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Abstract  

This article investigates the influence of rotor-head rotational speed on the overall A-weighted noise level and the 1/3-octave 

spectral structure of the prototype dual-use Wabik helicopter. The novelty of the work is the separation of mechanical 
hub/drive noise from blade-generated aerodynamic noise for a custom three-bladed rotor system tested at 1000, 1250, and 

1500 RPM under identical outdoor conditions. For the configuration without blades, the energetic mean LAeq increased from 

81.76 dB to 85.56 dB and 88.28 dB, respectively. After installing the rotor blades, LAeq rose from 86.50 dB at 1000 RPM to 
92.53 dB at 1250 RPM and 98.45 dB at 1500 RPM, corresponding to an increase of about 12 dB and an almost sixteenfold 

rise in acoustic energy. The dominant spectral bands shifted from 2.5 kHz through 1 kHz to 800 Hz, while the 0.8–3 kHz 

range became critical for detectability and operator safety. These results provide quantitative guidance for selecting rotor 
operating ranges, improving blade geometry, and reducing the acoustic signature of small rotorcraft. 
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Highlights 

• The 0.8–3 kHz range became critical for detectability and 

operator safety. 

• Rotor blades are the main source of aerodynamic noise. 

• Rotor operating conditions strongly influence the acoustic 

signature of the helicopter. 

1. Introduction 

In recent years, a very rapid development of dual-use unmanned 

aerial vehicles and light rotorcraft structures has been recorded. 

This is of particular importance in both the civil and military 

areas. This became especially significant at the moment of the 

outbreak and during the armed conflict in Ukraine, where 

reconnaissance and strike unmanned aerial vehicles constitute 

one of the main elements of the modern battlefield [1,2]. The 

very wide application of unmanned aerial vehicles led to the 

parallel development and investigations of counter-drone 

systems and passive detection methods. In particular, the area 

of acoustic detection is also developing, which does not require 

emission of its own signal and is more difficult to jam [3,4]. In 

work [5] it was presented that the war in Ukraine led to 

significant changes in the manner of conducting armed 

operations through the mass use of unmanned aerial vehicles. 

Contemporary small aircraft perform reconnaissance, combat, 

and logistic functions, and particularly important significance is 

held by low-cost FPV designs, which make it possible to 

neutralize costly military equipment of the opponent. The 

authors indicate that the increased number of unmanned aerial 

vehicles on the battlefield significantly reduced the possibilities 

of concealing soldiers and strategic objects and increased the 

effectiveness of precise combat strikes both on the front line and 

at large distances deep in the opponent’s operational rear [5]. At 

the same time, counter-drone systems are developing 

dynamically, including kinetic means and electronic warfare. 

An important problem in this case remains the cost 

disproportion between the relatively inexpensive production of 
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small aircraft and the costly systems for their neutralization [5]. 

At present, the use of small short-range and long-range 

aircraft has become the most important element of the modern 

battlefield. Therefore, the development of such designs and the 

improvement of their operational parameters become essential 

for many NATO member states. 

Contemporary military operations require design solutions 

for small aircraft with a reduced detectability signature. 

Although basic radar and radio systems may be susceptible to 

jamming, the acoustic signature of small rotorcraft remains an 

important parameter from the point of view of enemy detection 

[4,6]. It is emphasized in the literature that the acoustic 

characteristics of small aircraft depend strongly on rotor 

rotational speed, blade geometry, and environmental conditions 

[3,6]. Investigations on the acoustic characteristics of  

a propeller in a small aircraft as a function of propeller blade 

geometry were carried out in work [7]. The investigation 

showed that propeller diameter has a greater influence on the 

generated thrust force than its pitch. Moreover, an increase in 

blade pitch makes it possible to obtain greater thrust force at 

high engine rotational speeds at the expense of greater thermal 

loading of the engine [7]. The selection of the propulsion 

propeller should always be individually matched to the power 

and torque characteristics of the reciprocating internal 

combustion engine and to the intended use of the aircraft. In this 

case, such selection should take into account not only the 

maximum thrust force, but also the torque parameters. The work 

also presents the construction of a modern test stand enabling  

a detailed assessment of the influence of propeller geometry on 

the operational parameters of the propulsion system of 

unmanned aerial vehicles [7]. In work [8] it was demonstrated 

that the main source of noise in ultralight aircraft with two-

stroke engines is the propeller directly coupled to the 

crankshaft, and the sound intensity level increases with 

increasing engine rotational speed. The investigations 

confirmed that an appropriate selection of propeller geometry 

makes it possible to obtain a more favorable compromise 

between generated thrust force and noise emission. The work 

emphasizes the importance of proper selection of propulsion 

system operating parameters in order to reduce acoustic impact, 

particularly in flights carried out near inhabited areas [8]. Such 

parameters are particularly important in military operations in 

order to limit the emission of generated noise. 

Noise generated by rotor systems has a complex character 

and includes aerodynamic, mechanical, and blade–vortex 

interaction (BVI) components [9,10]. These phenomena lead to 

the occurrence of characteristic maxima in the frequency 

spectrum, particularly in the medium-frequency range. 

Investigations on helicopter rotor noise showed that an increase 

in rotational speed causes a nonlinear increase in acoustic 

emission, particularly in bands corresponding to the 

fundamental blade-passage frequencies [9]. In work [11],  

a detailed acoustic analysis of unmanned aerial vehicles under 

environmental conditions was carried out, indicating that 

multirotor designs differ significantly in terms of noise emission 

depending on the number of propellers. It was shown that small 

aircraft of X6 configuration generate higher A-weighted sound 

levels and higher acoustic background levels than X4 designs. 

This is directly related to the number of operating rotors [11]. It 

is important that the spectral analysis revealed characteristic 

frequency maxima, most often occurring in the 50 Hz, 200 Hz, 

and 315 Hz bands, which may be regarded as typical for the 

operation of propellers of small UAVs [11]. Moreover, it was 

established that aircraft of the same type are characterized by  

a similar acoustic signature. These results confirm that the 

spectral analysis of propeller noise constitutes an important tool 

both for the detection and identification of unmanned aerial 

vehicles [11]. 

It should be remembered that each aircraft and its propulsion 

system, including the power and torque characteristics of the 

internal combustion or electric engine, as well as the geometry 

and number of propulsion propellers, generate an individual 

acoustic spectrum characteristic. Therefore, for prototype 

designs, test-stand investigations must always be carried out in 

order to improve the operational parameters of the small aircraft 

design. 

Investigations of noise levels require the adoption and 

application of appropriate measurement procedures. In 

experimental investigations, the parameter, i.e., the equivalent 

level 𝐿Aeq, and the parameter with time weighting (e.g., 𝐿AS), 

are used in accordance with ISO 1996-1 [12] and the 

requirements concerning measuring devices specified in IEC 

61672-1 [13]. In investigations concerning noise levels for civil 

aviation, the legal standard is the ICAO documents, including 
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Annex 16 and the Environmental Technical Manual [14,15]. It 

specifies in great detail the principles of measurement and 

assessment of aircraft noise emission levels. The strategy and 

specific guidelines concerning noise reduction were included in 

the ICAO study concerning the strategy for limiting acoustic 

impact [16]. 

In times of the active armed conflict in Ukraine, the issue of 

noise emission for small aircraft is becoming a very important 

issue, in particular in the scope of practical guidelines for the 

design and construction of aircraft in a combat role. Small 

aircraft are commonly used as reconnaissance and combat 

means [1,2]. Despite this, systems for their detection and 

neutralization are also being developed, including solutions 

based on the analysis of acoustic signals [3,4]. This is 

particularly being developed in aircraft detection and 

neutralization systems within counter-drone systems. In such 

realities, the limitation of noise emission in specific bands may 

affect the reduction of aircraft detectability, whereas the 

spectrum analysis may serve for the identification of the rotor 

type and operating parameters [6]. 

