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INTRODUCTION

An autogyro is an aerial vehicle with a unique 
aerodynamic configuration in which the main 
lifting force is generated by a rotor operating in 
autorotation, while propulsion is provided by a 
separate propeller-driven power unit. This design 
results in aerodynamic characteristics that differ 
significantly from both fixed‑wing aircraft and 
helicopters. Due to the specific behaviour of the 
rotor in autorotation, autogyros require dedicated 
aerodynamic investigations, including: analysis 
of the interaction between individual structural 
components and the resulting forces and moments, 
modelling of the airflow around the rotor under 
autorotative conditions, studies of the influence of 
the tailplane on longitudinal and lateral stability, 
and evaluation of various tail configurations [1].

The behaviour of an aircraft after the occur-
rence of disturbances, such as sudden variations 

in airflow velocity, is described by the properties 
of its undisturbed motion, commonly referred 
to as stability and steadiness. A necessary con-
dition for maintaining steady flight is not only 
the equilibrium of all aerodynamic forces acting 
on the aircraft, but also the balance of moments 
around the three coordinate axes passing through 
its centre of gravity [2]. This equilibrium should 
be stable, meaning that after a disturbance – such 
as a gust of wind – the aircraft should return to 
its steady-state condition within a relatively short 
time, without pilot’s intervention, provided that 
the disturbance remains within acceptable limits. 
For this reason, the concepts of equilibrium and 
stability are closely related [3]. Static stability 
describes the ability of an aircraft to return to its 
equilibrium position once the disturbing factor 
disappears, whereas dynamic stability character-
ises the nature of this return, including the number 
and amplitude of possible oscillations. These two 
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aspects are inseparably linked – an aircraft can 
only be dynamically stable if it is statically stable. 
Stability about the lateral axis (y-axis) is referred 
to as longitudinal stability and is ensured by the 
horizontal tail. Stability about the longitudinal (x) 
and vertical (z) axes, resulting from the action of 
the wings and vertical tail, is known as lateral and 
directional stability, respectively. In the literature, 
these are often considered together as lateral sta-
bility due to their strong interdependence [4]. 

The aerodynamic characteristics of airfoil 
profiles are determined in wind tunnels using 
procedures that allow the analysis of a profile 
of infinite span, which can then be translated to 
wings of any finite span. In the present case, only 
skin friction and profile drag are considered, 
while induced drag – typical for wings of finite 
span – is omitted. The minimum drag coefficient 
occurs at the angle of attack α₀ corresponding 
to zero lift, and its value increases along with 
airfoil thickness [5].

Aerodynamic characteristics provide essential 
information about the behaviour of airfoil profiles 
and enable the calculation of aircraft performance. 
The range of the aerodynamic polar typically 
includes angles of attack slightly exceeding the 
critical angle αₖᵣ. The shape of the polar may vary 
depending on flight conditions, such as take-off, 
landing, climb, or maximum-speed flight, which 
results from changes in Reynolds number and the 
different configurations of aircraft components. 
The lift generated by the horizontal tail, which 
ensures the balance of longitudinal moments act-
ing on the aircraft is also an important factor. Its 
magnitude varies with angle of attack, flight speed, 
and elevator deflection [6, 7].

Maximum aerodynamic efficiency K occurs 
at the angle of attack corresponding to the highest 
value of this parameter and determines, among 
other things, the maximum range of the aircraft. 
It is one of the key quantities describing the aero-
dynamic properties of an airfoil [8, 9].

In the available scientific literature, there is a 
noticeable lack of comprehensive and systemat-
ic studies on the aerodynamic characteristics of 
autogyros conducted in wind tunnels. Although 
a few publications examined selected configura-
tions of aircraft, their number is limited and their 
scope remains narrow. For this reason, it is essen-
tial to bridge this research gap by performing 
dedicated wind‑tunnel experiments, analysing the 
obtained results, and formulating conclusions that 
relate both to the aerodynamics of the investigated 

configurations and to the manufacturing quali-
ty of additively produced 3D models. Such an 
approach will not only enhance the understanding 
of aerodynamic phenomena specific to autogy-
ros but also enable the development of concrete 
recommendations for the design, preparation, 
and validation of the 3D‑printed models used in 
future studies.

