressure levels are significantly in-

creased compared to clean profile. Additional wave-

forms are also observed at azimuth of 180 with iced 

profile. At azimuth 270, similar changes are observed 

in acoustic pressure variations.  

 
Figure 9 Acoustic Pressure for Azimuth 0 

 
Figure 10 Acoustic Pressure for Azimuth 90 

 
Figure 11 Acoustic Pressure for Azimuth 180 
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Figure 12 Acoustic Pressure for Azimuth 270 

Frequency content of acoustic pressure is plotted in 

Figure 13 for azimuth 0 and radial location of one 

chord length. It is observed that sound pressure lev-

els differ with clean and iced profile at low frequency 

values. High frequency content shows similar varia-

tions. Therefore, Figure 13 is plotted again for re-

duced range of frequency in Figure 14. Label ticks are 

arranged to multiples of oscillation frequency, 2.8Hz. 

Frequency content of azimuth 90, 180 and 270 are 

provided in Figure 15, Figure 16 and Figure 17, re-

spectively. At all azimuth locations, sound pressure 

levels are increased. Moreover, sound pressure lev-

els of iced profiles show distinct peaks at multiples of 

oscillation frequency. Similar to A-weighting ap-

proach in human perception of noise, a special 

weighting approach can be utilized for ice accretion 

detection with acoustic signature.  

 
Figure 13 Frequency vs SPL for Azimuth 0, High Fre-
quency Range 

 
Figure 14 Frequency vs SPL for Azimuth 0 

 
Figure 15 Frequency vs SPL for Azimuth 90 

 
Figure 16 Frequency vs SPL for Azimuth 180 

 
Figure 17 Frequency vs SPL for Azimuth 270 

In order to compare the spatial variation of noise gen-

erated by clean and iced profile, Sound energy is cal-

culated at receiver locations by integrating contribu-

tion of each frequency content. Reference energy 

value for sound energy is taken as 𝑝0
2 (𝜌𝑐)⁄ . The 

comparison is given in Figure 18. Circles drawn at re-

ceiver locations are scaled with magnitude of sound 

energy. It is observed that sound energy reduces to-

wards in the region of leading edge. Additionally, the 

sound energy levels decreased as the distance from 

the airfoil increased, which is consistent with theoret-

ical formulations. The major conclusion is that sound 

energy integrated at all frequencies of clean and ice 
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profiles are quite similar or clean profile has slightly 

more sound energy. When frequency content of 

sound pressure data is investigated, clean profile has 

higher sound pressure levels at motion frequency. It 

means that clean profile has higher loading noise and 

it can be observed from the lift hysteresis. Clean pro-

file generates more lift compared to iced profile. 

Therefore, sound pressure magnitudes resultant from 

motion of airfoil are observed to be dominant in sound 

energy generation at very low frequencies. 

Sound energy calculation is repeated at a frequency 

range of 14 Hz and 200 Hz to update the comparison 

as in Figure 19. Iced profile shows an increase in 

sound energy at all positions compared to clean pro-

file with limited frequency range. It is concluded that 

ice accretion on airfoil causes noise increase at a cer-

tain frequency range with a decreasing trend around 

leading edge.  

 
Figure 18 Sound Energy Comparison at Receiver Lo-

cations, All Frequencies 

 
Figure 19 Sound Energy Comparison at Receiver Lo-

cations 14Hz – 200Hz Frequency Range 

Figure 18 and Figure 19 compares clean and iced 

profile from shot 10 plotted in Figure 7. Aero-acoustic 

analyses of iced profiles at different exposure times 

are performed in order to observe the variation of 

noise levels with developing ice accumulation. Sound 

energy levels are plotted in Figure 20 for different ex-

posure times at varying azimuthal locations. Expo-

sure time for each shot is taken as 1 minute during 

icing analyses. In the figure, there are 4 sound energy 

levels at each azimuthal location. Each bar repre-

sents sound energy for profiles of clean, 1st, 5th and 

10th shots. Ice profile at 1st shot is relatively smooth 

shape however, increase in sound energy is ob-

served at all azimuth locations. From 1st shot to 5th 

shot, there is a significant jump in sound energy lev-

els. The accumulated ice has developed a moderate 

horn shape at 5th shot. At 10th shot, horn shape almost 

doubles in size and becomes more irregular. Increas-

ing trend continues with a slower rate. Similar to Fig-

ure 20, sound energy levels are plotted in Figure 21 

for a 2 chord distance from the airfoil. As we expect, 

sound energy is reduced at all locations. Azimuthal 

distribution shows similar trend except for receiver at 

azimuth 0. At azimuth 0, sound energy drop with dis-

tance is resulted to be higher in magnitude compared 

to remaining receivers.  

