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ABSTRACT

At present, two-stroke reciprocating internal combustion engines with a small total cylinder displacement are used
to power ultralight aircraft. Their principal drawback is loud operation, particularly for operating and maximum
values of the crankshaft rotational speed (RPM). The primary load on the powerplant is the propeller directly
coupled to the engine crankshaft. This propeller — to a large extent — determines the characteristics of the sound
level (acoustic signature) generated by the entire aircraft propulsion system. Additionally, the propeller blade air-
foil itself generates additional aeroacoustic noise. Currently, engine designers pay a lot of attention to the sound
level especially for civil aircraft, working near residential facilities or recreational areas. Tests were performed on
a dedicated stand at a fixed distance. A simultaneous, dual-station setup was used—microphones in the propel-
ler disk plane (L) and in the wake (T) - with thrust recording and five repeats per setpoint (A-weighted, FAST;
energy-averaged means) for three 3-bladed CFRP propellers (Biela 32 x 12, Biela 32 x 14, Falcon 32 x 13) at
3000/4000/5000 RPM. Results show a monotonic rise in SPL with RPM and clear downstream directivity. At 5000
RPM, mean L(MAX) lies in 102.5-104.2 dB, while T(IMAX) lies in 102.9-109.3 dB; mean thrust increases from
~111-147 N (3000 RPM) to ~323-405 N (5000 RPM). Biela 32 x 14 offers the most favorable thrust-to-noise
trade-off (=4.6 dB per 100 N). Practically, operating at <4000 RPM keeps mean maxima near ~102 dB at both
positions for noise-sensitive missions. The innovativeness of the study consists in the simultaneous, dual-station
noise measurement (in the propeller disk plane and in the downstream/wake direction) coupled with thrust record-
ing and a full uncertainty budget, carried out on a dedicated test stand enabling stabilization of the shaft rotational
speed and comparison of three propeller geometries.

Keywords: propeller noise, two-stroke piston aero engines, ultralight aircraft, propeller pitch and geometry,
thrust—noise relationship.

INTRODUCTION

Contemporary research on aircraft noise emis-
sions focuses on large powerplants, in particular
on turboprop propulsion [1]. Recent NASA-led
studies established baseline acoustic behaviors
of small UAS, including component-level tonal/
BPF content and strong configuration depen-
dence, motivating standardized comparisons

across propeller geometries [21, 22]. At present,
aircraft propulsion is developing particularly rap-
idly in the use of advanced materials as well as
internal combustion engines. In [13], the authors
proposed employing a mechanism for forecast-
ing the evolution of aeronautical structures within
the multi-criteria design of the aircraft airframe
geometry or the powerplant [13]. They proposed
developing a system for analyzing the evolution
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of parameters that are of primary importance to
structural design. In this case, the main criterion
becomes the requirement of the planned mission
for the selected aircraft [13]. The more important
parameters that should be taken into account in
the design of new aircraft were presented in [14,
15]. In particular, the parameters of the propulsion
system and the airframe during the takeoff and
landing phases are important [15]. In [16], aero-
dynamic studies of aircraft were presented using
the categories Very Light Aeroplane (VLA) and
Very Light Jet (VLJ) as examples. In [16], the
influence of the propulsion system on the aero-
dynamic characteristics of small aircraft was ana-
lyzed, primarily. Some simulation studies of small
airplanes, as well as a presentation of the OSA air-
craft fuselage, were presented in [17]. Meanwhile,
[18] presented modern methods for designing and
developing small aircraft in great detail. Against
this background, recent SUAS acoustic surveys
emphasize configuration-dependent tonal content
and the need for harmonized test conditions when
comparing propeller geometries [21, 23].

The research on aircraft noise emissions is
particularly important in built-up areas within
the aerodrome/airport environs. Human-response
studies show that small-UAS noise tends to be
perceived as particularly annoying due to promi-
nent tones and temporal variability; psychoacous-
tic tests quantify these effects and inform suitable
assessment metrics [22, 27].

In Poland, there are numerous legal acts con-
cerning the measurement of noise emitted by
aircraft. Likewise, the European Union has its
own guidelines and regulations. The ICAO docu-
ment in the area of noise emissions is Annex 16
— Environmental Protection, Volume | — Aircraft
Noise. In framing quantities and instrumentation
classes, the authors refer to ISO 1996-1 for en-
vironmental-noise descriptors and IEC 61672-1
for sound level meter performance classes (Class
1/2) [26, 28]. This volume introduces guidelines
on permissible noise levels for various aircraft,
noise-abatement procedures aimed at changing
(reducing) the emitted noise level, and certifica-
tion guidance [10]. Meanwhile, the European
Union Aviation Safety Agency (EASA) has intro-
duced Regulation (EC) No 216/2008 and Com-
mission Regulation (EU) No 748/2012. The latter
sets out the Type-Certificate Data Sheet for Noise
(TCDSN), which contains measurement results
for various types of engines, propellers, and muf-
flers/silencers, as well as weights, for different
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aircraft. These data are provided in detail in the
EASA database. On the basis of ICAO Annex 16,
Volume 1, aircraft exempt from holding a noise
certificate include aerobatic aeroplanes, motor
gliders, and many others. In Poland, the Regu-
lation of the Minister of the Environment of 16
June 2011 obliges airports to carry out acoustic
measurements. These are general guidelines con-
cerning aircraft and aerodromes.

In [11] it was noted that modifications to air-
craft structures and new technologies in aviation
lead to a reduction in generated noise levels. The
results of studies on the noise emitted by turbo-
prop- and turbofan-powered aircraft are presented
in [2]. That work found that turbofan-powered
aircraft emit the noise exceeding the applicable
standards. In [2], measurements were conducted
at the runway of Poznan-Lawica Airport. It was
shown that the highest noise level and the great-
est risk of exceeding permissible limits occur at
the moment of take-off. Similar studies were con-
ducted in [3], where the negative effects of ex-
cessive aircraft noise were indicated. The impact
of noise emitted by small aircraft on people was
analyzed in [9]. These studies concerned large
aircraft powerplants. Nevertheless, there are few
scientific studies concerning small aircraft, in par-
ticular two-stroke piston internal combustion en-
gines. The research on the possibility of reducing
the noise level in small aircraft was analyzed in
[4]. In these studies, it was found that, in order to
reduce the maximum noise level, it is necessary to
lower propeller blade tip speed. Two-stroke piston
internal combustion engines intended for the pro-
pulsion of small aircraft are used in recreational/
sport aviation and in small aircraft intended for
aerobatic flight. These engines have been only
sparsely investigated with respect to the gener-
ated sound level, especially under various engine
operating conditions and with different propeller
geometries. Such investigations are also valuable
from a diagnostic standpoint in order to determine
engine operating characteristics under varying
load. Under aircraft flight conditions, such studies
should be carried out in accordance with the ap-
plicable regulations in the given territory.

At present, propeller propulsion in large air-
craft has been partially displaced by large turbo-
prop and turbofan engines. Thrust is to a large ex-
tent dependent on the propeller blade airfoil/pro-
file, which in turn leads to varying values of the
noise level emitted by the powerplant. Research
on propeller aerodynamics was conducted in [5].
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That work considered the influence of propeller
profiles on the thrust produced by the powerplant.
The operational parameters of a reciprocating in-
ternal-combustion engine were also investigated
in [19], where the primary focus was the influence
of lubricating oils on engine performance. Engine-
borne contributions are also configuration-depen-
dent; intake-system flow stability under throttling
highlights how induction hardware and operating
point can alter the propulsion acoustic signature
[34]. The impact of the propeller blade profile on
emitted noise and its effect on the surroundings
was studied in [6]. It was stated that the harmonic
components depend on the number of blades and
the rotor speed. Similar studies were analyzed in
[7, 8]. Foundational airfoil self-noise research ex-
plains the broadband mechanisms (e.g., turbulent
boundary-layer-trailing-edge noise) that, together
with BPF tones, shape small-propeller signatures
[29]. CFD-based rotor parameterization across
flight conditions underscores the sensitivity of
tonal and broadband content to inflow angle, ad-
vance ratio, and operating point, reinforcing the
need for harmonized comparisons when evaluat-
ing propeller geometries [33].