Theoretical basis

Aerodynamics constitutes a foundational dis-
cipline in the engineering and operational perfor-
mance of aircraft, exerting a profound influence 
on stability, manoeuvrability, and energy effi-
ciency. Control surfaces – including the elevator, 
rudder, and ailerons – are integral to modulating 
aerodynamic moments and enabling precise atti-
tude as well as trajectory adjustments in response 
to dynamic atmospheric conditions. Lift is gen-
erated as a consequence of the pressure differen-
tial between the upper and lower surfaces of the 
wing, a phenomenon governed by Bernoulli’s 
principle and strongly dependent on the angle of 
attack. This angle directly affects the distribution 
of airflow and pressure, thereby modulating the 
magnitude of the lift force. In applied aerodynam-
ics, the resultant aerodynamic force vector (P) is 
defined as the vector sum of the drag force (Px) 
acting parallel to the relative airflow and the lift 
force (Pz) acting perpendicular to it. The orien-
tation and magnitude of P critically determine 
the aircraft’s behaviour in flight, influencing its 
trajectory, stability margins, and control respon-
siveness. Figure 1 presents a basis model of aero-
dynamic forces generation [10].

The primary goals of this study were to con-
duct aerodynamic measurements of an aircraft 
model equipped with interchangeable vertical 
stabilisers featuring varying incidence angles, 
and to determine their corresponding aerody-
namic characteristics.

The scope of the research encompassed the 
following stages:
	• Fabrication and refinement of airframe com-

ponents, ensuring dimensional accuracy and 
consistency across all model configurations;

	• Assembly and preparation of the experimental 
setup, including calibration of instrumentation 
and verification of measurement protocols;

	• Aerodynamic testing within a wind tunnel 
environment, aimed at capturing force and 
moment data under controlled flow conditions;
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	• Post-processing and analysis of experimen-
tal data, followed by graphical visualisation 
and derivation of aerodynamic performance 
curves and characteristic plots.

RESEARCH OBJECT AND PREPARATION

The aircraft prototype was designed using 
advanced computer-aided design (CAD) soft-
ware and subsequently fabricated through addi-
tive manufacturing, specifically employing fused 
deposition modelling (FDM) with polylactide 
(PLA) filament (Figure 2). This production meth-
od enables high-fidelity replication of intricate 
geometries while significantly reducing material 
waste, offering a distinct advantage over conven-
tional subtractive manufacturing processes, such 
as CNC milling [11].

The structural architecture of the model was 
intentionally segmented into discrete modules, 
allowing for streamlined assembly, rapid recon-
figuration, and facile replacement of individual 
components. Of particular experimental rele-
vance is the modular vertical stabiliser system, 
which permits angular adjustment across seven 
discrete settings (−15°, −10°, −5°, 0°, +5°, +10°, 
+15°). This design facilitates systematic investi-
gation into the influence of stabiliser incidence 
angle on key aerodynamic parameters, including 
lift, drag, and moment coefficients. 

Primary structural configuration of the 
aircraft model

The structural design of the aircraft model 
comprises several key components, each fulfilling 
distinct aerodynamic and mechanical functions:

	• Tail section: Serves as a critical aerodynamic 
appendage, directly interfacing with the cen-
tral fuselage. Its geometry and placement are 
essential for maintaining directional stability 
and controlling yaw during testing.

	• Core module: Functions as the central structur-
al element of the model, incorporating a preci-
sion-engineered socket designed to accommo-
date a custom adapter (sleeve). This interface 
enables secure and accurate mounting onto the 
wind tunnel balance system, ensuring reliable 
force and moment measurements under con-
trolled flow conditions (Figure 3)

	• Horizontal and vertical stabilisers: These aer-
odynamic surfaces are integral to the model’s 
stability and control. The horizontal stabiliser 
contributes to pitch regulation, while the ver-
tical stabiliser governs yaw dynamics. Their 
precise alignment and modular integration are 
optimised to maintain consistent airflow and 
minimise interference effects during experi-
mental trials (Figure 4).

Wind tunnel

Wind tunnel tests enable the analysis of air-
flow around vehicle models, buildings, or aircraft 
components under controlled conditions. All 
measurements and test results were carried out 
entirely in the wind tunnel located at Lublin Uni-
versity of Technology (Figure 5).