In work [17], it was presented that small unmanned aerial 

vehicles play a significant role in contemporary warfare. The 

use of these systems makes it possible to conduct 

reconnaissance effectively and to carry out precise strike 

operations with explosive payloads. The development of 

unmanned aerial vehicle systems leads to greater autonomy in 

armed operations. The work also drew attention to the particular 

needs in the scope of increasing the production capacities of 

unmanned aerial vehicles and creating new solutions for 

military purposes. 

Drone control systems, including those of small dual-use 

helicopters, are technically very complex and must be 

developed in the scope of precise control and possible 

cyberattacks. It is also worth mentioning that at present an 

increasing number of studies and defense enterprises are 

working on drone systems supported by artificial intelligence. 

This is especially important in the case of the autonomous flight 

of a dozen or so aircraft simultaneously to their target. 

In the context of the rapid development of prototype designs, 

often created within a short design cycle, it becomes particularly 

important to carry out comparative investigations enabling 

precise determination of the influence of selected design and 

operational parameters on noise emission. This applies in 

particular to rotor rotational speed, which directly determines 

the acoustic energy generated by the aerodynamic system. 

In work [18], hybrid propulsion systems for unmanned 

aerial vehicles were described, combining an internal 

combustion engine with an electric motor, which makes it 

possible to increase flight endurance, range, and energy 

utilization efficiency in comparison with exclusively electric or 

internal combustion propulsion. Such solutions are particularly 

useful in specialist and dual-use drones. It is also worth building 

and creating new test stands for rapid testing of prototype 

engines intended for drone propulsion in various configurations 

[19]. In work [20], issues of aerodynamic design and 

optimization of propellers for multirotor configurations were 

described, demonstrating the significant influence of blade 

geometry on aerodynamic efficiency and the flight performance 

parameters of unmanned aerial vehicles. This is of particular 

importance for noise emission. In work [21], the development 

of composite technologies based on experience gained from 

helicopter rotor blade structures was described, indicating that 

both aerodynamic optimization and the selection of modern 

composite materials are of key importance in the design of 

propellers and rotors used in unmanned aerial vehicles. These 

are important aspects concerning propeller selection for 

different aircraft. 

Newer investigations confirm that rotor and propeller noise 

in UAV systems is governed by both tonal components related 

to the blade-passing frequency and broadband aerodynamic 

components, while rotational-speed fluctuations may 

additionally generate middle-frequency tonal noise [22,23]. 

Recent outdoor measurements also show that the spectral 

structure of UAV acoustic signatures is important for detection 

range and signal-to-noise ratio under field conditions [24]. 

Moreover, current diagnostic research demonstrates that 

acoustic signatures of UAV propeller blades can be used to 

identify operating state and blade condition, which supports the 

practical value of detailed spectral analysis in the present work 

[25]. 

The main goal of this study is to quantify how rotor-head 

rotational speed changes the overall A-weighted noise level and 

the 1/3-octave spectral distribution of the Wabik rotor system 

under repeatable test-stand conditions. The scientific novelty 



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 29, No. 2, 2027 

 

lies in the direct comparison of the same prototype drive in two 

configurations, with and without rotor blades, which enables the 

mechanical contribution of the hub/drive system to be separated 

from the blade-generated aerodynamic component. 

The objective of the present work is the analysis of the 1/3-

octave spectrum and the equivalent noise level for the prototype 

Wabik rotor system in the configuration with the rotor and 

without the rotor, as well as the determination of the influence 

of rotational speed (1000, 1250, and 1500 RPM) on the spectral 

structure and the total emission level. The obtained results 

constitute a basis for further improvement of the design in terms 

of noise emission reduction and assessment of its potential 

acoustic detectability under operational conditions. 

The novelty of this work is the detailed 1/3-octave spectral 

analysis of the conceptual Wabik helicopter in the configuration 

with the rotor and without the rotor at three defined rotational 

speeds. This makes it possible to determine the influence of the 

rotor system itself on the structure and level of acoustic 

emission. In contrast to previous investigations focusing 

primarily on the analysis of the total noise level, the work 

carried out a detailed assessment of the distribution of acoustic 

energy in frequency bands significant from the point of view of 

passive detection. The investigation results make it possible not 

only to analyze the operational parameters of the Wabik 

helicopter design, but also its potential acoustic detectability 

under operational conditions. This is of particularly significant 

importance in military applications. Moreover, the adopted 

research methodology may constitute a basis for further 

investigations of prototype propulsion systems intended for 

dual-use unmanned aerial vehicles. 

2. Research object – the structure of the small aircraft of 

the Wabik type 

The research object is the unmanned helicopter Wabik. It is  

a rotorcraft platform of low empty mass intended for military 

and civil applications. The total mass of the structure is 

approximately 20 kg, with the capability of carrying a payload 

of approximately 14 kg. The Wabik helicopter enables the 

integration of optoelectronic heads, observation systems, and 

specialist sensors, e.g. for the detection of environmental 

contamination. The maximum flight speed is approximately 120 

km/h (depending on the geometry of the rotor blades and the 

applied propulsion engine), the operational ceiling is 3000 m, 

with the possibility of increasing it to 4500 m. The theoretical 

flight endurance of the Wabik helicopter, depending on the 

amount of fuel and the design of the tanks, is up to 2 hours, 

which enables covering a distance of more than 200 km without 

landing. The structure of the aircraft allows autonomous flight, 

including patrolling designated areas without direct operator 

interference. This allows increasing its usefulness in 

reconnaissance tasks, critical infrastructure monitoring, and 

operations of a dual-use character. 

3. Methodology of experimental research 

3.1. Bench tests with the use of the Wabik aircraft 

The research was conducted in controlled outdoor conditions, 

with consideration given to minimizing the influence of 

environmental disturbances, including background noise and 

vibrations transmitted through the ground. The measurements 

were performed in two research configurations: with the rotor 

installed and without the rotor, which made it possible to 

determine the direct influence of the blade system on the level 

and spectral structure of acoustic emission. The measurements 

were performed for three fixed rotational speeds: 1000, 1250, 

and 1500 RPM, ensuring stabilization of the operating 

parameters before the beginning of signal recording. Each 

measurement was performed under constant geometric and 

environmental conditions, while maintaining a constant 

distance of the measuring microphone from the investigated 

object and a repeatable recording time (Fig. 1).  

 

Figure 1. View of the Wabik aircraft with the deployed noise-

level measuring apparatus (without rotor). 

The height of the Wabik helicopter with the mounting stand 

is 100 cm up to the central point of the rotor head. The height of 

the aircraft from the landing skid to the rotor head is 85 cm (Fig. 

2). The distance of the digital sound analyzer from the central 

point of the head was 300 cm. The measuring device was 
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positioned perpendicular to the aircraft on the rotor-head axis. 

 

Figure 2. View of the rotor head of the Wabik aircraft with the 

belt transmission system and the control system. 

The applied measuring apparatus was calibrated in 

accordance with the applicable metrological standards. The 

research stand prepared in this way made it possible to conduct 

measurements in a wide frequency band and to perform spectral 

analysis in a 1/3-octave division. Such an approach allows 

identification of the characteristic noise components generated 

by the rotor system and assessment of the effect of the change 

in rotational speed and the presence of blades on the energy 

structure of the acoustic signal. This system also allows 

assessment of the noise generated by the propulsion system in 

two configurations, without blades and with blades, with the 

engine running for 3 rotational speeds of the rotor head. A view 

of the transmission assembly, which generates an additional 

source of noise, is presented in Figure 3. The measurement time 

for each test was 60 seconds. For each of the configurations and 

rotor-head rotational speeds, 3 measurements of 60 seconds 

each were performed. 

