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b  

In this work, rotors with artificial iced shapes are studied to develop insight in the 

potential of acoustics-based ice detection. Using the Helicopter Multi-Block CFD solver, 

approximate iced shapes are added to the blades and the results are analyzed using the 

FW-H method. Several candidate monitoring positions are assessed for acoustic sensors 

to be placed on the helicopter fuselage. The influence of ice on the aero-acoustic 

characteristics of a rotor is calculated, and parameters such as the ice amount and the 

icing position on the blade are quantified. It is concluded that an array of microphones is 

best for detecting potential icing position on the blades, and it should be located on top of 

the helicopter rear fuselage and along the tail-boom. 
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INTRODUCTION 

Helicopter blade icing, can be a serious threat to flight safety [1, 2] since it 

modifies the aerodynamic shape of the rotor blades and degrades its aerodynamic 

performance [3, 4]. At present, there are two main approaches to deal with icing [5]. 

First, pilots are given weather information and try to avoid potential icing conditions. 

Second, aircraft are thoroughly deiced before take-off and then operate ice protection 

systems (IPS) for in-flight ice removal. At present, only 5% of the US rotorcrafts are 

equipped with an IPS [6].  

For aircraft without IPS, the general rule is to avoid flying in icing conditions. 

Compared to fixed-wing aircraft (see [7], for example), helicopter icing is not well 

understood due to complexities in the 3-D rotor flow environment with inherent unsteady 

flow, rotational movement of rotor and strong centrifugal forces on the blades [8, 9].  

According to previous studies [10, 11], the change of the flow behavior and blade 

shape by ice accretion is likely to affect the helicopter main rotor noise. In [12] also was 

shown that rotor noise can be used to detect the formation of ice at the early stage of ice 

accretion. In addition, several works have already been published on the aero-acoustic 

characteristics on rotors [13, 14]. These developments make the ice detection by rotor 

aero-acoustic characteristics possible.  

The objective of the present work is to analyze the variation of aero-acoustic 

characteristics of iced rotors, and identify microphone positions that are suitable for 

detecting ice accretion. The aerodynamic and aero-acoustic characteristics of rotors are 

first calculated (see Russian references [15 – 17] in this direction). Then, the effects of 

the ice amount and the icing position on the blade are evaluated. The sensitivity of the 

acoustic characteristics to ice accretion is also analyzed, and some microphone positions 

are suggested. The HMB solver [18 - 20] with the Ffowcs-Williams Hawkings (FWH) 

method [21] are used for this work. 
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1. Aerodynamic characteristics on NACA23012 airfoil with and without ice 

The experimental data for an iced NACA23012 airfoil, obtained at the NASA 

Langley Low Turbulence Pressure Tunnel (LTPT) is selected to validate the accuracy of 

the employed numerical method. The LTPT measurements were at a Mach number of 

0.208 and at a Reynolds number of approximately 2×106 [22].  

Figure 1shows a detailed view of the ice shape and the modified NACA23012 

section. The ice amount is very small, and the radius of the ice is only 0.0139c. 

 

Figure 1. Detailed view of the ice shape and the modified NACA23012 section 

Figure 2 shows pressure coefficient distributions on the airfoil surface with and 

without ice, at 0° of the angle of attack. As shown, the calculated results are in good 

agreement with LTPT data, indicating that the present CFD solver is reliable for 

simulating the aerodynamic characteristics of the iced airfoils. 
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Figure 2. Pressure coefficient distributions of NACA23012 airfoil with and without 

ice 

2. Acoustic characteristics of rotors in hover with and without ice 

The Caradonna-Tung (C-T) rotor [23] is selected to analyze the variation of 

acoustic characteristics of iced rotors in hover. The C-T rotor has two rectangular blades 

with a conventional NACA 0012 airfoil. For the iced rotor, the icing positions were from 

0.6R to 0.9R along the blade. Figure 3a shows the icing position on the C-T rotor and 

sectional ice shapes. 

  

a)      b) 
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Figure 3. Icing position on the C-T rotor (a) and comparison of the sectional pressure 
distribution of clean C-T rotor with experiment data (b) 

Clean and iced cases for this rotor at tip Mach number Mtip=0.794 and at Reynolds 

number Re=3.48×106 were calculated. Figure 3b shows the comparison of the sectional 

pressure distribution of the clean C-T rotor blade with experiment data (r/R is the relative 

local blade radius). As can be seen, the numerical results are in a good agreement with 

experiments [23]. 