 
Figure 20 Sound Energy at 1 Chord Length Distance 

with Varying Azimuthal Location for Different Expo-

sure Times 
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Figure 21 Sound Energy at 2 Chord Length Distance 

with Varying Azimuthal Location for Different Expo-

sure Times 

 
(a) Clean Profile 

 
(b) 1st Shot 

 
(c) 5th Shot 

 
(d) 10th Shot 

Figure 22 Sound Energy Reduction from 1 Chord Dis-

tance to 2 Chord Distance at Different Azimuthal Lo-

cations (a) Clean Profile, (b) 1st Shot, (c) 5th Shot and 

(d) 10th Shot 

Sound energy drop variation with azimuthal directions 

is plotted in Figure 22 for different ice accumulation 

levels. For all profiles, maximum drop is observed at 

trailing edge direction. At the trailing edge, receiver at 

azimuth 0 is closer to airfoil surface therefore effective 

distance increase higher compared to remaining azi-

muth directions. Beside azimuth 0, azimuth 45 shows 

higher sound energy drop for all profiles.  

The aerodynamic characteristics of clean and iced 

profiles are compared in Figure 23. Clean profile and 

1st shot shows stall-free lift hysteresis while 5th and 

10th shots are experiencing deep stall as expected 

due to large ice horns. Similar to lift, moment charac-

teristics of iced profile shows abrupt changes. Varia-

tions in aerodynamic characteristics are in correlation 

with change of sound energy levels with accumulation 

of ice. In other words, as the ice accumulates, both 

the aerodynamics and the sound energy levels 

change in a connected way. Monitoring sound energy 

levels and vibratory data from blades or pitch link and 

combination of them might be used to detect ice ac-

cumulation.  

It is important to note that lift capability of the profile 

is reduced by icing at different levels depending on 

the amount of ice accumulated. During the flight, iced 

blade has to generate same lift to sustain the flight. 

Therefore, loading noise is expected to increase for 

iced profiles. In other words, noise levels of iced pro-

file has to elevate while providing same lift capability.  

 
Figure 23 Lift and Moment Variation of Clean and 

Iced Airfoil 

5. CONCLUSIONS 

Ice accretion simulations with oscillating airfoils are 

performed and compared with test data. Ice shapes 

are captured reasonably well. The predictions of 

URANS solutions for aerodynamic characteristics are 

compared with limited test data and similar changes 

in lift variation are observed. The acoustics signature 

changes due to ice accumulation are investigated. 

Following conclusions are made: 

1. Acoustic pressure and frequency content is ob-

served to be affected by ice accumulation. Iced 

profiles show significant peaks in sound pressure 
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levels at multiples of oscillation frequencies. The 

overall change in sound pressure levels are re-

sulted at low frequencies. However, it is important 

to note that flow solutions are obtained with 

URANS hence, repeating the analyses with 

higher fidelity methods is appointed as a future 

study to check high frequency content. 

2. Sound energy is used as an integrated parameter 

to compare noise generation at receiver loca-

tions. Integrating sound energy for all frequencies 

resulted in almost no difference. However, a spe-

cific frequency range provided distinct variations 

between sound energy levels of iced and clean 

profiles.  

3. Azimuth ±45, ±90 and ±135 directions are ob-

served to radiating higher noise with ice accumu-

lation. Azimuth 180 shows abrupt increase com-

pared to remaining directions. It is probable that 

as the ice accumulates, effective distance re-

duces between receivers therefore noise in-

crease becomes more sensible.  

4. Sound energy levels decrease with increasing ra-

dial distance as in theoretical expectation. Sound 

energy levels drops more significant at trailing 

edge region. Since the center is taken as quarter 

chord location, receiver located at trailing edge 

region, azimuth 0, is closer to airfoil surface com-

pared to receivers located at other azimuthal lo-

cations. It is possible that for receiver at azimuth 

0, effective radial distance changes more than 

double compared to other locations. 

5. Acoustic analyses were repeated for ice shapes 

resulted from varying exposure times. Formation 

of horn structure dramatically increased sound 

energy levels. After the horn structure is formed, 

sound energy level increase slows down.  

6. Changes in aerodynamic characteristics are ob-

served to be connected with noise characteristics. 

Horn structures cause to airfoil go under deep 

stall hysteresis and abrupt pitching moment 

changes. Hence, vibratory data can be used as 

supplementary data for acoustic ice detection.  
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