 

Figure 3. Transmission system of the rotor-head drive of the 

Wabik aircraft and the load-bearing frame with the fuel tank. 

For the readout of the parameters of the Wabik aircraft and 

for control, the FrSky TANDEM X18SE radio controller was 

adopted in the test stand (Fig. 4). It is intended for controlling 

executive processes of unmanned aircraft [26]. The controller 

operates on ETHOS software. The device is equipped with  

a built-in internal module with RF parameters TD-ISRM Dual-

Band 900 MHz/2.4 GHz. Such a configuration allows 

simultaneous operation of the control system in two frequency 

bands [26]. The control set allows obtaining an extremely low 

system response delay time to the commanded value, on the 

order of 4 ms, and an effective range of up to 100 km [26]. The 

adoption of such a control system in this unmanned aircraft 

allows test operations to be conducted over very long distances 

for a long time. The controller allows operation of the ACCESS, 

ACCST D16, and TD protocols [26]. 

 

Figure 4. FrSky TANDEM X18SE remote-control system 

installed in the Wabik aircraft with the possibility of reading 

head temperatures, supply voltage, and rotor-head rotational 

speed. 

The ETHOS system allows the control process to be 

conducted in analog and touch mode, as well as the launching 

of LUA scripts. This makes it possible to introduce advanced 

control algorithms and telemetry functions. The controller also 

has a built-in 6-axis gyroscopic sensor, a system of haptic 

vibration alerts, and the PARA wireless training system [26]. 

In the research and construction of the Wabik aircraft, the 

FrSky Hall RPM Sensor ADV rotational-speed sensor [27] was 

used. The sensor allows non-contact measurement of the 

rotational speed of rotating elements through detection of the 

magnetic field generated by a magnet mounted on the rotating 

element (Fig. 5). In the research, it is used for measurement of 

the rotational speed of the rotor head and thus the speed of the 

rotor blades, where the measurement result is read directly from 

the FrSky TANDEM X18SE set (Fig. 6). The device cooperates 

with telemetry systems used in RC model aviation and can 

transmit measurement data to the receiver by means of the 

FBUS or Smart Port (S.Port) interface [27] (Fig. 6). This sensor 

may also operate in PWM output mode. The sensor enables 

measurement of rotational speed in the range from 

approximately 400 to 60,000 rpm [27]. The dimensions of the 
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sensor module are approximately 18 × 10 mm, whereas the 

dimensions of the magnet used for rotation detection are 6 × 3 

mm [27]. The mass of the sensor is approximately 2.5 g, and the 

mass of the magnet approximately 0.64 g, owing to which the 

device may be used in lightweight structures, such as unmanned 

aerial vehicles or test stands for measurement of rotor operating 

parameters [27]. 

 

Figure 5. View of the rotor head assembly, the control 

assembly of the Wabik aircraft with the FrSky Hall RPM 

Sensor ADV sensor assembly – tests without installed blades. 

 

Figure 6. Control assembly of the Wabik aircraft together with 

the radio information processing system and the power supply 

system. 

In the Wabik helicopter, for tests, a two-cylinder piston 

internal combustion engine DLE-170 with spark ignition was 

installed (Table 1). The two-stroke engine system ensures high 

power density at a low mass of the propulsion unit [28]. The 

ignition system ensures high operating stability even at high 

rotational speeds of the engine crankshaft. The carburetor fuel 

supply system allows, after making minor corrections, stable 

operation in various load modes with the use of different rotor 

blades. Owing to the good mass-to-power ratio, the internal 

combustion engine allows obtaining a very good torque 

distribution, ensuring stable operation under variable load [28]. 

After applying appropriate modifications, additional measuring 

elements may be introduced into the propulsion system, 

including the engine, such as temperature sensors, shaft speed 

and position sensors, and many others necessary for conducting 

experimental research. The engine was additionally equipped 

with an independent fan cooling system (Fig. 7). 

 

Figure 7. Cooling assembly of the piston internal combustion 

engine constituting part of the propulsion assembly of the 

Wabik aircraft. 

Table 1. Technical data of the DLE-170 engine [28]. 

Model DLE-170 

Type 
Two-cylinder, spark 

ignition 

Displacement 170 cm³ 

Cylinder bore 52 mm 

Piston stroke 40 mm 

Compression ratio 9.5:1 

Maximum power 17.5 hp at 9000 rpm 

Speed range 1100-9000 rpm 

Recommended fuel mixture 30:1 (gasoline:oil) 

Engine mass 3550 g 

Total mass approx. 4110 g 

Spark plug CM6 

Recommended ignition voltage max. 7.4 V 
 

 

Figure 8. View of the KST X20-12-M-835-HV Brushless 

digital brushless servomechanism mounted on the rear axis for 

control of the tail rotor of the Wabik aircraft. 

In the structure of the Wabik unmanned helicopter, the KST 

X20-12-M-835-HV brushless digital servomechanism, intended 

for operation in systems with high dynamic loads [29], was used 

(Fig. 8). This servo generates a maximum torque of up to 48 

kg·cm (approximately 4.7 N·m) and is characterized by  

a response time of 0.14 s per 60°, which enables fast and precise 

control of the angle of attack of the main rotor blades and the 

elements of the tail system [29] (Fig. 8). This device operates 
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using high-voltage batteries, which allows obtaining a rapid 

response to the settings commanded by the operator. 

During the tests of noise generated by the Wabik helicopter, 

a three-bladed VARIO rotor blade set was mounted on the 

VARIO Helicopter rotor head. Its characteristics are presented 

in Table 2. The rotor-blade dimensions and material data were 

adopted from the manufacturer's product specification [30]. 

Table 2. Specification of the VARIO Helicopter rotor blade [30]. 

Parameter Value 

Blade length 1090 mm 

Rotor disk diameter 2500 mm 

Root attachment 22 mm, one mounting hole 

Blade chord 75.00 mm 

Airfoil thickness 1 mm 

Mass approx. 500 g 

Material CFRP (carbon fiber reinforced 

composite) 

Surface finish Shark Skin, matte anthracite 

Symmetry reflex airfoil, left- and right-

hand version (LHR) 

3.2. Measuring devices 

For the research, the Sonopan DSA-50 digital sound analyzer 

was used. The adopted Class 1 meter is compliant with the 

requirements of PN-EN 61672-1 and has a built-in spectrum 

analyzer meeting the PN-EN 61260 standard for Class 1 octave 

and 1/3-octave filters [31]. The analyzer allows measurement of 

the A-weighted equivalent sound level LAeq and additional 

parameters of the Fast, Slow, and Impulse type. The dynamic 

range of measurements is within the range of 18-135 dB(A) [31]. 

In the research, a 1/2" measurement microphone characterized 

by a low level of intrinsic noise and high parameter stability in 

the range of 20 Hz-20 kHz [31] was used. During the conduct 

of the research, recording was carried out in the 1/3-octave 

analyzer mode. At a further stage of the research, the data were 

exported for further numerical processing. In the case of meters 

with Class 1 accuracy according to the stated standards, the total 

indication error of the meter (including the microphone-

preamplifier, A/D converter, and digital-filter path) is within the 

range permitted by the standard, typically of the order of ±1 dB 

[31]. This error concerns indications at the control points of the 

frequency and level characteristics. The linearity of the 

measurement path over the entire dynamic range and the 

accuracy of the 1/3-octave filters allow an accurate analysis of 

the distribution of acoustic energy as a function of frequency 

[31]. 