Figure 4a shows some monitoring points placed relative to the blade for ice 

detection. Considering the installation of acoustic monitors on the fuselage, all monitors 

are below the rotating plane, and their location is defined by the coordinates (r, z).  

 
a)      b) 

Figure 4. Positions of acoustics monitors relative to the blade (a); difference of the 
effective sound pressure between clean and iced rotors at different z=const planes (b) 

Figure 4b shows the differences 𝑃 = 𝑃 − 𝑃  in effective sound pressure between 

clean 𝑃 and iced 𝑃  blades. On the z=-0.25R plane (and above this plane), the effective 

sound pressure of the iced rotor first increases (positive difference) and then decreases 

compared to the clean rotor near the blade root. When the monitor is far away from the 

rotor plane, the effective sound pressures of all monitors at the different radial positions 

decrease. On the z=-0.3R and z=-0.5R planes, the effective sound pressure of the iced 

rotor decreases (negative difference) compared with the clean rotor. This is because the 

lift force of the iced rotor drops.  
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In general, when monitors are close to the rotor plane, the effective sound pressure 

difference changes significantly in the radial direction. The variation of sound pressure 

difference is evident in this case, indicating that ice can be detected based on the variation 

of the blade acoustic characteristics. 

To further analyze the acoustics variations, Figure 5 shows the field of differences 

of the effective sound pressures at various monitor positions. It is assumed that the 

acoustic monitor can detect changes in sound pressure bigger than 10 Pa. For this iced 

rotor, as long as the acoustic monitor is in the yellow or blue region, ice can be detected. 

 

Figure 5. Difference of the effective sound pressure between clean and iced blades 

 

3. Acoustic characteristics of iced rotor with different ice amount 

Three rotors with different ice lengths are added to analyze the variation of 

acoustic characteristics, as seen in Figure 6. Rotor A is the previously used iced rotor, and 

its ice length is 0.3R. The ice length of rotor D is the shortest, only 0.033R.  
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Figure 6. Ice lengths used for analysis. 

Table 1 shows the aerodynamic coefficient of thrust (CT), torque (CQ) and figure of 

merit (FM) of the rotors at Mtip=0.794, Re=3.48×106 (like for the CT rotor case) and for a 

collective pitch of 8°. Although the iced area is small compared with the blade sectional 

area, the deterioration of the aerodynamic characteristics is obvious, as seen in Table 1. 

For rotor A, there is a decrease of about 70 percent in the figure of merit.  

 

Table 1. Aerodynamic performance of different iced rotors. 

Rotor CT CQ FM Variation of FM 
Clean 1.10×10-2 1.17×10-3 0.492  

A 0.61×10-2 1.54×10-3 0.156 -68.2% 
B 0.91×10-2 1.36×10-3 0.318 -35.4% 
C 1.04×10-2 1.29×10-3 0.409 -16.8% 
D 1.06×10-2 1.21×10-3 0.454 -7.69% 

 

Figure 7 shows the comparison of the effective sound pressures between the clean 

rotor and the iced rotor D, at different monitor positions. When the monitor is far away 

from the rotation plane (z=-0.5R, z=-0.3R), the effective sound pressure of rotor D is 

very close or very slightly higher to the clean rotor. When the monitor position is close to 

the rotation plane, the effective sound pressure of the iced rotor first is less than for the 

clean rotor (at the root part of the blade); for the rest part of blade the effective sound 

pressure of the iced rotor is higher in comparison to the clean rotor.  To show this, the 
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differences of the effective sound pressure at different z planes are given in Figure 10. 

 
 z=-0.16R     z=-0.25R 

 
z=-0.3R    z=-0.5R 

Figure 7. Effective sound pressure at different monitor positions between clean rotor and 
rotor D 

 

a)      b) 
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Figure 8. Difference of the effective sound pressure between clean rotor and rotor D, at 
different z planes (a) and Difference of the effective sound pressure at different 

monitoring positions between the clean rotor, and rotor D (b) 

As seen (Figure 8a), even if the ice length is very short, the variation of the 

acoustic characteristics of the rotor is still apparent. This indicates that the small variation 

of the blade shape, at the early stage of ice accretion, can be detected by the variation of 

the rotor acoustic characteristics.  

Figure 8b shows the field of difference of the effective sound pressure ∆𝑃  for 

rotor D. In the yellow and green regions, the difference of effective sound pressure is too 

low, and the acoustic monitor cannot detect the ice. In the red regions, the effective sound 

pressure increases. As a result, these regions are appropriate for monitor installation. 

Similarly, the blue region is also a good monitoring area, although it is narrower than the 

region highlighted in red color. 