Wind-tunnel acoustic data can also be lever-
aged to simulate SUAS flyover noise for human-
response studies, supporting consistent cross-
scenario comparisons [30]. Complementary
gust-modeling studies using state-of-the-art CFD
for small UAVs quantify the impact of unsteady
inflow on blade loading and tonal BPF content,
helping translate static-stand observations to
flight conditions [31]. Parametric analyses indi-
cate that even modest variations in gust angle and
velocity can shift surface-pressure features (e.g.,
stagnation position), altering the unsteady load-
ing that feeds propeller noise mechanisms [32].
These investigations were conducted experimen-
tally using sound level meters. The test meth-
odology varied, in particular, different stand-off
distances from the test article were adopted. In
this case, the tests concerned electrically powered
drones (UAS/UAV). There is a lack of broader
research on sound level measurements for two-
stroke piston internal-combustion engines. Field-
measurement frameworks for multirotor UAS
now enable comparable LAmax/LAE metrics,
directivity maps, and source-hemisphere recon-
structions in outdoor operations [24]. Compara-
tive on-site studies further link measured noise to
perceived annoyance across platforms and ma-
neuvers, underscoring operational relevance [25].

Therefore, there is a reasonable need to examine
the noise level (sound pressure level — SPL) for
a two-stroke piston internal combustion engine
depending to the type of propeller and the engine
crankshaft speed. Such research is carried out in
a specially built research stand using various pro-
peller profiles. The novelty is to conduct research
for various engine parameters and propellers in a
specially prepared position. In addition, the ap-
propriate way of placing the sensor of the emitted
noise level was adopted. The conclusions of these
studies are a source of information on the selec-
tion of propellers for the parameters of the piston
internal combustion engine. This is especially im-
portant when using this type of drive for ultra-
light aircraft performing operations near people
inhabited by people. In addition, the emitted
noise can also be additional information on the
course of the operation of the power unit. Studies
of the level of emitted noise for small engines,
especially using dedicated research stations, are
sporadically conducted mainly by engine manu-
facturers to a very limited extent.

In recent years, the number of light manned
and unmanned aircraft conducting recreational,
sport, and specialized missions (infrastructure
monitoring, photogrammetry, medical trans-
port) has increased significantly. The growing
density of flight operations below 300 m AGL
results in local communities increasingly filing
complaints about excessive noise, especially in
suburban areas and environmentally protected
areas. Above ground level (AGL) is the altitude
measured above the terrain directly beneath the
aircraft. This trend has also been presented in de-
tail in the EU U-space framework (Regulations
(EU) 2021/664, 2021/665, and 2021/666). These
regulations present environmental requirements
for unmanned aircraft systems (UAS). This opens
new research perspectives related to acoustic
(noise) certification of aircraft with a maximum
take-off mass (MTOM) below 25 kg. At present,
for this type of aircraft there is no clear, unified
system for assessing the generated noise.

The propeller on an aircraft generates thrust
and constitutes the primary source of noise. Both
of these parameters result from the forced circu-
lation of air around the rotating propeller blades.
Any modification of geometry or change in ro-
tational speed (RPM) that increases the pressure
differential between the pressure side and the suc-
tion side increases thrust. At the same time, this
affects the two main components of the acoustic
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spectrum: loading noise, which depends primar-
ily on the pressure distribution over the blade sur-
face; and tip noise as well as wake/vortex noise
behind the propeller disk, which depend on the
local Mach number at the blade tip. This noise
scales with the third power of rotational speed
and diameter [29].

In two- and three-bladed propellers, power
absorption is distributed differently. This affects
the formation of different acoustic characteristics
(signature). Two-blade propellers carry higher
unit blade loading. Three-blade propellers re-
duce the load on each individual blade. For the
same shaft power, it is therefore possible to ob-
tain similar or greater thrust at a lower maximum
generated noise level. The investigations in this
work focused mainly on the three-bladed pro-
pellers made of carbon-fiber composite (CFRP).
Propeller diameter directly affects the propeller
disk area and blade tip speed. A larger diameter
enables the same thrust to be produced with a
smaller change in jet/wake velocity, which re-
duces blade-tip noise. Longer propeller blades
generate low-frequency pressure waves of higher
amplitude. In this case, it should be recognized
that propeller geometry alone has a very strong
influence on the generated thrust and on the maxi-
mum noise level. It also causes variation in the
noise frequency content. Such noise can be bur-
densome for aircraft operators.

The geometric pitch of the propeller strongly
affects the effective angle of attack. A larger pitch
reduces the required engine shaft RPM, which al-
lows the fundamental tone (blade-passage frequen-
cy — BPF) responsible for annoying noise to be
lowered. Unfortunately, with excessively high pitch
values this can lead to an increase in broadband tur-
bulent noise (BBN). These relationships are strong-
ly nonlinear. Fully illustrating this state requires ex-
periments covering a wide range of propeller pitch
configurations. Model studies are not very accurate
due to the numerous variables that significantly in-
fluence the final result. Therefore, in such research,
experimental testing is recommended.

On a two-stroke piston engine installed on the
OSA 3 aircraft, three propeller pitch settings were
tested for three-bladed carbon-fiber (CFRP) pro-
pellers. In this way, thrust and noise level charac-
teristics were obtained for ultralight aircraft. The
novelty of this work is the combined measure-
ment of thrust and sound level on a purpose-built
test stand/rig. This stand was custom-built spe-
cifically for these studies. In particular, the engine
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installation on the fuselage and the test method it-
self make it possible to obtain reliable results.

The literature does not sufficiently describe
the comprehensive influence of blade geometry
(pitch, airfoil/profile) and crankshaft rotational
speed on sound level across the operational en-
velope at typical crankshaft speeds. Few studies
have been published on two-stroke aero engines.
Recent work [20] has investigated the influence
of propeller blade profile, angle of attack, and
the number of blades on the performance param-
eters of a two-stroke aero engine, confirming
that propeller geometry directly affects thrust,
shaft rotational speed, and engine thermal load.
The study highlighted that there is no universal
propeller ensuring both maximum thrust and
low thermal stress, and emphasized the impor-
tance of experimental bench tests to identify the
optimal propeller configuration. The research
conducted in this article partially bridges this
gap by combining the prescribed test conditions
with the ability for precise adjustment of engine
parameters and interchangeable propeller sets.
Highly precise control and actuation instrumen-
tation ensures high control accuracy. The analy-
sis presented couples two parameters, i.e. the
required thrust and noise constraints, within a
single test campaign. This enables the selection
of a propulsion system for ultralight aircraft op-
erating near populated areas. This is particularly
important in the case of combat drones (UAS)
intended for military use.