It is assumed in this type of research that the sources of 

measurement uncertainty include: tolerances of the microphone 

frequency response characteristic, error of the A-weighting 

characteristic, nonlinearity of the measurement path at high 

sound levels, the influence of ambient external temperature and 

humidity, and uncertainty associated with the positioning of the 

measurement point relative to the source. An additional 

component of uncertainty is the uncertainty resulting from the 

sampling time and averaging of the signal in determining 

L_Aeq. In order to reduce systematic uncertainty, before each 

measurement series acoustic calibration was carried out using a 

Class 1 calibrator. The external temperature during the 

measurements was approximately 4 °C. Taking into account the 

meter class and the calibration procedure, the total expanded 

uncertainty of the sound level measurement in the research was 

approximately ±1–1.5 dB. This is a value acceptable for 

comparative analyses of spectra and noise levels in the 

investigated helicopter rotor system. 

 

Figure 9. Carrying out measurements of the equivalent sound 

level 𝐿Aeq, the A-weighted level with Slow time weighting 

𝐿𝐴𝑆, and the 1/3-octave acoustic spectrum for the rotor head 

without blades. 

The figures present the test stand and the successive stages 

of carrying out the acoustic measurements of the Wabik 

helicopter rotor. Figures 9 and 10 present the method of 

conducting measurements of the A-weighted equivalent sound 

level LAeq, the A-weighted Slow time-weighted level LAS, and 

the acoustic spectrum in 1/3-octave bands for the rotor head 

without installed blades, respectively in general view and side 

view. Figure 11 presents the installed rotor blades before the 

start of the proper measurements, whereas Figure 12 shows the 

rotor head with the blades set in the neutral position. Figure 13 

presents the carrying out of acoustic measurements for the rotor 

with installed blades over the full operating range of the DLE-

170 piston engine. The presented photographic documentation 

illustrates the configuration of the measurement stand and the 

conditions of conducting the research. 
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Figure 10. Carrying out measurements of the equivalent sound 

level 𝐿Aeq, the A-weighted level with Slow time weighting 

𝐿𝐴𝑆, and the 1/3-octave acoustic spectrum for the rotor head 

without blades – side view. 

 

Figure 11. View of the installed rotor blades of the Wabik 

helicopter before carrying out the measurements. 

 

Figure 12. View of the rotor head of the Wabik helicopter with 

installed blades – neutral state. 

 

Figure 13. Carrying out measurements of the equivalent sound 

level 𝐿𝐴𝑒𝑞 , the A-weighted level with Slow time weighting 

𝐿𝐴𝑆, and the 1/3-octave acoustic spectrum for the installed 

rotor blades over the full operating range of the DLE-170 

piston engine. 

3.3. Computational procedures 

In the investigations and the analysis of noise emissions, the 

following parameters were used: the A-weighted equivalent 

sound level 𝐿𝐴𝑒𝑞   and the instantaneous level with Slow time 

weighting, 𝐿𝐴𝑆 . From the general definitions, the equivalent 

sound level is the level of a constant signal which, during the 

measurement time T, carries the same acoustic energy as the 

actual, time-varying noise signal. This relationship can be 

presented by means of the formula [12]: 

𝐿𝐴𝑒𝑞,𝑇 = 10log⁡10 (
1

𝑇
∫ (

𝑝𝐴(𝑡)

𝑝0
)
2𝑇

0

𝑑𝑡)         (1) 

where: 𝑝𝐴(𝑡)  denotes the instantaneous acoustic pressure 

after A-weighting, 𝑝0  is the reference pressure, a coefficient 

adopted internationally as the threshold of audibility for the 

human ear at a frequency of approximately 1 kHz, and T is the 

measurement time. 

The use of the A-weighting filter during the measurements 

allows the characteristics of human-hearing sensitivity to be 

taken into account. The adoption of this filter is particularly 

significant in the analysis of the detectability of small aircraft. 

The parameter 𝐿𝐴𝑆  concerns primarily the A-weighted level 

with the Slow time constant (Slow ≈ 1 s) [13]. In the conducted 

investigations, 𝐿𝐴𝑒𝑞  was used for the energetic analysis of noise 

emission over the specified measurement time, whereas 𝐿𝐴𝑆 

was used for the assessment of the temporal stability of rotor-

system operation at the moment of measurement. 

Since the sound level expressed in decibels has a logarithmic 

character, the use of an ordinary arithmetic mean for averaging 

measurement results during experimental investigations is not 

permissible. From the definition of the energy level, this can be 

expressed by the formula [32]: 

𝐿 = 10log⁡10 (
𝐼

𝐼0
)   (2) 

This means that the linear quantity (energy, intensity) is 

related to the level in dB by the relationship: 

𝐼

𝐼0
= 10𝐿/10                 (3) 

In order to obtain a correct representative value for three 

repetitions of the measurement under the same external 

conditions, it is necessary to use the linear scale, calculate the 

mean energy, and then use the logarithmic scale. Therefore, for 

three measurements 𝐿1, 𝐿2, 𝐿3 , the energetic mean takes the 

form [32]: 

𝐿𝑎𝑣𝑔 = 10log⁡10 (
10𝐿1/10+10𝐿2/10+10𝐿3/10

3
)            (4) 
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The application of this procedure ensures that the calculated 

result corresponds to the actual mean acoustic energy emitted 

by the rotor system. Assuming this relationship, for 

𝑁repetitions of the measurement, the energetic mean is equal to 

[32]: 

𝐿𝑎𝑣𝑔 = 10log⁡10 (
1

𝑁
∑ 10𝐿𝑖/10

𝑁

𝑖=1
)⁡  (5) 

In the case of the absence of part of the data, e.g. some bands 

were not recorded because they did not occur, particularly in the 

lower frequency range, the calculations were performed for the 

number of available results k. Similar operations were 

performed for the parameter "Sum", which is the overall A-

weighted level (overall) given by the meter. In some 

measurements, the absence of the value at 25 Hz occurs; this 

results from measurement limitations and the manner of 

operation of A-weighting filtration. The applied A-curve 

attenuates low frequencies very strongly, particularly below 

31.5 Hz. 

3.4. Theoretical premise of the experiment 

The fundamental theoretical premise adopted in this study is 

that, for a rotor system with unchanged geometry, a constant 

measurement distance, and comparable atmospheric conditions, 

an increase in rotor-head rotational speed results in  

a simultaneous increase in the blade-passing frequency and 

blade-tip speed. According to aeroacoustic theory, the tonal 

components associated with the blade-passing frequency and its 

harmonics should shift in accordance with the imposed 

rotational speed. It is also assumed that the broadband 

aerodynamic noise generated by the moving blades should 

increase as a result of higher local flow velocity, pressure 

fluctuations, and vortex-shedding phenomena occurring near 

the blade surfaces and blade tips. 

For the three-bladed rotor used in the Wabik helicopter, the 

blade-passing frequency is defined as 𝑓𝐵𝑃𝐹 = 𝑧 × 𝑛/60, where 

z is the number of blades and n is the rotor speed expressed in 

revolutions per minute. Therefore, for n = 1000, 1250, and 1500 

RPM, the theoretical blade-passing frequencies are 50.0 Hz, 

62.5 Hz, and 75.0 Hz, respectively. These values define the 

expected positions of the fundamental tonal components, 

whereas the higher harmonics 𝑚 × 𝑓𝐵𝑃𝐹  should occur at integer 

multiples of the fundamental frequency. This relationship 

provides a direct physical justification for performing the 

analysis in 1/3-octave bands, because this approach enables 

simultaneous observation of the fundamental rotor tones, their 

harmonics, and the broadband contribution over the entire 

measured frequency range. 