The wind tunnel employed in the study fea-
tures a modular, closed‑circuit design, allowing its 
configuration to be readily adapted to the charac-
teristics of the tested objects. Airflow is generated 
by a fan with a diameter of 2400 mm. The side 
walls of the test chamber are equipped with trans-
parent polymer windows, enabling photographic 

Figure 1. Distribution of forces acting on an airfoil [9]
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documentation during the measurement process. 
The facility provides continuous regulation of air-
flow velocity within the range of 0 to 60 m/s.

Activation of the measurement system and 
experimental procedure

In the measurement program (Sting), the 
experimental parameters were defined as follows:
	• Airflow velocity was set to 27 m/s to replicate 

relevant aerodynamic conditions
	• Angles of attack α were specified at 0°, +5°, 

and -5°, while the sideslip angle β was set 
to +5°, enabling analysis under varied flow 
orientations,

Before the measurement process begins, a 
calibration procedure is performed. The test cham-
ber is equipped with an aerodynamic balance fit-
ted with an FMT 618‑1b strain‑gauge transducer, 
enabling the measurement of forces and moments 
in a six‑degree‑of‑freedom coordinate system. 
The Sting software (Figure 6), which automati-
cally executes the measurement sequence, was 
used to record the forces and moments. 

The airflow velocity around the aircraft 
model is controlled via the wind‑tunnel control 
panel. Prior to testing, the software requires input 
of the angle of attack and sideslip angle values, 
including their increments, as well as the airspeed 
and air density. 

Figure 2. Model view at the measuring station [12]

Figure 3. Tail section and core module [12]

Figure 4. Horizontal and vertical stabilisers [12]
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The measurement range of forces and 
moments of the strain‑gauge sensor is presented 
in Table 1.

The reference wing area and chord length 
were scaled according to the geometric scale of 
the model, based on the actual aircraft dimensions. 
An additional essential step involved determining 
the centre of gravity of the model and its offset 
relative to the aerodynamic balance. This was car-
ried out in SolidWorks by defining reference lines 
within the model’s XYZ coordinate system, using 
numerical data from the full‑scale aircraft. For the 
tests conducted at an airspeed of 27 m/s, the soft-
ware generated 126 measurement points. Once the 
target airflow velocity is reached, the measurement 

system initiates data acquisition [13]. The collect-
ed data are stored in output files and subsequent-
ly analysed using tabular and graphical methods, 
enabling visualisation of the distributions of aero-
dynamic forces and moments.

Experimental testing of the model

Before commencing the experimental cam-
paign, the free‑stream velocity was analysed and 
selected to ensure that the resulting Reynolds 
number would be as appropriate as possible for 
this type of aerodynamic investigation [14, 15].

Using standard laboratory air properties, 
dynamic viscosity, characteristic dimension 

Figure 5. View of the wind tunnel [10]

Figure 6. Display of the Sting application interface obtained in the course of measurements [10]
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(fuselage length), the Reynolds number corre-
sponding to formula (1):

	 𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 

∆𝐶𝐶𝑦𝑦% =
𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 − 𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦

𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦
 

 

∆𝐶𝐶𝐿𝐿% = 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿

 

 

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿2 

 

𝑘𝑘 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑘𝑘 ≈ 𝐶𝐶𝐷𝐷 − 𝐶𝐶𝐷𝐷0
(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2

 

 

∆𝐶𝐶𝐷𝐷0% = 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺 − 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺
𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺

 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 

+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 

 

𝑥𝑥𝑁𝑁𝑁𝑁
𝑐𝑐 = 𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 −
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑

 

 

∆𝐶𝐶𝐷𝐷𝐷𝐷0% = 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐷𝐷𝐷𝐷
𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷

 

 

𝑉𝑉𝐻𝐻𝐻𝐻 =
𝑆𝑆𝐻𝐻𝐻𝐻 ∙ 𝑙𝑙𝐻𝐻𝐻𝐻

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

	 (1)

which, when combined with the fuselage length – 
637 mm and the air‑flow velocity – 27 m/s, yields 
the final result Re ≈ 1.2 × 10⁶.