RESEARCH METHODOLOGY

Construction and more important elements
of the research position

The test stand for propeller and sound level
measurements was built on the basis of the OSA
3 aircraft. A special load-bearing frame was at-
tached to the aircraft fuselage, onto which the
tested piston internal-combustion engine was
mounted (Figure 1). A two-stroke engine 3W-
275Xi B2R TS CS was installed on the aircraft.
The OSA 3 fuselage was mounted on tricycle
landing gear. The research stand was designed
to enable precise testing of two-stroke piston
aero engines. Flight tests under actual flight
conditions are also planned. The engine and
powerplant arrangement allows the installation
of various two- and three-bladed propellers of
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different diameters. The OSA 3 test rig design
enables measurement of numerous engine op-
erating parameters and the integrated propeller.
In this work, extensive development was carried
out on remotely operated measurement systems.
The bench tests include recording thrust, cylin-
der-head temperatures (CHT), vibration signals,
and acoustic emission level (SPL). An important
element of the OSA 3 stand is an advanced mea-
surement chain built with Futaba FASSTest and
T-FHSS Air devices, which provides monitoring
of all operating parameters of the reciprocating
internal-combustion engine. A CL14 load cell
was used to measure thrust, capable of measur-
ing tensile and compressive forces. Measure-
ment is possible over a 0-5 kHz frequency range
with accuracy < 0.5% [12]. In the experiment,
these measurements were used to generate thrust
characteristics as a function of shaft rotational
speed and propeller geometry, which enabled
comparison of noise levels between propeller
profiles at identical shaft RPM and analysis of
the thrust—noise relationship.

It is worth noting that each propeller type,
operating with the same engine, allows a dif-
ferent value of maximum thrust and maximum
crankshaft RPM to be achieved. The CL14 load
cell works with the single-channel CL450 data
logger, the temperature coefficient of which is <
0.05%/10 K [12]. A test stand built in this way
makes it possible to obtain the appropriate mea-
surements necessary for validation of numerical
models of propeller noise and for the selection/
tuning of operating parameters of two-stroke pis-
ton engines used in light and UAS.

In Figure 1, the placement of the force sensor
(load cell) can be seen, suspended on dedicated
straps/slings and anchored to the ground using
special fittings/connectors. Such positioning of the
measuring element allows the thrust force gener-
ated by the propulsion system (powerplant) to be
determined directly. In this case, there is no need
to apply correction factors, as is required with the
test stands employing a load-bearing frame [12].
The only requirement is the proper parallel align-
ment of the sensor straps with the engine axis of
the unit installed on the aircraft (Figure 2).

In the tests, an auxiliary cooling system was
implemented using a QX-MOTOR 64 mm EDF
(Electric Ducted Fan) with a QF2822(2222)-3500
KV motor, powered by a 4S LiPo battery (14.8 V).
Fan control and speed regulation are performed
remotely via in-house (proprietary) software. The
principal parameter subject to adjustment is the
rotational speed of the fans (RPM). The fans are
shown in Figures 3 and 4.

No deflectors or screens were used. The study
targeted the natural propeller slipstream to preserve
repeatable, comparable conditions representative
of operational use. The influence of nearby walls
was assessed as minor for the adopted geometry;
differences in SPL remained within the combined
uncertainty band. For safety, thrust anchoring was
installed at the rear of the laboratory. A follow-on
campaign on an airfield apron with mobile anchor-
ing and optional wind screens is planned to quan-
tify any residual enclosure effects.

Abatronic AB-8852 (gray) is a Class 2 sound
level meter compliant with international standard
IEC 61672-1. The instrument is equipped with a

P

Figure 1. View of the OSA 3 aircraft with the 3W-275Xi B2R TS CS engine and tailplane
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Figure 2. View of the load cell installation and the layout of test subsystems during thrust testing
and noise-level measurement

Figure 4. View of the fuel supply system
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four-digit, backlit LCD with 0.1 dB resolution,
updated twice per second, and its measurement
range is 30 to 130 dB with high accuracy of +1.4
dB. Three manually selectable sub-ranges—Ilow
(30-80 dB), medium (50-100 dB), and high (65—
130 dB) are complemented by an AUTO mode
covering the full 30-130 dB span.

The meter supports two time weightings: FAST
(time constant 125 ms) and SLOW (1 s), as well
as two frequency weightings, A and C. A 14" elec-
trostatic microphone records sounds over the 31.5
Hz to 8 kHz band with a 50 dB dynamic range.
Calibration is facilitated by a dedicated port, and
the AC/DC analog output (AC =1 V rms, DC =
10 mV/dB) plus a 3.5 mm headphone jack enable
further signal processing. AB-8852 operates under
conditions of 0 to 40 °C and 10 to 90% RH. In the
tests, to measure the temperature in the vicinity of
the cylinder heads, in contact with the base mate-
rial, a Type K thermocouple FTARB04-K-M5P2
was used, designed for mounting with an M5
screw. The sensors have a measurement accuracy
of £0.75%-t for Types K and J. The sensors have
good insulation resistance of 5 MQ at 20 °C and
relative humidity below 80% [12]. A MAX6675
converter was used with the thermocouple; it per-
forms digital conversion of the temperature sig-
nal over 0-1024 °C with 0.25 °C resolution. The
MAX6675 provides a 12-bit SPI digital output,
and its measurement error is at most 8 LSB over
0-700 °C. The converter is characterized by cur-
rent consumption of 0.7-1.5 mA, high noise im-
munity, and built-in open-circuit detection. The
conversion time is approximately 220 ms [12].

The Abatronic AB-8852 sound level meter
was used in two measurement positions. Posi-
tion L (propeller disk plane): the microphone was
placed 3 m from the propeller axis, in the plane
of the propeller disk, at the height of the propel-
ler hub. Position T (aft of the aircraft): the same
meter was set 1 m behind the tail (i.e. 2.6 m aft of
the propeller) and 1 m to the left of the propeller
axis, at the same height as in position L. For each
test variant and propeller type, the measurements
in positions L and T were carried out sequentially
(not simultaneously) under identical geometric
alignment and ambient conditions at crankshaft
speeds of 3000, 4000, and 5000 RPM. For refer-
ence, the thrust characteristics are presented for
+100 RPM around each setpoint. Thus Type-B
uncertainty is the same in L and T. All sound pres-
sure level (SPL) measurements were performed
five times at the same crankshaft rotational speeds,

with a start-of-measurement temperature of ap-
proximately 50 °C, relative humidity of 40%, and
ambient temperature of 26 °C. The tests were con-
ducted at different time intervals with continuous
logging of thrust and temperature. Readout from
the sound level meter was performed manually by
latching/freezing the minimum and maximum SPL
values for each measurement variant. This activity
was carried out by two operators simultaneously,
while a third operator remotely controlled engine
operation, achieving the target RPM and thrust.
Acoustic measurement parameters and ratio-
nale. SPL was recorded as A-weighted levels with
FAST time weighting (125 ms) to reflect human
loudness perception and to capture short-time ex-
trema during steady operation. For each test point,
the MIN and MAX SPL values were latched over
a ~10 s window and repeated the procedure five
times (n=5). A-weighting was selected because
it is the de-facto standard for environmental/op-
erational aircraft noise, while FAST weighting
better represents momentary peaks than SLOW.
Mean levels were computed in the energy domain
(Equation 1); Type-A and Type-B components
were combined into the combined standard un-
certainty (Equations 3—6). All measurements were
taken with the same meter (Abatronic AB-8852;
accuracy +1.4 dB), hence u (T) = 1.4/v3 =0.81
dB at both positions L and T. The average SPL is
calculated on an energy (logarithmic) scale:

- 1 .
Lg = 10logyo (31, 104/1°) (1)

where: Lg — energy (logarithmic) mean sound
level [dB], L, — sound level of the i -th
repetition in the series [dB], n — number
of repetitions (measurements) in the se-
ries, log, (-) — base-10 logarithm, 102"
— conversion of a level in dB to a linear
(energy/power) ratio.