Furthermore, increasing the rotational speed also increases 

the angular velocity Ω = 2πn/60 and the blade-tip speed 𝑉𝑡𝑖𝑝 =

𝛺 × 𝑅 , which in turn increases the blade-tip Mach number 

𝑀𝑡𝑖𝑝 = 𝑉𝑡𝑖𝑝/𝑎  and changes the Reynolds number of the flow 

around the blade sections. Consequently, both the amplitude and 

the distribution of acoustic energy in the spectrum should 

depend not only on the frequency location of the tonal lines, but 

also on the aerodynamic loading of the rotor. This premise 

provides the theoretical basis for comparing two test 

configurations: a rotating rotor head without blades, used to 

isolate the mechanical noise of the drive and transmission 

system, and the complete rotor with installed blades, used to 

determine the additional aerodynamic contribution generated by 

the rotating blades. 

Therefore, the experimental stand was designed to verify 

whether the expected increase in blade-passing frequency, 

harmonic content, and broadband aerodynamic noise is 

reflected in the measured values of 𝐿Aeq , 𝐿AS , and the 1/3-

octave spectra for three controlled rotor-head speeds. Thus, the 

experiment constitutes a direct verification of the aeroacoustic 

premise that an increase in rotor angular velocity causes  

a nonlinear increase in total acoustic emission and changes the 

spectral structure of the emitted sound. 

The generalized analytical relationship describing the 

expected acoustic response of the rotor system is presented 

below: 

𝐿𝐴,𝑒𝑞(𝑛) = 10log10 [
1

𝑝0
2 ∫ 𝑊𝐴

∞

0
(𝑓) (∑ 𝐴𝑚

𝑀
𝑚=1 (𝑛, 𝜃)𝛿(𝑓 − 𝑚𝑓𝐵𝑃𝐹(𝑛)) + 𝑆𝑏𝑏(𝑓, 𝑛)) 𝑑𝑓]⁡⁡⁡⁡  (6) 

where: 

𝐴𝑚(𝑛, 𝜃) = 𝛤𝑚𝑀𝑡𝑖𝑝(𝑛)
𝛼𝑚𝑅𝑒(𝑛)𝛽𝑚𝛷𝑚(𝜃)⁡ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(7) 

where: 𝑊𝐴(𝑓)  is the A-weighting function, 𝑝0  is the 

reference acoustic pressure, 𝐴𝑚(𝑛, 𝜃)  is the energetic 

coefficient of the m-th tonal component dependent on rotor 

speed and radiation direction, 𝛤𝑚 is the amplitude coefficient of 

the m-th harmonic, 𝑀𝑡𝑖𝑝 is the blade-tip Mach number, 𝑅𝑒 is the 
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Reynolds number, 𝛼𝑚  and 𝛽𝑚  are empirical exponents 

describing the influence of Mach and Reynolds numbers on the 

tonal component, 𝛷𝑚(𝜃)  is the acoustic directivity function, 

𝛿(⋅)  denotes the Dirac delta function used to represent tonal 

components located at harmonics of the blade-passing 

frequency, 𝑓𝐵𝑃𝐹(𝑛) is the blade-passing frequency as a function 

of rotor speed, and 𝑆𝑏𝑏(𝑓, 𝑛)  is the broadband aerodynamic-

noise spectrum. The relationship should be interpreted as  

a generalized phenomenological representation of the expected 

acoustic response of the rotor system, not as a closed-form 

predictive model. 

Figure 14 presents one comprehensive block diagram 

integrating the theoretical premise, the investigated rotorcraft 

system, the measurement chain, the experimental procedure, the 

data-processing stage, and the assessment of result reliability. 

 

Figure 14. Expanded block diagram of the research procedure and device structure. 
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4. Research result and discussion 

For the configuration in which the DLE-170 reciprocating 

internal combustion engine operated at idle speed of 

approximately 850 RPM, while the rotor head was not rotating 

and the rotor blades were not installed, a stable broadband noise 

spectrum typical of a two-cylinder reciprocating engine without 

the contribution of a rotor-related aerodynamic component was 

recorded (Figs. 15–17). The overall sound level in the three 

repetitions amounted respectively to 77.3 dB, 78.1 dB, and 77.8 

dB for 𝐿𝐴𝑒𝑞 . For the parameter 𝐿𝐴𝑆, values of 77.7 dB, 78.2 dB, 

and 78.2 dB were obtained. The differences between 𝐿𝐴𝑒𝑞  and 

𝐿𝐴𝑆  do not exceed 0.3–0.4 dB, which confirms the steady 

character of the emission and the correct operation of the 

propulsion engine. 

The analysis of the 1/3-octave spectrum presented in Figs. 

15–17 indicates that the energy maximum occurs in the range 

of medium frequencies 800 Hz–2 kHz, where the levels reach 

approximately 66–70 dB. This range corresponds to the 

dominant harmonics of engine operation and to the resonances 

of structural elements. In the low-frequency band (25–63 Hz), 

the levels are distinctly lower and fall within the range of 

approximately 18–44 dB, with the lowest values concerning 25 

Hz, strongly attenuated by the A-filter. In the high-frequency 

range (6.3–16 kHz), a gradual decrease in the level to 

approximately 53–63 dB is observed. Such values show the 

absence of intensive turbulent phenomena. 

Figs. 18-20 present three repetitions of the measurement of 

𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆  for the operating helicopter drive in the 

configuration without rotor blades, at an engine rotational speed 

of approximately 4000 RPM and a head rotational speed of 

approximately 1000 RPM. The overall 𝐿𝐴𝑒𝑞  level amounted 

respectively to 81.3 dB, 81.5 dB, and 82.4 dB, whereas 𝐿𝐴𝑆 

amounted to 80.9 dB, 81.9 dB, and 83.7 dB. The energetic mean 

from the three measurements is 81.76 dB for 𝐿𝐴𝑒𝑞  and 82.32 dB 

for 𝐿𝐴𝑆. The variability of the overall level between repetitions 

falls within the range of 1.1 dB for 𝐿𝐴𝑒𝑞  and 2.8 dB for 𝐿𝐴𝑆 , 

which indicates greater dynamics of instantaneous changes in 

comparison with the idle condition at which the propulsion 

engine operated. The analysis of the 1/3-octave spectrum shows 

an energy maximum in the 6.3 kHz band (approx. 72.0-72.8 

dB), and elevated levels also occur in the 2-2.5 kHz and 5 kHz 

bands (approximately 71 dB), as well as in the 800 Hz–1 kHz 

band (approximately 70.5 dB). In the range 25-63 Hz, the levels 

are significantly lower (approx. 23-44 dB), which clearly 

indicates the absence of dominant low-frequency components. 

Due to the absence of rotor blades, the aerodynamic component 

is not dominant, whereas the increased energy in the range of 

several kHz is associated primarily with the mechanical noise 

of the head drive and power transmission elements at a higher 

engine rotational speed. 

 

Figure 15. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆⁡for the operating 

helicopter drive at engine idle speed of approximately 850 

RPM, with the rotor head not rotating and without rotor blades 

installed (measurement 1, duration 60 seconds, distance 3 m). 

 

Figure 16. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆⁡for the operating 

helicopter drive at engine idle speed of approximately 850 

RPM, with the rotor head not rotating and without rotor blades 

installed (measurement 2, duration 60 seconds, distance 3 m). 

 

Figure 17. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆⁡for the operating 

helicopter drive at engine idle speed of approximately 850 

RPM, with the rotor head not rotating and without rotor blades 

installed (measurement 3, duration 60 seconds, distance 3 m). 
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Figure 18. Measurement of L_Aeq and L_AS for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1000 RPM – engine 

approximately 4000 RPM (measurement 1, duration 60 

seconds, distance 3 m). 

 

Figure 19. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1000 RPM – engine 

approximately 4000 RPM (measurement 2, duration 60 

seconds, distance 3 m). 

 

Figure 20. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1000 RPM – engine 

approximately 4000 RPM (measurement 3, duration 60 

seconds, distance 3 m). 