Reaching a Reynolds number on the order of 
one million is of central importance for ensuring 
that the aerodynamic behaviour observed in the 
wind tunnel reflects the physical mechanisms pres-
ent in full‑scale flight. [16] At this magnitude, the 
boundary layer is fully turbulent across the major-
ity of the model’s surface, enabling realistic repro-
duction of flow separation, pressure distribution, 
and aerodynamic loading. This enhances the reli-
ability of measured lift, drag, and moment coeffi-
cients and significantly improves the dynamic sim-
ilarity between the scaled model and the full‑scale 
aircraft. The selected test velocity of 27 m/s also 
provides a favourable balance between aerody-
namic force magnitude and experimental stability. 
At this velocity, the aerodynamic loads are suffi-
ciently large to ensure high signal‑to‑noise ratios 
in force and moment measurements, while remain-
ing within a range that avoids excessive structural 
deflection or dynamic instabilities of the model. 
Lower velocities would place the experiment in a 
transitional Reynolds‑number regime, where the 
flow is highly sensitive to surface imperfections 
and exhibits reduced repeatability. Conversely, 
substantially higher velocities would increase the 
risk of unwanted aeroelastic effects and introduce 
unnecessary mechanical loading on the model and 
mounting system [17].
Operating at 27 m/s therefore ensures:
	• A fully turbulent flow regime, enabling real-

istic modelling of aerodynamic phenomena 
relevant to full‑scale rotorcraft.

	• High‑quality measurement conditions, with 
aerodynamic forces large enough for precise 
quantification.

	• Stable and uniform flow in the test section, 
consistent with the performance characteris-
tics of mid‑scale wind‑tunnel facilities.

	• Reliable extrapolation of aerodynamic coef-
ficients, due to the proximity of the achieved 
Reynolds number to values used in profes-
sional subscale aircraft testing.

	• Safe structural loading, preventing exces-
sive deformation or dynamic oscillations that 
could compromise data integrity.

In conclusion, the calculated Reynolds num-
ber of approximately 1.2 × 10⁶ confirms that a 
free‑stream velocity of 27 m/s constitutes an 
exceptionally well‑justified operating point for 
aerodynamic investigations of the gyrocopter 
model. This velocity simultaneously satisfies the 
requirements of dynamic similarity, measurement 
accuracy, flow stability, and structural safety, 
making it an optimal choice for controlled experi-
mental research in a closed‑section wind tunnel.

The model was prepared in accordance with 
the procedures outlined in the appendix to this 
study and subsequently subjected to testing in the 
configurations specified below:
	• Complete autogyro – landing gear retracted

−	 Angle of attack: from −25° to +25° 
−	 Sideslip angle: from −25° to +25° 
−	 Horizontal stabiliser incidence: from −15° 

to +15° 
−	 Rudder deflection: from −20° to +20°

	• Autogyro without tail surfaces
−	 Without nacelle and landing gear 
−	 With nacelle 
−	 With nacelle and landing gear 
−	 Without nacelle, with landing gear

	• Complete autogyro – landing gear extended
−	 Angle of attack: from −25° to +25° 
−	 Sideslip angle: from −25° to +25°

RESULTS AND ANALYSIS

Lift coefficient

The obtained results were processed in tab-
ular form and subsequently used to generate the 
corresponding plots, which are presented in the 
following subsections.

The data enabled the development of plots of 
the lift coefficient cL ​ as a function of angle of 

Table 1. Measurement range values of the 		
FMT 618 1b transducer

Measured parameter Range

FX ± 170 N

FY ± 350 N

FZ ± 400 N

MX ± 10 Nm

MY ± 19 Nm

MZ ± 21 Nm
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attack α for different sideslip angles β. Figure 7 
presents the graphs for characteristic values of the 
fuselage sideslip angle β of the autogyro.

Table 2 presents a comparison of the test 
results for the gyroplane with the landing gear 
retracted and extended, for various fuselage 
angles of attack as well as for three different side-
slip angles.

From the plots and tabulated data presented 
in Figure 7, it is evident that the deployed landing 
gear increases the lift force coefficient for fuse-
lage angles of attack between 0° and 20°, with 
the most pronounced effect occurring at a sideslip 
angle of β = 25°. The average increase in the side 
force coefficient with the landing gear extended 
is approximately 20%, with the largest numerical 
increment observed at β = 25° and α = 20° regard-
ing to Equation 2, 

	

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 

∆𝐶𝐶𝑦𝑦% =
𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 − 𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦

𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦
 

 

∆𝐶𝐶𝐿𝐿% = 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿

 

 

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿2 

 

𝑘𝑘 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑘𝑘 ≈ 𝐶𝐶𝐷𝐷 − 𝐶𝐶𝐷𝐷0
(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2

 

 

∆𝐶𝐶𝐷𝐷0% = 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺 − 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺
𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺

 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 

+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 

 

𝑥𝑥𝑁𝑁𝑁𝑁
𝑐𝑐 = 𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 −
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑

 

 

∆𝐶𝐶𝐷𝐷𝐷𝐷0% = 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐷𝐷𝐷𝐷
𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷

 

 

𝑉𝑉𝐻𝐻𝐻𝐻 =
𝑆𝑆𝐻𝐻𝐻𝐻 ∙ 𝑙𝑙𝐻𝐻𝐻𝐻

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

	 (2)

with corresponding to an increase lift coeffi-
cient of about 18% (3). 