Arithmetic average (only comparative):
- 1
Ly= ;Z?ﬂ L; (2)

where: L, — arithmetic mean sound level [dB];
L, —sound level of the i-th repetition [dB];
n — number of repetitions.

For the considered series, the differences be-
tween Lp and L, are in the order of 0.03-0.10
dB, so the average values of the tables can remain
(rounded to 0.1 dB). Standard deviation of the se-
ries (for repetitions):
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1

S = E ?zl(Li - ZE)Z (3)
where: s—sample standard deviation of the series
[dB].

Average A uncertainty (standard medium error):

Uy = 7= (4)
where: u, - type A standard uncertainty of the
mean (repeatability) [dB].

Type B uncertainty from the meter (rectangu-
lar distribution):

=73 ®)

where: u, — type B standard uncertainty due to
instrument accuracy [dB], a is the manu-
facturer’s accuracy [db].

For Abatronic AB-8852 a =+ 1.4 dB = u,=
1.4/3 = 0.81 dB. Complex standard uncertainty:

U, = Jui +u (6)

where: u_— combined standard uncertainty of the
mean result [dB].

General notes

e All levels are sound pressure levels expressed
in decibels (dB).

e The energy mean L, uses the physically cor-
rect energy domain; the arithmetic mean may
be shown only for comparison.

Throughout the test campaign, cylinder-head
temperature (CHT) was monitored; in the case of
the second cylinder head, it was slightly higher.
Measurements were halted at a temperature of
about 100 °C. Owing to the use of additional high-
power fans, the engine did not undergo excessive
overheating. Fan throughput/output was regulat-
ed remotely and set appropriately to the engine
operating conditions and external conditions.

RESEARCH RESULTS AND DISCUSSION

Sound level measurement for the Biela 32x12
three-bladed carbon-fiber propeller

The sound level (SPL) measurements for the
Biela 32 x 12 propeller were performed for three
shaft speeds (3000, 4000 and 5000 RPM). These
measurements have been included in a detailed
analysis of both minimum and maximum levels
of noise registered by an Abatronic AB-8852
sound level meter (Figures 5-7). The analysis
clearly indicates an increase in sound level as
the propeller RPM increases. Both the minimum
and maximum values registered at both measure-
ment positions (L and T) clearly grow in subse-
quent ranges of the crankshaft. A clear upward
trend is evident in all cases. Raising RPM from
3000 to 5000 increases the noise level by 12.2
dB (L MIN) and 11.8 dB (L MAX); at position
T, the increase is 7.3 dB (T MIN) and 12.5 dB (T
MAX). This shows that the noise emitted by the

120,0
m Noise I, MIN [dB] Biela 32x12 - 3000 RPM
115,0 ® Noise L MAX [dB]
m Noise T MIN [dB]
110,0 ® Noise T MAX [dB]
105,0
100,0
g 0 o) )
95,0 =+ gl Ny Ny = 5, S oo &
SEOL 2997 KT £&gd «8g
0 ) o o o
90,0 & &
85,0
80,0

1 2

3 4 S

Figure 5. Sound level measurement — minimum and maximum values for the powerplant equipped with the
Biela 32 x 12 propeller, recorded at positions L and T with the Abatronic AB-8852 at 3000 RPM
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Biela 32 x 12 propeller depends strongly on rota-
tional speed. Across all RPM settings, measure-
ment repeatability is high. The Type-A standard
uncertainty of the mean is below 0.4 dB in most
cases (the sample standard deviation s is typically
< 1dB). The results indicate that, at higher RPM,
the Biela 32 x 12 produces the noise levels that
may be significant for hearing protection and user
comfort. Values above 100 dB (at 5000 RPM)
may pose a health risk under prolonged expo-
sure (Figure 7). On all SPL figures, the data cor-
respond to two microphone positions measured
with the same sound level meter (Abatronic AB-
8852): L — propeller-disk plane (microphone 3 m

from the propeller axis, at hub height); T — aft of
the aircraft (microphone 1 m behind the tail, i.e.,
2.6 m aft of the propeller, and 1 m to the left of the
propeller axis, at the same height as in L).

On the basis of the technical data from the
meters and the measurement error values, the to-
tal measurement uncertainty was determined us-
ing the formula for the combined standard uncer-
tainty of Type A and Type B (Table 1):

During the tests conducted for the Biela 32 x
12 propeller, the thrust generated by the propeller
and the temperatures at both cylinder heads were
recorded in parallel with the noise measurements.
Figure 8 shows the time history of thrust generated

® Noise L MIN [dB]
120,0 m Noise L MAX [dB]
® Noise T MIN [dB]
® Noise T MAX [dB]
110,0
N L0
o =N & T 2
100,0 o © gﬂg K
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Figure 6. Sound level measurement — minimum and maximum values for the powerplant equipped with the
Biela 32 x 12 propeller, recorded at positions L and T with the Abatronic AB-8852 at 4000 RPM
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Figure 7. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Biela 32 x 12 propeller, recorded at positions L and T with the Abatronic AB-8852 at 5000 RPM
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by the Biela 32 x 12 propeller at 3000 RPM for the
3W-275Xi B2R TS CS engine. The dataset com-
prises 597 measurements. The number of sam-
ples resulted from the test duration and the time
for which the rotational speed was maintained;
this value varies for each primary test point. The
presented RPM range is 2900-3100 RPM. The
arithmetic mean thrust for this range was 111.01
N. As it can be observed, the thrust value is fairly
stable around 3000 RPM, which does not disturb

the obtained acoustic measurement results. Small,
random deviations are visible typical of dynamic
measurements of this type — however, the overall
trend shows no significant anomalies. Thrust sta-
bility indicates correct operation of both the pow-
erplant and the propeller itself, as well as ensures
repeatable conditions for the concurrent sound lev-
el measurements. The slight increase in thrust at
the upper end of the range (above 3050 RPM) sug-
gests the natural rise in force with increasing RPM

Table 1. Results of measurement error and uncertainty calculations for the Biela 32 x 12 propeller

Results for the Biela 32 x 12 propeller — 3000 RPM
Measurement error / Type A Type B uncertainty u, Combined uncertainty
Measurement type Mean value uncertainty u, [dB] [dB] u_ [dB]
Noise L MIN 88.5 0.31 0.81 0.87
Noise L MAX 90.7 0.14 0.81 0.82
Noise T MIN 90.5 0.32 0.81 0.87
Noise T MAX 92.0 0.30 0.81 0.86
Results for the Biela 32 x 12 propeller — 4000 RPM
Measurement error / Type A Type B uncertainty u, Combined uncertainty
Measurement type Mean value uncertainty u, [dB] [dB] u_ [dB]
Noise L MIN 93.6 0.15 0.81 0.82
Noise L MAX 95.9 0.16 0.81 0.83
Noise T MIN 96.2 0.35 0.81 0.88
Noise T MAX 99.0 0.21 0.81 0.84
Results for the Biela 32 x 12 propeller — 5000 RPM
Measurement error / Type A Type B uncertainty u, Combined uncertainty
Measurement type Mean value uncertainty u, [dB] [dB] u_ [dB]
Noise L MIN 100.7 0.24 0.81 0.84
Noise L MAX 102.5 0.10 0.81 0.82
Noise T MIN 97.8 0.17 0.81 0.83
Noise T MAX 104.5 0.14 0.81 0.82
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Figure 8. Thrust characteristic of the Biela 32 x 12 propeller for the 2900-3100 RPM range
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Figure 9. Thrust characteristic of the Biela 32 x 12 propeller for the 3900-4100 RPM range

consistent with propeller operating characteristics.
Across the entire examined range there are no
thrust spikes or drops that would indicate instabil-
ity of the propulsion system or propeller design de-
fects. Constant thrust at constant crankshaft speed
is essential for obtaining comparable measurement
data, as it eliminates the influence of random fluc-
tuations in engine operation. Similar datasets were
compiled for 4000 RPM and 5000 RPM.