 

Figure 21. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1250 RPM – engine 

approximately 5000 RPM (measurement 1, duration 60 

seconds, distance 3 m). 

 

Figure 22. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1250 RPM - engine 

approximately 5000 RPM (measurement 2, duration 60 

seconds, distance 3 m). 

 

Figure 23. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1250 RPM – engine 

approximately 5000 RPM (measurement 3, duration 60 

seconds, distance 3 m). 

In Figs. 21-23, three repetitions of the measurement of 𝐿𝐴𝑒𝑞  

and 𝐿𝐴𝑆 are presented for the operating helicopter drive in the 
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configuration without rotor blades, at an engine rotational speed 

of approximately 5000 RPM and a head rotational speed of 

approximately 1250 RPM. The overall 𝐿𝐴𝑒𝑞  level amounted to 

84.9 dB, 85.8 dB, and 85.9 dB, whereas 𝐿𝐴𝑆 amounted to 85.7 

dB, 86.0 dB, and 86.3 dB. The energetic mean from the three 

measurements is 85.56 dB for 𝐿𝐴𝑒𝑞  and 86.01 dB for 𝐿𝐴𝑆, with 

a small difference between 𝐿𝐴𝑒𝑞   and 𝐿𝐴𝑆  (0.45 dB), which 

confirms the steady character of the noise emission and the good 

repeatability of the results. The analysis of the 1/3-octave 

spectrum indicates an energy maximum in the 2.5 kHz band 

(approx. 75.8-77.1 dB), and elevated levels are also maintained 

in the 800 Hz-1.25 kHz bands and in the vicinity of 5 kHz 

(approximately 75-76 dB). In the low-frequency range (25-63 

Hz), the levels remain clearly lower (approx. 28–43 dB), 

whereas in the range 6.3-16 kHz, a significant energy content is 

observed (approx. 63–74 dB). This shows the dominant 

character of the mechanical components of the drive and power 

transmission system in the absence of the aerodynamic 

component (absence of blades). 

 

Figure 24. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1500 RPM – engine 

approximately 6000 RPM (measurement 1, duration 60 

seconds, distance 3 m). 

Figs. 24–26 describe three repetitions of the measurement of 

𝐿𝐴𝑒𝑞   and 𝐿𝐴𝑆  for the operating reciprocating internal 

combustion engine of the helicopter drive in the configuration 

without rotor blades, at an engine speed of approximately 6000 

RPM and a head speed of approximately 1500 RPM – the head 

rotates. The overall 𝐿𝐴𝑒𝑞  level amounted to 88.7 dB, 88.2 dB, 

and 87.9 dB, whereas 𝐿𝐴𝑆 amounted to 89.3 dB, 88.2 dB, and 

88.5 dB. The energetic mean from the three measurements is 

88.28 dB for 𝐿𝐴𝑒𝑞  and 88.69 dB for 𝐿𝐴𝑆, with a difference below 

0.5 dB. This indicates very repeatable and stable measurement 

conditions. This allows the acoustic characteristic to be 

determined precisely and increases the credibility of the results. 

The analysis of the 1/3-octave spectrum describes a maximum 

in the 800 Hz band (79.5 dB) and very high levels in the range 

1–3.15 kHz (approximately 78–79 dB). In the low-frequency 

range, the levels remain significantly lower (26–41 dB), 

whereas in the high band (6.3–16 kHz) a considerable energy 

content is observed (64–78 dB). 

 

Figure 25. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1500 RPM – engine 

approximately 6000 RPM (measurement 2, duration 60 

seconds, distance 3 m). 

 

Figure 26. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive without the rotor installed for the rotor head 

rotational speed range of approximately 1500 RPM – engine 

approximately 6000 RPM (measurement 3, duration 60 

seconds, distance 3 m). 

An increase in the rotational speed of the rotor head from 

1000 RPM to 1500 RPM and from 4000 RPM to 6000 RPM 

(DLE-170 engine) caused an increase in the mean overall 𝐿𝐴𝑒𝑞  

level from 81.76 dB to 88.28 dB, i.e. by approximately +6.5 dB, 

which corresponds to more than a fourfold increase in acoustic 

energy. In comparison with the case of 1250 RPM (85.56 dB), 

the increase amounts to approximately +2.7 dB, which confirms 
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the nonlinear character of the relationship between the noise 

level and the rotational speed of the rotor head and engine. 

Additionally, the spectrum maximum shifts from 6.3 kHz (1000 

RPM) through 2.5 kHz (1250 RPM) to 800 Hz (1500 RPM). 

This indicates a change in the dominant mechanical components 

with increasing rotational speed of the crankshaft. This means 

that at the highest rotational speed of the head, the contribution 

of medium-frequency components increases, which are of the 

greatest significance from the point of view of auditory 

perception. This is a particularly important observation for the 

optimization of the structure and the reduction of its 

detectability under combat conditions. 

 

Figure 27. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1000 RPM – engine 

approximately 4000 RPM (measurement 1, duration 60 

seconds, distance 3 m). 

 

Figure 28. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1000 RPM – engine 

approximately 4000 RPM (measurement 2, duration 60 

seconds, distance 3 m). 

In the subsequent stage of the investigations, the overall 

𝐿𝐴𝑒𝑞   and 𝐿𝐴𝑆  levels and a very detailed analysis of the 1/3-

octave spectrum were presented for the operating engine of the 

Wabik helicopter with the rotor blades installed for rotor head 

speeds of 1000 RPM, 1250 RPM, and 1500 RPM. In Figs. 27–

29, three repetitions of the measurement of 𝐿𝐴𝑒𝑞   and 𝐿𝐴𝑆  are 

presented for the operating helicopter drive with the rotor blades 

installed at an engine speed of approximately 4000 RPM and a 

head speed of approximately 1000 RPM. The overall 𝐿𝐴𝑒𝑞  level 

amounted to 84.0 dB, 87.1 dB, and 87.6 dB, whereas 𝐿𝐴𝑆 

amounted to 87.8 dB, 87.9 dB, and 88.2 dB. The energetic mean 

from the three measurements is 86.50 dB for 𝐿𝐴𝑒𝑞  and 87.97 dB 

for 𝐿𝐴𝑆 . The difference between 𝐿𝐴𝑒𝑞   and 𝐿𝐴𝑆  (1.47 dB) 

indicates greater instantaneous variability of the signal in 

comparison with the configuration without blades, which is 

characteristic of the aerodynamic noise of the rotor. This is 

important practical information. The analysis of the 1/3-octave 

spectrum presents an energy maximum in the 2.5 kHz band 

(78.6 dB) and high levels in the range 1–2 kHz (approximately 

76 dB). In the low-frequency range, the levels remain clearly 

lower (27–49 dB), whereas in the 6.3–16 kHz band a significant 

energy content is observed (63–75 dB). In contrast to the 

configuration without blades, the spectrum shows a distinct 

amplification of the mid-frequency band. This unequivocally 

confirms the dominance of the aerodynamic component 

generated by the rotating rotor of the Wabik helicopter. 

 

Figure 29. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1000 RPM – engine 

approximately 4000 RPM (measurement 3, duration 60 

seconds, distance 3 m). 