4. Acoustic characteristics of iced rotors with different icing positions. 

Two iced rotors with different icing positions are added to analyze the influence of 

the icing position on the acoustic characteristics, as shown in Figure 9a.  The ice length 

and shape of these two iced rotors are the same as rotor D, the only difference is the icing 

position. The icing position of rotor E is from 0.53R to 0.56R, and that of rotor F is from 

0.33R to 0.36R. 

  
a)      b) 

Figure 9. Different icing positions used for analysis (a) and the effective sound pressure 
of different iced rotors below the rotor plane (b) 
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Table 2 shows the aerodynamic characteristics of the iced rotors at the same 

condition, Mtip=0.794, Re=3.48×106 and collective pitch of 8°. With ice moving to the 

blade root, the variation of the FM decreases. However, the ice accretion has little effect 

on the aerodynamic characteristics of these three rotors.  

Table 2. Aerodynamic performance of different iced rotors. 

Rotor CT CQ FM Variation of FM 
Clean 1.10×10-2 1.17×10-3 0.492  

D 1.06×10-2 1.21×10-3 0.454 -7.69% 
E 1.07×10-2 1.20×10-3 0.461 -6.31% 
F 1.07×10-2 1.18×10-3 0.468 -4.87% 

 

Figure 9b shows the effective sound pressure of different iced rotors below the 

rotor plane.  

In general, since the ice amounts on rotors E and F are very small, the changes of 

the effective sound pressures are not appreciable. However, the influence of the icing 

position on the local effective sound pressure of the rotor is clear, as shown in the figure. 

For comparison purposes, the absolute values of the difference of the effective 

sound pressure between these iced rotors and the clean rotor on the z=-0.16R plane are 

given in Figure 10. As expected, when the icing position is closer to the blade tip, such as 

for rotor D, the region of the effective sound pressure variation is larger. When the icing 

position is closer to the blade root, such as for rotor F, the region of the effective sound 

pressure variation is small. 
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Figure 10. Absolute values of the difference of the effective surface sound pressure 
between these iced rotors and the clean rotors D, E, and F 

Based on the results for the variations of the sound pressure at different monitoring 

points, the icing position can be detected, especially if several monitors are used.  Since 

the fuselage shapes differ between helicopters, it is assumed here that the fuselage is a 

simple hemisphere with a radius of 0.3R and a half cylinder with a radius of 0.125R. 

Figure 11(a) shows the relative positions of the rotor, the imaginary fuselage and 

the monitor array (the monitors are distributed on the surface of the fuselage, and the 

coordinates are also given in the figure). Figure 11(b) shows the calculated results at 

these monitors for different iced rotors. As seen, there is significant variation of the 

effective sound pressure obtained from each monitor (A-F) and for each rotor (D-F). 
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(a)                                                    (b) 

Figure 11. The ice detection using by the monitor array: (a) Relative position,                                                 
(b) Monitor array 

 

For this hovering case, an assumption is made that the sensitivity of the monitors is 

greater than 5 Pa (in this case the monitor is called “activated”). Figure 12 shows the 

monitoring results and the relationship between the monitor array (with/without 

activation) and the icing position. As seen, for rotor D (with icing position is 0.7R), the 

monitors are all activated. For rotor E (icing position is 0.5R), the monitors D and E are 

activated. For rotor F (icing position is 0.3R), monitors A, B and C are activated. 

Actually, if the ice length is longer than 0.03R, all monitors are active.  
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Figure 12. Location of activated and nonactivated monitors 

Since a long ice piece near the blade root may have the same effect on the sound 

pressure as a short ice piece near the blade tip, it is difficult to obtain the icing position 

and ice length at the same time from the monitor array. Through a given monitor array 

distributed on the surface of the fuselage, a potential icing position on the blade can be 

obtained. For the hover case in the paper, if monitors (D, E and F) are not activated, ice 

will not be detected on the blade from 0.3R section to blade tip. If monitors (A, B and C) 

are not activated, then ice may not be detected from the blade root to 0.3R section. If 

monitor F is not activated, the ice may not be detected from 0.5R section to blade tip. If 

all monitors are  activated, the ice can be detected anywhere on the blade. 

 

CONCLUSION 

Aero-acoustic characteristics of rotors are greatly influenced by ice accretion. 

Overall, the effect of ice on the acoustics increases with the decrease of the vertical 

distance of the microphone. If ice is formed near the blade root, the signal captured by 

monitors near the blade root changes, while that by monitors near the blade tip remains 

unchanged. Through variations of the sound pressure at different monitoring points, the 

icing position on the rotor can be detected, especially if several monitors are used. 
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