Figure 9 presents the time history of thrust
generated by the Biela 32 x 12 propeller over the
rotational-speed range of approximately 3900 to
4100 RPM. This range corresponds to the next pro-
peller operating level analyzed in the sound level
(SPL) tests. The dataset comprises 1 499 measure-
ments. The arithmetic mean thrust for this range
was 211.21 N. This resulted from a longer test pe-
riod and the increased number of the recorded data
points. Analysis of the plot shows that the thrust
generated by the propeller in this range remains
at a significantly higher level than at 3000 RPM.
The trace is stable, although small, short-term
fluctuations typical for this type of measurement
(measurement noise and brief deviations in system
operation) are visible. Despite these fluctuations,
there are no abrupt drops or surges in thrust that
might indicate disturbances in propeller operation
or powerplant instability. It is worth noting that
the increase in thrust compared to the 3000 RPM
range is very clear and confirms the expected de-
pendence of thrust on crankshaft rotational speed
(RPM), which is consistent with aerodynamic
principles. Figure 10 presents the time history of
thrust produced by the Biela 32 x 12 propeller over

the rotational-speed range of approximately 4900
to 5050 RPM. Analysis of this characteristic shows
that as the rotational speed increases to 5000 RPM,
the propeller generates greater thrust compared to
the previous RPM ranges. The dataset comprises 1
763 measurements. The arithmetic mean thrust for
this range was 337.81 N.

The conducted tests make it possible to as-
sess the relationship between the generated thrust
and the sound level emitted by the Biela 32 x 12
propeller at different rotational-speed ranges. For
each of the analyzed setpoints, i.e. 3000, 4000,
and 5000 RPM, both precise thrust measurements
and noise levels were obtained, recorded at two
measurement positions (L and T) using the Aba-
tronic AB-8852, which also enabled a reliable
determination of errors and measurement uncer-
tainties. Analysis of these results indicates that at
the lowest RPM both thrust and noise level are at
their lowest among all tested ranges.

Compared to 3000 RPM, a clear increase in
sound level was observed at both measurement po-
sitions (L and T). This confirms the direct relation-
ship between increasing crankshaft speed and the
rise in emitted noise level. At the highest crankshaft
speed, i.e., 5000 RPM, an average thrust of 337.81
N was obtained from 1,763 measurements, which
is more than triple the value at 3000 RPM as well
as one and a half times the value at 4000 RPM.
Here, a clear increase in noise relative to 4000
RPM can also be observed: L (MIN) and L (MAX)
increased by 7.1 dB and 6.6 dB, respectively, and
relative to 3000 RPM by as much as 11.5 dB and
12 dB. At position T, the values increased in this
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range by nearly 9 dB (MIN) and 7.3 dB (MAX)
relative to 3000 RPM. The increase in thrust from
111 N (3000 RPM) to 337.8 N (5000 RPM) causes
L (MAX) to rise from 90.5 dB to 102.5 dB (+12
dB). The noise-level increment per 100 N of thrust
ranges on the order of ~3.7-5.3 dB, depending on
the range and type of measurement. This relation-
ship describes a typical propeller operating char-
acteristic, where an increase in thrust results not
only in higher powerplant efficiency, but also in
greater noise emission. It is also worth emphasiz-
ing that despite the rise in noise level, the obtained
thrust traces are stable in each RPM range, which
positively affects the repeatability and credibility
of the acoustic measurement results. The presented
increments and relationships between sound level
(noise) and thrust are significant and well exceed
the measurement uncertainty.

Sound level measurement for the Falcon 32x13
three-bladed carbon-fiber propeller

The test results for the Falcon 32 x 13 pro-
peller show a clear increase in noise level with
increasing rotational speed. At 3000 RPM, the
SPL values span 84.4-96.7 dB (L MIN = 89.2,
L MAX =90.5; T MIN = 84.4, T MAX = 96.7;
Figure 11). At 4000 RPM they span 99.2-101.9
dB (L MIN = 101.0, L MAX = 101.9; T MIN =
99.2, T MAX = 100.8; Figure 12). At 5000 RPM
they range from 104.0 to 109.3 dB (Figure 13).
The highest values were always recorded at the
highest crankshaft speeds, confirming that noise
level (SPL) strongly depends on RPM noise level

400

and on the propeller operating characteristics.
The differences between the readings at positions
L and T reflect the influence of the measurement
location and propeller operating characteristics.

The same sound level meter (Abatronic AB-
8852) was used at both positions L and T; there-
fore, the Type-B uncertainty is identical for both
positions (U, = 0.81 dB). The combined standard
uncertainty u_ is generally higher at position T,
because the Type-A component is slightly larger
there; the only exception is 3000 RPM, where U,
at L is marginally higher (e.g., L MIN 0.95 dB vs
T MIN 0.87 dB). Detailed calculations for the Fal-
con 32 x 13 propeller are given in Table 2. Across
all RPM settings, the Type-A standard uncertainty
of the mean is small (typically < 0.4 dB), which
confirms good repeatability of the measurements.
The results shown in Figures 14—16 present the
thrust characteristics generated by the propeller
over three rotational-speed (RPM) ranges. Each
plot demonstrates the stability of the measure-
ments and the thrust values obtained during real
engine operation with the tested propeller.

In Figure 14 (range approximately 2900-3100
RPM), the dataset comprises 2 170 measure-
ments. The arithmetic mean thrust for this range
was 120.50 N. The thrust trace is fairly stable,
without pronounced jumps, although small, ran-
dom deviations typical of dynamic measurements
under laboratory conditions are visible. The mean
thrust increases gradually along with crankshaft
rotational speed.

Figure 15 shows the thrust characteristic for
the 3900-4100 RPM range. The plot is based on
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Figure 10. Thrust characteristic of the Biela 32 x 12 propeller for the 4900-5050 RPM range
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Figure 11. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Falcon 32 x 13 propeller, recorded at positions L and T with the Abatronic AB-8852 at 3000 RPM
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Figure 12. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Falcon 32 x 13 propeller, recorded at positions L and T with the Abatronic AB-8852 at 4000 RPM
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Figure 13. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Falcon 32 x 13 propeller, recorded at positions L and T with the Abatronic AB-8852 at 5000 RPM
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Table 2. Results of measurement error and measurement uncertainty calculations for the Falcon 32 x 13 propeller

Results for the Falcon 32 x 13 propeller — 3000 RPM

Measurement error / Type A

Type B uncertainty u, Combined uncertainty

Measurement type Mean value uncertainty u, [dB] [dB] u_ [dB]
Noise L MIN 89.2 0.49 0.81 0.95
Noise L MAX 90.5 0.34 0.81 0.88
Noise T MIN 84.4 0.31 0.81 0.87
Noise T MAX 96.7 0.24 0.81 0.84

Results for the Falcon 32 x 13 propeller — 4000 RPM

Measurement error / Type A

Type B uncertainty u, Combined uncertainty

Measurement type Mean value uncertainty u, [dB] [dB] u_ [dB]
Noise L MIN 101.0 0.04 0.81 0.81
Noise L MAX 101.9 0.12 0.81 0.82
Noise T MIN 99.2 0.30 0.81 0.86
Noise T MAX 100.8 0.35 0.81 0.88

Results for the Falcon 32 x 13 propeller — 5000 RPM

Measurement error / Type A

Type B uncertainty u, Combined uncertainty

Measurement type Mean value uncertainty u, [dB] [dB] u_ [dB]
Noise L MIN 104.0 0.16 0.81 0.82
Noise L MAX 104.2 0.21 0.81 0.83
Noise T MIN 107.9 0.30 0.81 0.86
Noise T MAX 109.3 0.29 0.81 0.86
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Figure 14. Thrust characteristic of the Falcon 32 x 13 propeller for the 2900-3100 RPM range

1098 measurement results. The arithmetic mean
thrust for this RPM range was 190.06 N. Despite
occasional, short-term fluctuations, the plot indi-
cates high repeatability over the course of the test
and an absence of abrupt disturbances in system
operation. The upward trend relative to the previ-
ous range is clear, and the higher engine power en-
ables the same propeller to produce greater thrust.