Figs. 30–32 describe three repetitions of the measurement of 

𝐿𝐴𝑒𝑞   and 𝐿𝐴𝑆  for the operating helicopter drive with the rotor 

blades installed at an engine speed of approximately 5000 RPM 

and a head speed of approximately 1250 RPM. The overall 𝐿𝐴𝑒𝑞  

level amounted to 91.5 dB, 92.6 dB, and 93.3 dB, whereas 𝐿𝐴𝑆 

amounted to 93.0 dB, 92.8 dB, and 94.1 dB. The energetic mean 
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from the three measurements is 92.53 dB for 𝐿𝐴𝑒𝑞  and 93.34 dB 

for 𝐿𝐴𝑆. The 1/3-octave spectrum shows a maximum in the 1 

kHz band (84.74 dB) and very high levels in the 2.5 kHz (84.70 

dB) and 3.15 kHz (83.46 dB) bands. The obtained levels 

(approx. 93 dB) mean that during the tests in this configuration 

it is necessary to use hearing protectors and maintain an 

appropriate safety zone around the test stand. Since the 

spectrum maximum falls in the vicinity of 1–3 kHz, i.e. the band 

of the greatest sensitivity of human hearing, the noise is very 

burdensome subjectively and potentially easy to detect under 

field conditions. This is very important practical information for 

determining the optimum operating parameters of the aircraft 

under combat conditions. 

 

Figure 30. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1250 RPM – engine 

approximately 5000 RPM (measurement 1, duration 60 

seconds, distance 3 m). 

 

Figure 31. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1250 RPM – engine 

approximately 5000 RPM (measurement 2, duration 60 

seconds, distance 3 m). 

 

Figure 32. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1250 RPM – engine 

approximately 5000 RPM (measurement 3, duration 60 

seconds, distance 3 m). 

 

Figure 33. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1500 RPM – engine 

approximately 6000 RPM (measurement 1, duration 60 

seconds, distance 3 m). 

In Figs. 33–35, three repetitions of the measurement of 

𝐿𝐴𝑒𝑞and 𝐿𝐴𝑆are presented for the operating helicopter drive with 

the rotor blades installed at an engine speed of approximately 

6000 RPM and a head speed of approximately 1500 RPM. The 

overall 𝐿𝐴𝑒𝑞level amounted to 98.1 dB, 98.2 dB, and 99.0 dB, 

whereas 𝐿𝐴𝑆amounted to 99.8 dB, 97.4 dB, and 99.0 dB. The 

energetic mean amounts to 98.45 dB for 𝐿𝐴𝑒𝑞and 98.84 dB for 

𝐿𝐴𝑆. The 1/3-octave spectrum shows a maximum in the 800 Hz 

band (90.77 dB) and very high levels in the range 1–3 kHz (87–

89 dB). A level of approximately 99 dB means the absolute 

necessity of using hearing protectors and maintaining an 

appropriate distance from the test stand. Due to the 

concentration of energy in the 800 Hz–3 kHz band, the noise is 

particularly troublesome and propagates well in open terrain, 

which increases the acoustic detectability of the system. This is 
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valuable practical information concerning the selection of rotor 

blade geometry and the optimum rotational speed of the engine 

and rotor head for the Wabik aircraft and similar dual-use 

helicopter designs. 

 

Figure 34. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1500 RPM – engine 

approximately 6000 RPM (measurement 2, duration 60 

seconds, distance 3 m). 

 

Figure 35. Measurement of 𝐿𝐴𝑒𝑞  and 𝐿𝐴𝑆 for the operating 

helicopter drive with the rotor installed for the rotor rotational 

speed range (engaged) of approximately 1500 RPM – engine 

approximately 6000 RPM (measurement 3, duration 60 

seconds, distance 3 m). 

At 1000 RPM of the rotor head, the mean 𝐿𝐴𝑒𝑞   level was 

86.50 dB; at 1250 RPM it increased to 92.53 dB, whereas at 

1500 RPM it reached 98.45 dB, which shows a nonlinear, 

dynamic increase in acoustic energy together with the rotational 

speed of the engine and rotor head with blades. Increasing the 

rotational speed of the rotor head from 1000 to 1500 RPM 

means an increase of approximately +12 dB, i.e. more than  

a fifteenfold increase in acoustic energy. Together with the 

increase in speed, the spectrum maximum shifts from the 2.5 

kHz band (1000 RPM) and 1 kHz (1250 RPM) toward 800 Hz 

(1500 RPM), which shows the increasing contribution of 

aerodynamic components associated with the tip speed of the 

helicopter rotor blades. At the same time, the level increases in 

the entire mid-frequency band (0.8–3 kHz), i.e. in the range of 

the greatest sensitivity of human hearing, which significantly 

increases the nuisance and acoustic detectability of the design. 

This information unequivocally indicates the necessity of 

appropriate selection of the rotational speed of the rotor head 

and the engine to its gear ratio in such a way as to achieve 

favourable parameters of engine power and torque distribution 

while simultaneously obtaining the required thrust force. 

 

Figure 36. Energetic mean noise spectrum in 1/3-octave bands 

– comparison of the parameters 𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 and 𝐿𝐴𝑆,𝑎𝑣𝑔 (without 

the rotor installed), 𝑊𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 and 𝑊𝐿𝐴𝑆,𝑎𝑣𝑔 (with the rotor 

engaged) for approximately 1000 RPM of the rotor head. 

The analysis of the 1/3-octave spectra in Fig. 36 indicates 

that rotor installation causes a distinct increase in the noise level 

in most frequency bands, particularly in the range of medium 

and higher frequencies, which affect to the greatest degree the 

audibility and detectability of the helicopter during flight. In the 

low-frequency range (25–63 Hz), the differences are moderate. 

For example, at 25 Hz the 𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 level increases from 23 dB 

(without the rotor) to 27.3 dB (with the rotor), i.e. by 

approximately 4.3 dB. At 63 Hz, the increase amounts to 

approximately 4.7 dB (from 43.9 dB to 48.6 dB). This means 

that the rotor also introduces additional energy in the low-tone 

range, but this is not the dominant range for this propulsion 

system. 

The most significant differences are observed in the 

medium-frequency band (500 Hz–2.5 kHz). For 800 Hz, the 

𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 level increases from 70.5 dB to 74.7 dB (+4.2 dB). For 

1 kHz, the increase amounts to approximately +5.7 dB (from 

70.5 dB to 76.2 dB). For 2 kHz, the difference amounts to 

approximately +5.7 dB (from 70.9 dB to 76.6 dB). In the 2.5 

kHz band, the increase reaches approximately +7.6 dB (from 

71.0 dB to 78.6 dB). These are differences significant in 

energetic terms – an increase of 6 dB means approximately a 
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fourfold increase in acoustic power. This indicates that the rotor 

generates a strong medium-frequency component, which 

overlaps with the range of the greatest sensitivity of human 

hearing. 

In the high-frequency range (6.3–16 kHz), an increase in 

level is also observed, although smaller than in the medium 

band. At 8 kHz, the level increases from 69.9 dB to 72.7 dB 

(+2.8 dB), and at 16 kHz from 59.6 dB to 62.9 dB (+3.3 dB). 

The overall sound level (“Total”) increases from 81.8 dB 

(without the rotor) to 86.5 dB (with the rotor) for 𝐿𝐴𝑒𝑞,𝑎𝑣𝑔, i.e. 

by 4.7 dB. In the case of 𝐿𝐴𝑆,𝑎𝑣𝑔, the increase is from 82.3 dB to 

88.0 dB, i.e. approximately 5.7 dB. Such an increment means 

more than a threefold increase in the acoustic energy of the 

whole system after rotor installation. The differences between 

𝐿𝐴𝑒𝑞,𝑎𝑣𝑔  and 𝐿𝐴𝑆,𝑎𝑣𝑔  in both configurations are small (usually 

below 1 dB). This testifies to the stable character of operation 

of both the head itself and the system with the rotor – there are 

no strong impulses or very violent fluctuations. The values of 

these parameters are particularly important for establishing the 

controlled flight of the helicopter under combat conditions 

while maintaining low values of noise emission and sufficient 

power to transport a warhead or an observation head. 