	

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 

∆𝐶𝐶𝑦𝑦% =
𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 − 𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦

𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦
 

 

∆𝐶𝐶𝐿𝐿% = 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿

 

 

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿2 

 

𝑘𝑘 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑘𝑘 ≈ 𝐶𝐶𝐷𝐷 − 𝐶𝐶𝐷𝐷0
(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2

 

 

∆𝐶𝐶𝐷𝐷0% = 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺 − 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺
𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺

 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 

+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 
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	 (3)

Drag coefficient

Measurement data are presented in the tables 
that describe the phenomena in detail at each step. 

For ease of analysis and visualisation, the follow-
ing subsection provides graphs of the principal 
characteristics (Figure 8), greatly enhancing the 
interpretation of the results.

Figure 9 presents the results expressed as the 
lift coefficient plotted against the drag coefficient, 
a relationship commonly referred to in the aero-
space field as the aerodynamic polar of an airfoil 
or an aircraft.

The measurement data for the drag coefficient 
of the autogyro with both the open and enclosed 
landing gear configurations are presented in Fig-
ure 8. For a more detailed assessment, an analysis 
of the coefficient k, which defines the aerodynam-
ic performance, is also provided.

The total drag coefficient is defined by the 
Equation 4:
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(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2
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+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 
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∆𝐶𝐶𝐷𝐷𝐷𝐷0% = 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐷𝐷𝐷𝐷
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	 (4) 

where:	CD0 – parasite drag, 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿
2 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 4.83 ∙ 10−4 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 0.027664 [1/ rad] 
 

𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 =  1.36 ∙ 10−3 [1/𝑑𝑑𝑑𝑑𝑑𝑑] 

 
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 = − 0.078 [1/ rad] 

 

 
𝑥𝑥𝑁𝑁𝑁𝑁

𝑐𝑐 = 0.722 

 
𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 = 367 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = 6.21 ∙ 10−5 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 = 0.00356 ]1// rad] 

 

 

𝑎𝑎𝐻𝐻 = 𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑 = 0,001552 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0889 [1// rad] 

 

 

𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝑎𝑎𝑉𝑉 = 𝑑𝑑𝐶𝐶𝑌𝑌
𝑑𝑑𝑑𝑑 = 0.000348 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0199 / [1/rad] 

 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 < 0 

 – inducted 
drag.

Figure 8 provides the data needed to compute 
the coefficient k, which defines aerodynamic per-
formance as expressed by the Equation 5:
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	 (5)

where:	AR – wing aspect ratio, e – Oswald effi-
ciency factor.

For simplification purposes and in order to 
employ numerical data, the coefficient k was 

Figure 7. Lift coefficient CL as a function of angle of attack α, a - sideslip angle β=-25°,
b – sideslip angle β=-10°, c – sideslip angle β=0°
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evaluated from the following approximate rela-
tion (6):
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For comparison, the induced drag factor was 
estimated using a quadratic regression approach, 
yielding values of k=13.53 for the landing gear 
retracted configuration and k=12.09 for the 
landing gear extended configuration [18] (Table 
3). The choice of quadratic regression was moti-
vated by the availability of experimental data 
and the ability to account for a greater number 
of real‑world effects by fitting the curve direct-
ly to the measurement results. The coefficient 
k calculated directly from Equation 6 does not 
incorporate actual experimental data and addi-
tionally requires the use of a constant Oswald 
efficiency factor (5). 

The measurement data also indicate a slight 
increase in the drag coefficient when the landing 
gear is extracted (7),
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whi,ch results in an increase of approximately 
24% for sideslip angle β=0°.

Pitching moment coefficient

Figure 10 shows the variation of the pitch-
ing moment coefficient as a function of angle of 

attack, which is a key parameter determining the 
longitudinal stability of an aircraft.