In Figure 16, for the ~4900-5020 RPM range,
the arithmetic mean from 639 measurements was

350

322.78 N. The trace confirms powerplant stability
even at high rotational speeds, though short-term
drops and rises in thrust are visible. The mean
thrust clearly exceeds the values from the lower
RPM ranges. When analyzing the measurement
results for the Falcon 32 x 13 propeller in three
crankshaft RPM ranges, a clear correlation can be
observed between increasing thrust and the rise in
the generated noise level. In the lowest RPM range
(2900-3100 RPM), the mean thrust was 120.50 N,
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Figure 15. Thrust characteristic of the Falcon 32 x 13 propeller for the 3900-4100 RPM range
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Figure 16. Thrust characteristic of the Falcon 32 x 13 propeller for the 4900-5020 RPM range

and the noise level recorded at positions L and T
was in the §9.2-96.6 dB band. In the next range
(3900—4100 RPM), a significant increase was re-
corded the mean thrust reached 190.06 N, and the
noise level rose to 98.6-101.9 dB. The highest val-
ues were noted in the 4900-5020 RPM interval,
where the mean thrust was 322.78 N, and the re-
corded noise level reached up to 109.3 dB. This
relationship is particularly evident when compar-
ing changes: increasing RPM from 3000 to 5000
(=+67%) raised thrust by ~2.7x (from ~120 N to
>320 N). Over the same range, the SPL increased
by 14.8 dB (L MIN) and 13.7 dB (L MAX); at po-
sition T, it increased by 23.5 dB (T MIN) and 12.6
dB (T MAX). This means that each subsequent in-
crease in powerplant output and generated thrust

entails a rise in sound emission, significant for user
comfort and environmental constraints.

Sound level measurement for the Biela 32x14
three-bladed carbon-fiber propeller

The measurement results for the Biela 32x14
propeller show a clear, systematic increase in
sound level with increasing RPM. At 3000 RPM,
position L spans 88.1-90.9 dB, and position T
spans 92.0-94.9 dB (Figure 17). At 4000 RPM,
L spans 95.8-98.4 dB and T spans 99.1-101.8 dB
(Figure 18). At 5000 RPM, L spans 101.1-102.9
dB, while T spans 98.9-102.9 dB (Figure 19).
From 3000 to 4000 RPM the SPL increases by
about +7-8 dB (depending on metric), and from
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Figure 17. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Biela 32 x 14 propeller, recorded at positions L and T with the Abatronic AB-8852 at 3000 RPM
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Figure 18. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Biela 32 x 14 propeller, recorded at positions L and T with the Abatronic AB-8852 at 4000 RPM
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Figure 19. Sound level measurement—minimum and maximum values for the powerplant equipped with the
Biela 32 x 14 propeller, recorded at positions L and T with the Abatronic AB-8852 at 5000 RPM
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4000 to 5000 RPM by +1-5 dB; over 3000—5000
RPM the total increase is +13.0 dB (L MIN),
+12.0 dB (L MAX), +6.9 dB (T MIN) and +8.0
dB (T MAX). This indicates a strong dependence
of sound level not only on the aerodynamic char-
acteristics of the propeller, but also on the dynam-
ics of the entire powerplant. The results show that
increasing shaft power and thus generated thrust
produces a significant rise in noise emission.

The same sound level meter (Abatronic AB-
8852) was used at both positions, so the Type-B
uncertainty is identical for L and T (u, = 0.81).
The Type-A component is small and the combined
standard uncertainty is in the 0.81-0.89 dB range
depending on RPM and metric. Detailed values
are given in Table 3. The analysis of the presented
propeller thrust plots over three rotational-speed
(RPM) ranges clearly shows the effect of increasing
RPM on the generated thrust. In the lowest crank-
shaft speed range (approx. 2900-3100 RPM), the
arithmetic mean thrust was 147.04 N, and its trace
remained stable. This dataset was compiled from 2
482 measurements (Figure 20). In the 3900-4100
RPM range, the arithmetic mean thrust was 272.88
N. The thrust time history for this RPM range was
produced on the basis of 1 505 measurements re-
corded by the test-stand instrumentation (Figure
21). At the highest rotational-speed range (4900—
5000 RPM), the arithmetic mean thrust reached

405.48 N (Figure 22). The thrust characteristic for
this engine RPM range was derived from 228 mea-
surements. The trace remains smooth, confirming
proper and stable operation of the powerplant even
under extreme conditions. The increase in thrust
along with crankshaft rotational speed is clearly
linear and well visible on all three plots, which
is consistent with aerodynamic principles for this
type of propulsion system. The obtained values
show how significantly increasing rotational speed
affects propeller efficiency, enabling progressively
greater thrust in successive operating ranges. The
recording of these measurements serves as a refer-
ence for sound-level (SPL) measurements for the
given test ranges and provides a general overview
of the phenomena presented.

Comparison of propeller variants — sound level
and thrust as a function of rotational speed

The results unambiguously confirm a strong,
monotonic dependence of noise level and thrust
on engine crankshaft RPM. For all three propel-
lers (Biela 32 x 12, Falcon 32 x 13, Biela 32 x
14), increasing from 3000 to 5000 RPM resulted
in a significant rise in both the recorded sound
levels and the generated thrust. For example,
for the Biela 32 x 12 propeller, mean L(MAX)
values increased from approximately 90.7 dB

Table 3. Results of measurement error and measurement uncertainty calculations for the Biela 32 x 14 propeller