 

Figure 37. Energetic mean noise spectrum in 1/3-octave bands 

– comparison of the parameters 𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 and 𝐿𝐴𝑆,𝑎𝑣𝑔 (without 

the rotor installed), 𝑊𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 and 𝑊𝐿𝐴𝑆,𝑎𝑣𝑔 (with the rotor 

engaged) for approximately 1250 RPM of the rotor head. 

The analysis of the 1/3-octave spectra (Figs. 36–38) 

confirms that an increase in rotor rotational speed results in a 

systematic increase in the noise level over the entire frequency 

band. The overall L_(Aeq,avg)level amounts to approximately 

86.5 dB for 1000 RPM, 92.5 dB for 1250 RPM, and 98.5 dB for 

1500 RPM, which means an increment of approximately 12 dB 

between 1000 and 1500 RPM, and thus more than a tenfold 

increase in acoustic energy. The greatest changes are observed 

in the medium band (800 Hz–2.5 kHz). In the 1 kHz band, the 

level increases from approximately 70–76 dB (1000 RPM) to 

84–85 dB (1250 RPM) and 86–90 dB (1500 RPM), whereas in 

the 2 kHz band from approximately 71–76 dB to 87–88 dB at 

1500 RPM. In the high-frequency range (6.3–16 kHz), the 

increase amounts to approximately 10–15 dB, which confirms 

the broadband character of the emission. 

 

Figure 38. Energetic mean noise spectrum in 1/3-octave bands 

– comparison of the parameters 𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 and 𝐿𝐴𝑆,𝑎𝑣𝑔 (without 

the rotor installed), 𝑊𝐿𝐴𝑒𝑞,𝑎𝑣𝑔 and 𝑊𝐿𝐴𝑆,𝑎𝑣𝑔 (with the rotor 

engaged) for 1500 RPM of the rotor head. 

The comparison of the configurations with and without the 

rotor shows that the aerodynamic influence of noise increases 

together with the rotational speed of the rotor head of the Wabik 

helicopter. At 1000 RPM, the increase in the overall level 

amounts to approximately +4.7 dB, at 1250 RPM approximately 

+6.9 dB, whereas at 1500 RPM approximately +10.2 dB. This 

means that at the highest analysed speed, the rotor becomes the 

dominant source of noise. The differences between 𝐿𝐴𝑒𝑞,𝑎𝑣𝑔and 

𝐿𝐴𝑆,𝑎𝑣𝑔remain small (usually <1 dB), which indicates the steady, 

non-impulsive character of the emission. 

 

Figure 39. Comparison of overall energetic mean noise levels 

for different rotor speeds in the Wabik helicopter drive system 

without rotor blades and with rotor blades installed. 

Figure 39 presents comparative values of the overall 

energetic mean noise levels for different rotor-head rotational 

speeds: 1000, 1250, and 1500 RPM. The comparison includes 

both configurations of the Wabik helicopter drive system, i.e. 
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without installed rotor blades and with the rotor blades installed. 

The obtained results show that an increase in rotor speed causes 

a clear increase in the overall noise level, especially in the 

configuration with the rotor installed. The highest values were 

recorded at 1500 RPM, which confirms the significant influence 

of rotor blade operation on the total acoustic emission of the 

tested system. 

4.1. Practical implementation 

The obtained experimental research results have direct practical 

significance for selecting the operating range of the rotor 

propulsion system of the Wabik aircraft. If the mission 

specification allows it, the propulsion system should operate at 

the lowest possible rotor rotational speed. This makes it possible 

to provide the required thrust force and control margin. At  

a speed of 1000 RPM, the LAeq level with the rotor installed 

was 86.50 dB, whereas at 1500 RPM it increased to 98.45 dB. 

This increase of approximately 12 dB corresponds to an almost 

sixteenfold increase in acoustic energy, and thus directly affects 

acoustic detectability and operator safety during ground tests. 

The most critical frequency range covers 800 Hz–2.5 kHz, 

where the greatest increases after rotor installation were 

observed and where human hearing is particularly sensitive. 

Practical reduction measures should therefore focus on the 

geometry of the blade tips, the selection of the airfoil, rotor 

balancing, vibration isolation of the power transmission system, 

and the selection of the engine-to-rotor gear ratio. Limiting the 

spectral components in this range is also important for reducing 

the possibility of passive acoustic detection under operational 

conditions. 

The presented experiment was carried out on a static test 

stand, without additional payload and without aerodynamic 

loading resulting from flight. In real flight, the noise level may 

change because the aircraft payload requires changes in 

collective pitch, rotor thrust, induced inflow, and engine torque. 

A higher payload is expected to increase the aerodynamic 

component of noise and may change the relative contribution of 

tonal and broadband components. This is almost certain in the 

range of 800 Hz–2.5 kHz. Therefore, the bench-test results 

should be treated as a reliable comparative baseline, whereas 

further flight tests with different payloads are recommended for 

final operational verification. The results also indicate that 

spectral analysis should be used together with the assessment of 

the overall sound level, because the same total level may 

correspond to different detectability depending on the dominant 

frequency bands. 

The results can also be used during further development of 

small dual-use rotorcraft and UAV propulsion systems. The 

comparison of the two configurations shows that the 

aerodynamic contribution of the blades increases with rotational 

speed: the installation of the rotor increased LAeq by about 4.7 

dB at 1000 RPM, 6.9 dB at 1250 RPM, and 10.2 dB at 1500 

RPM compared with the configuration without blades. This 

confirms that the highest tested speed should be avoided when 

low acoustic detectability is required, unless mission 

performance or payload requirements make this operating range 

necessary. 

5. Conclusion 

The conducted experimental study confirmed that rotor-head 

rotational speed has a strong and nonlinear influence on the 

acoustic emission of the prototype Wabik helicopter rotor 

system. In the configuration without rotor blades, the energetic 

mean LAeq increased from 81.76 dB at 1000 RPM to 85.56 dB 

at 1250 RPM and 88.28 dB at 1500 RPM. After installing the 

rotor blades, the corresponding LAeq values increased to 86.50 

dB, 92.53 dB, and 98.45 dB, respectively. Thus, the increase in 

rotor-head speed from 1000 to 1500 RPM caused a total rise of 

approximately 12 dB in the complete rotor configuration, which 

means an almost sixteenfold increase in acoustic energy. 

The comparison of the two tested configurations made it 

possible to separate the mechanical contribution of the hub and 

drive system from the aerodynamic contribution generated by 

the blades. At 1000 RPM, rotor installation increased the overall 

LAeq level by approximately 4.7 dB. At 1250 RPM, this 

difference increased to approximately 6.9 dB, whereas at 1500 

RPM it reached approximately 10.2 dB. This shows that, at the 

highest analysed rotational speed, the rotor blades become the 

dominant source of additional noise emission under the tested 

piston-engine operating conditions. 

The 1/3-octave analysis showed that the most important 

changes occurred in the medium-frequency range. The 

dominant spectral bands shifted with increasing rotational speed 

from approximately 2.5 kHz through 1 kHz to 800 Hz, while the 
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800 Hz-2.5 kHz range became the most significant for 

detectability and operator exposure. In this range, selected 

band-level increases reached several decibels after rotor 

installation, and the total broadband character of the spectrum 

confirmed that the acoustic impact cannot be reduced only by 

targeting a single tonal component. 

The obtained results provide a quantitative basis for further 

optimization of the Wabik rotor system. The most effective 

reduction measures should combine rotor-speed management, 

blade-tip and airfoil optimization, accurate balancing, and 

vibration isolation of the drive-transmission system. The results 

also indicate that operation close to 1000 RPM is acoustically 

more favourable than operation at 1500 RPM, provided that the 

required thrust, payload, and safety margins are maintained. 

Future work should include measurements under real flight 

conditions, with different payloads and collective-pitch settings, 

in order to verify how aerodynamic loading changes the noise 

spectrum and overall emission level. 
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