The pitching‑moment data shown in Figure 
10 make it possible to carry out an analysis of the 

Table 2. Comparison of lift coefficient values for angles of attack ranging from −25° to +25°, 			 
at various sideslip angles β

α [°]
β=0° β=10° β=25°

CL LGR CL LGE ΔCL CL LGR CL LGE ΔCL CL LGR CL LGE ΔCL

-20 -0.0211 -0.0224 -0.0013 -0.0219 -0.0228 -0.0009 -0.0234 -0.0199 0.0035

-16 -0.0197 -0.0207 -0.0010 -0.0201 -0.0201 0.0000 -0.0198 -0.0164 0.0034

-12 -0.0177 -0.0187 -0.0010 -0.0175 -0.0175 0.0001 -0.0158 -0.0125 0.0033

-8 -0.0131 -0.0137 -0.0006 -0.0142 -0.0116 0.0025 -0.0111 -0.0076 0.0035

-4 -0.0071 -0.0069 0.0002 -0.0070 -0.0060 0.0010 -0.0058 -0.0026 0.0032

-2 -0.0037 -0.0030 0.0007 -0.0039 -0.0031 0.0007 -0.0031 0.0000 0.0031

0 0.0000 0.0009 0.0009 -0.0006 0.0003 0.0009 0.0000 0.0027 0.0027

2 0.0032 0.0041 0.0009 0.0026 0.0035 0.0009 0.0033 0.0058 0.0025

4 0.0066 0.0076 0.0010 0.0062 0.0072 0.0010 0.0064 0.0089 0.0025

8 0.0126 0.0133 0.0007 0.0114 0.0136 0.0021 0.0122 0.0155 0.0033

12 0.0176 0.0184 0.0008 0.0184 0.0191 0.0006 0.0191 0.0220 0.0029

16 0.0214 0.0228 0.0014 0.0225 0.0234 0.0009 0.0256 0.0284 0.0027

20 0.0227 0.0265 0.0038 0.0252 0.0289 0.0037 0.0294 0.0348 0.0054

Figure 8. Drag coefficient CD as a function of angle 
of attack α for sideslip angle β=0°

Figure 9. Lift coefficient CL as a function
of drag coefficient CD
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autogyro’s longitudinal stability. To determine 
the neutral point, the static margin, and the gen-
eral longitudinal stability condition, an analytical 
evaluation was performed.

The pitching‑moment coefficient curve can 
be approximated using an n‑th degree polynomial 
according to Equation 8:

	

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 

∆𝐶𝐶𝑦𝑦% =
𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 − 𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦

𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦
 

 

∆𝐶𝐶𝐿𝐿% = 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿

 

 

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿2 

 

𝑘𝑘 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑘𝑘 ≈ 𝐶𝐶𝐷𝐷 − 𝐶𝐶𝐷𝐷0
(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2

 

 

∆𝐶𝐶𝐷𝐷0% = 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺 − 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺
𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺

 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 

+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 

 

𝑥𝑥𝑁𝑁𝑁𝑁
𝑐𝑐 = 𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 −
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑

 

 

∆𝐶𝐶𝐷𝐷𝐷𝐷0% = 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐷𝐷𝐷𝐷
𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷

 

 

𝑉𝑉𝐻𝐻𝐻𝐻 =
𝑆𝑆𝐻𝐻𝐻𝐻 ∙ 𝑙𝑙𝐻𝐻𝐻𝐻

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

	 (8)

In the case of the curve shown in Figure 10 a 
linear regression is sufficient (9).

	

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 

∆𝐶𝐶𝑦𝑦% =
𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 − 𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦

𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦
 

 

∆𝐶𝐶𝐿𝐿% = 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿

 

 

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿2 

 

𝑘𝑘 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑘𝑘 ≈ 𝐶𝐶𝐷𝐷 − 𝐶𝐶𝐷𝐷0
(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2

 

 

∆𝐶𝐶𝐷𝐷0% = 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺 − 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺
𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺

 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 

+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 

 

𝑥𝑥𝑁𝑁𝑁𝑁
𝑐𝑐 = 𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 −
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑

 

 

∆𝐶𝐶𝐷𝐷𝐷𝐷0% = 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐷𝐷𝐷𝐷
𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷

 

 

𝑉𝑉𝐻𝐻𝐻𝐻 =
𝑆𝑆𝐻𝐻𝐻𝐻 ∙ 𝑙𝑙𝐻𝐻𝐻𝐻

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

	 (9)