Results for the Biela 32 x 14 propeller — 3000 RPM
Measurement type Mean value Meazt:\rceer?t(;?rt];rlrjcir[é;)]/pe A Type B u{r:f&rtainty Ug Combinjf[:ré?ertainty
Noise L MIN 88.1 0.23 0.81 0.84
Noise L MAX 90.9 0.25 0.81 0.85
Noise T MIN 92.0 0.22 0.81 0.84
Noise T MAX 94.9 0.24 0.81 0.85
Results for the Biela 32 x 14 propeller — 4000 RPM
Measurement type Mean value Meail:]rfgsti?;tsrlzir[é gpe A Type B u[rzic;rtainty Ug Combinjf[grg]:ertainty
Noise L MIN 95.8 0.21 0.81 0.84
Noise L MAX 98.4 0.23 0.81 0.84
Noise T MIN 99.1 0.27 0.81 0.85
Noise T MAX 101.8 0.30 0.81 0.86
Results for the Biela 32 x 14 propeller — 5000 RPM
Measurement type Mean value Meaiirfg:tz?;tirir[ggpe A Type B u[r;cg]rtainty Uy Combinj:j[ggt]:ertainty
Noise L MIN 101.1 0.29 0.81 0.86
Noise L MAX 102.9 0.06 0.81 0.81
Noise T MIN 98.9 0.37 0.81 0.89
Noise T MAX 102.9 0.30 0.81 0.87
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Figure 20. Thrust characteristic of the Biela 32 x 14 propeller for the 2900-3100 RPM range
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Figure 21. Thrust characteristic of the Biela 32 x 14 propeller for the 3900-4100 RPM range
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Figure 22. Thrust characteristic of the Biela 32 x 14 propeller for the 4900-5000 RPM range
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(3000 RPM) to 102.5 dB (5000 RPM), with the
average thrust rising concurrently from 111.0 N
to 337.8 N. The order of magnitude of the noise
increase (=~ +12 dB) is consistent with the parallel
increase in aerodynamic blade loading and blade
tip speeds, which dominate the acoustic emission
mechanism of the propeller. In the lower RPM
range, the spread of sound levels measured at po-
sition L was small: Biela 32 x 12 (L: 88.5-90.7
dB), Falcon 32 x 13 (L: 89.2-90.5 dB), Biela 32
x 14 (L: 88.1-90.9 dB). At the same time, thrust
differed: 111.0 N (Biela 32 x 12), 120.5 N (Fal-
con 32 x 13), and 147.0 N (Biela 32 x 14). This
means that, at a similar noise level, the higher-
pitch propeller (32 x 14) provided noticeably
higher thrust at 3000 RPM. Data from position T
(aft of the aircraft tail) fell within a similar range
(e.g.,92.0-94.9 dB for Biela 32 x 14), confirming
consistency of the results in the low RPM range.

In the mid-RPM range, more pronounced
acoustic differences between propeller variants
began to appear. The Falcon 32 x 13 was clear-
ly louder in the disk plane: 101.0-101.9 dB (L),
while Biela 32 x 12 reached 93.6-95.9 dB (L)
and Biela 32x14 95.8-98.4 dB (L). Concurrently,
thrust was: 211.2 N (Biela 32 x 12), 190.1 N (Fal-
con 32 x 13), and 272.9 N (Biela 32 x 14). From
a thrust/noise trade-off perspective, the Biela 32 x
14 is the best variant (higher thrust than the other
two while having lower L(MAX) than the Falcon
32 x 13). In the aft measurement (T), the Falcon
reached 99.2-100.8 dB, and Biela 32 x 14 up to
101.8 dB, suggesting directionality effects and a

At the highest RPM, all propellers pro-
duced >100 dB sound levels. In the disk plane,
L(MAX) was: 102.5 dB (Biela 32 x 12), 104.2
dB (Falcon 32 x 13), and 102.9 dB (Biela 32 x
14). In the aft position, T(MAX) recorded: 104.5
dB (Biela 32 x 12), 109.3 dB (Falcon 32 x 13),
and 102.9 dB (Biela 32 x 14). The Falcon 32 x
13 therefore produced the highest noise level at
5000 RPM, particularly in the exhaust/wake di-
rection (T), which may result from a combination
of geometry, pitch, and tip-speed distribution. At
the same time, Biela 32 x 14 delivered the high-
est thrust (405.5 N), clearly exceeding Biela 32 x
12 (337.8 N) and Falcon 32 x 13 (322.8 N), with
the L and T noise levels similar to Biela 32 x
12 and decidedly lower than Falcon 32 x 13 (T).
From a practical standpoint, the 32 x 14 variant
therefore offers the most favorable noise—thrust
compromise at 5000 RPM.

Figure 23 compares mean sound levels as a
function of RPM for all three propellers and both
microphone locations. A clear upward trend is
visible across 3000-5000 RPM. In the propeller
disk plane (L), the mean maximum levels at 5000
RPM are 102.5 dB (Biela 32 x 12), 104.2 dB (Fal-
con 32 x 13), and 102.9 dB (Biela 32 x 14). In the
aft position (T), the corresponding mean maxima
are 104.5 dB, 109.3 dB, and 102.9 dB, respec-
tively, indicating stronger downstream directivity
for the Falcon at high RPM. Real-world audibil-
ity (rule-of-thumb). Assuming free-field spherical
spreading without ground or atmospheric absorp-
tion, the detection range can be estimated by

somewhat different characteristic for the respec- L, (r) = L (ry) — 201 (r ) 7
tive blade profiles. p\I) = Epllo 0910 (7)
109
SPL vs RPM
=l - - - - Bicla32x12—LMIN
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Figure 23. Sound pressure level as a function of rotational speed — mean minimum and maximum values at two
microphone locations (in the propeller disk plane and behind the tail) for the Biela 32 x 12, Falcon 32 x 13, and
Biela 32 x 14 propellers (Abatronic AB-8852)
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where: L (r) — sound pressure level at distance
rrr from the source [dB], Lp(ro) - sound
pressure level at the reference distance
rOr_0r0 [dB], r — distance from the source
[m], r, - reference distance (measurement
point of known level) [m], log, (-) — base-
10 logarithm, coefficient 20 — arises from
the inverse-distance law for pressure lev-
els in a free field (spherical spreading).

Using the aft position as the reference (r, =
2.6 m), the mean maxima at 5000 RPM trans-
late approximately to: Biela 32 x 14 T(MAX)
=102.9 dB — ~77 dB at 50 m, 71 dB at 100
m, 65 dB at 200 m; Falcon 32 x 13 T(MAX)
109.3 dB — ~84 dB at 50 m, 78 dB at 100 m,
72 dB at 200 m. These values are indicative and
scenario-dependent (background noise, wind,
ground effects), but they provide a practical
sense of acoustic footprint based on the conduct-
ed measurements. Figure 24 shows mean thrust
versus RPM. Qualitatively, the obtained static
SPL maxima exceed typical values reported
for small electric multirotor UAS due to larger
disk loading and the presence of ICE intake/ex-
haust contributions [6-8]. A rigorous cross-sys-
tem comparison is beyond our scope here and
would require harmonized distances and operat-
ing points; nevertheless, the relative differences
within our dataset remain valid across scenarios.
Biela 32 x 14 consistently delivers the highest
thrust at each setpoint (=147 N at 3000 RPM,
~273 N at 4000 RPM, ~405 N at 5000 RPM),
followed by Falcon 32 x 13 (=121 /190 / 323
N) and Biela 32 x 12 (=111 /211 /338 N). Com-
bined with Figure 23, this highlights that the 32

x 14 propeller offers the most favorable thrust-
to-noise trade-off, especially above 4000 RPM.

Operational conclusions

For the Biela 32 x 12 propeller, the increase
of L(MAX) from 90.7 to 102.5 dB is about +11.8
dB with the mean thrust rising from 111.0 to
337.8 N (+226.8 N), which corresponds to ~5.2
dB per 100 N. For the Falcon 32 x 13 propel-
ler, the relation between 3000 and 5000 RPM
(L(MAX): 90.5 — 104.2 dB; +13.7 dB; thrust:
120.5 — 322.8 N; +202.3 N) is ~6.8 dB per 100
N, indicating less favorable operational perfor-
mance relative to thrust increase. For the Biela
32 x 14 (L(MAX): 90.9 — 102.9 dB; +12.0 dB;
thrust: 147.0 — 405.5 N; +258.5 N) this index
is ~4.6 dB per 100 N - the best among the com-
pared configurations. From an operational stand-
point (e.g., operations in built-up areas or com-
bat UAS operations), selecting the Biela 32 x 14
propeller allows higher thrust with a lower sound
level per unit thrust increment than in the case of
the Falcon 32 x 13.

Noise-abatement options and next steps

On the basis of the obtained results, practical

levers include:

e RPM management (operate at or below 4000
RPM when mission requirements allow);

o propeller selection with a more favorable thrust-
to-noise index (e.g., Biela 32 x 14 in our tests);

e geometric refinements (moderate pitch/radial
pitch distribution; swept/scimitar tips; hub

450
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Z£.300
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5200
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S'150
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Figure 24. Propeller thrust as a function of rotational speed — mean values for Biela 32 x 12, Falcon 32 x 13,
and Biela 32 x 14
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fairings) aimed at reducing tip and broadband
components;

e engine-borne noise mitigation (intake/exhaust
muffling, compliant mounts, local acoustic
liners);

e propulsive gearing or variable-pitch control
to maintain lower blade-tip Mach number at
required thrust. In a follow-on campaign we
plan to include octave-band/BPF diagnostics
to decompose sources (engine core vs. propel-
ler) and quantify their operational relevance
across flight regimes.

Measurement differences between positions
(L and T) and directivity of noise emission

The results showed consistent, though not
identical, tendencies between the two microphone
positions: position L (3 m from the propeller axis
in the propeller-disk plane) and position T (aft of
the fuselage, 2.6 m behind the propeller, with lat-
eral offset). Higher values for the Falcon propeller
in the T position at 5000 RPM (T(MAX) 109.3 dB)
suggest a stronger downstream (wake/exhaust)
noise component relative to the other propellers,
which may result from a different tip-loading dis-
tribution and interaction with the propeller slip-
stream. At the same time, local anomalies (e.g.,
sporadically lower T(MIN) at higher RPM relative
to 4000 RPM for some configurations) should be
associated with a different source directivity and
sensitivity differences, not with a reversal of the
general RPM-noise relationship. The measure-
ment arrangement defined in the work and the
fixed distances increase data comparability, but
they do not entirely eliminate directional effects,
which can be significant for propellers. A slight
decrease of T(MIN) from 99.1 dB (4000 RPM) to
98.9 dB (5000 RPM) lies within the combined un-
certainty (~0.89 dB) and reflects source directivity
rather than a reversal of the RPM-noise trend.

Thrust/noise efficiency with respect to
crankshaft speed

At 4000 RPM, the Biela 32 x 14 propeller
achieved 272.9 N at L(IMAX) = 98.4 dB, whereas
the Falcon 32 x 13 produced 190.1 N at L(MAX)
= 101.9 dB. This means that at this operating
point the Biela 32 x 14 generated substantially
higher thrust (~+43%) and a decidedly lower
sound level (—3.5 dB in the disk plane) than the
Falcon propeller. At 5000 RPM the Biela 32 x

14 maintained its advantage in thrust production
(405.5 N), while the Falcon 32 x 13 produced an
aft sound level T(MAX) of 109.3 dB compared
with 102.9 dB. The Biela 32 x 12 propeller offers
a compromise between moderate noise and me-
dium thrust (e.g., 337.8 N at LIMAX) =102.5 dB
in the disk plane). These relations are particularly
important for powerplant (engine—propeller) se-
lection when the goal is noise minimization while
maintaining the required thrust margin.

From an aerodynamic standpoint, the larg-
er pitch of the Biela 32 x 14 allows, at a given
RPM, a greater pressure differential and higher
thrust, often at a slightly lower tip speed for the
same useful power in flight. Under static condi-
tions (test stand), however, tip loading increases
and the risk of increased broadband (turbulent)
components rises. Nevertheless, empirically
the Biela 32 x 14 proved more acoustically ef-
ficient than the Falcon 32 x 13 (lower dB/100 N
dependence), which suggests a more favorable
combination of airfoil profile and radial pitch
distribution. Conversely, the higher sound levels
of the Falcon 32 x 13—especially “behind the
propeller” at 5000 RPM—may indicate stronger
noise modulation by the primary vortex and tip
components, which radiate directionally toward
the observer aft of the aircraft. This hypothesis
is reinforced by the L vs. T differences and their
magnitude at high RPM.

CONCLUSIONS

Among the configurations tested, the best
thrust/noise compromise was demonstrated by
the Biela 32 x 14 propeller especially at crank-
shaft speeds of 4000-5000 RPM. The Biela 32 x
12 propeller remains a sensible choice when noise
reduction is prioritized at the expense of a possi-
ble decrease in thrust margin. The Falcon 32 x 13
propeller, despite good thrust parameters, exhibits
the least favorable noise-emission profile at high
RPM, particularly in the downstream (slipstream/
exhaust) direction. Taking account of measure-
ment uncertainties and the test-stand geometry,
these conclusions provide practical guidance for
selecting a propeller for two-stroke powerplants of
ultralight aircraft operating in acoustically sensi-
tive conditions. This is particularly important when
selecting propeller airfoils for the aircraft intended
for military (combat) purposes or for civil aircraft
flying in natural areas or populated regions.
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e sound level increases with crankshaft RPM.
Across 3000-5000 RPM the sound level in-
creases by ~7-24 dB depending on the metric
and propeller; e.g., for Biela 32 x 12, L(MAX)
rises from about 90.7 to 102.5 dB;

e thrust and sound level are interdependent. The
sound level increases along with thrust. For
Biela 32 x 12, the sound-level increment per
approximately 100 N of thrust is about 3.7-5.3
dB, and the thrust traces are stable across the
entire RPM range;

o the best effectiveness between thrust and gen-
erated sound level during the tests was provid-
ed by the Biela 32 x 14 propeller; it achieves
the highest thrust in every band (=147 N at
3000 RPM, =273 N at 4000 RPM, =405 N
at 5000 RPM) with L(IMAX) = 90.9 / 98.4 /
102.9 dB. The Falcon 32 x 13 shows opposite
tendencies, producing the highest sound levels
aft of the propeller (T(MAX) up to 109.3 dB
at 5000 RPM). The Biela 32 x 12 represents a
compromise, generating moderate thrust with
concurrent noise emission;

e noise emission is directional and depends
on propeller configuration. The differences
between measurement in the propeller-disk
plane (L) and aft of the propeller (T) are pro-
nounced, especially for the Falcon 32 x 13.
This propeller is relatively louder in the down-
stream direction at high RPM, which is opera-
tionally significant in terms of impact on the
environment behind the aircraft.

Key practical implications:

e for the operations near populated or environ-
mentally sensitive areas, the Biela 32 x 14
is preferred: at 5000 RPM it delivers higher
thrust (=405 N) with a substantially lower aft
SPL than Falcon 32 x 13 (T(MAX) 102.9 dB
vs 109.3 dB, A= 6.4 dB);

e keeping RPM at or below 4000 holds mean
maximum levels to <101.9 dB (L) and <101.8
dB (T) for the tested propellers, providing a
practical operational setpoint when noise lim-
its apply, while still delivering =~190-273 N
thrust depending on the propeller.

If further noise reduction is required, evaluate
octave-band diagnostics and tip-speed manage-
ment first; both target the dominant sources with-
out compromising thrust as much as large prop
changes would.

358

The results were obtained under static con-
ditions, with controlled auxiliary cooling and
fixed, discrete RPM setpoints. In aircraft flight,
the acoustic characteristics may change (interac-
tion with the incoming flow, different local Mach
numbers at the tips, influence of fuselage/wing).
The use of additional instrumentation (spectral
analysis, BPF and harmonics) would make it
possible to distinguish the contribution of load-
ing noise from tip noise. Moreover, spectral de-
composition under varied operating conditions
can separate the noise of the engine and its acces-
sories (intake, exhaust, auxiliary cooling) from
propeller-borne components, enabling a source-
by-source breakdown — an interesting direction
for a subsequent study.
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