Gradient of the pitching moment curve, cal-
culated on the basis of the above plot, is given by:

𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿
2 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 4.83 ∙ 10−4 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 0.027664 [1/ rad] 
 

𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 =  1.36 ∙ 10−3 [1/𝑑𝑑𝑑𝑑𝑑𝑑] 

 
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 = − 0.078 [1/ rad] 

 

 
𝑥𝑥𝑁𝑁𝑁𝑁

𝑐𝑐 = 0.722 

 
𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 = 367 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = 6.21 ∙ 10−5 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 = 0.00356 ]1// rad] 

 

 

𝑎𝑎𝐻𝐻 = 𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑 = 0,001552 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0889 [1// rad] 

 

 

𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝑎𝑎𝑉𝑉 = 𝑑𝑑𝐶𝐶𝑌𝑌
𝑑𝑑𝑑𝑑 = 0.000348 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0199 / [1/rad] 

 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 < 0 

which is equal to:

𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿
2 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 4.83 ∙ 10−4 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 0.027664 [1/ rad] 
 

𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 =  1.36 ∙ 10−3 [1/𝑑𝑑𝑑𝑑𝑑𝑑] 

 
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 = − 0.078 [1/ rad] 

 

 
𝑥𝑥𝑁𝑁𝑁𝑁

𝑐𝑐 = 0.722 

 
𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 = 367 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = 6.21 ∙ 10−5 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 = 0.00356 ]1// rad] 

 

 

𝑎𝑎𝐻𝐻 = 𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑 = 0,001552 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0889 [1// rad] 

 

 

𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝑎𝑎𝑉𝑉 = 𝑑𝑑𝐶𝐶𝑌𝑌
𝑑𝑑𝑑𝑑 = 0.000348 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0199 / [1/rad] 

 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 < 0 

Gradient of the lift coefficient curve, calculat-
ed on the basis of the Figure 7a, is given by:

𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿
2 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 4.83 ∙ 10−4 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 0.027664 [1/ rad] 
 

𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 =  1.36 ∙ 10−3 [1/𝑑𝑑𝑑𝑑𝑑𝑑] 

 
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 = − 0.078 [1/ rad] 

 

 
𝑥𝑥𝑁𝑁𝑁𝑁

𝑐𝑐 = 0.722 

 
𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 = 367 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = 6.21 ∙ 10−5 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 = 0.00356 ]1// rad] 

 

 

𝑎𝑎𝐻𝐻 = 𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑 = 0,001552 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0889 [1// rad] 

 

 

𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝑎𝑎𝑉𝑉 = 𝑑𝑑𝐶𝐶𝑌𝑌
𝑑𝑑𝑑𝑑 = 0.000348 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0199 / [1/rad] 

 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 < 0 

which is equal to:

𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿
2 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 4.83 ∙ 10−4 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = − 0.027664 [1/ rad] 
 

𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 =  1.36 ∙ 10−3 [1/𝑑𝑑𝑑𝑑𝑑𝑑] 

 
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑 = − 0.078 [1/ rad] 

 

 
𝑥𝑥𝑁𝑁𝑁𝑁

𝑐𝑐 = 0.722 

 
𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 = 367 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑 = 6.21 ∙ 10−5 [1/𝑑𝑑𝑑𝑑𝑑𝑑]  
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 = 0.00356 ]1// rad] 

 

 

𝑎𝑎𝐻𝐻 = 𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑 = 0,001552 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0889 [1// rad] 

 

 

𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝑎𝑎𝑉𝑉 = 𝑑𝑑𝐶𝐶𝑌𝑌
𝑑𝑑𝑑𝑑 = 0.000348 [1/𝑑𝑑𝑑𝑑𝑑𝑑] = 0.0199 / [1/rad] 

 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 < 0 

Having the above in mind, the position of the 
neutral point can be determined from Equation 10:

	

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 

∆𝐶𝐶𝑦𝑦% =
𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦 − 𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦

𝐶𝐶𝑦𝑦𝑦𝑦𝑦𝑦
 

 

∆𝐶𝐶𝐿𝐿% = 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿
𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿

 

 

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷0 + 𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿2 

 

𝑘𝑘 = 1
𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 

 

𝑘𝑘 ≈ 𝐶𝐶𝐷𝐷 − 𝐶𝐶𝐷𝐷0
(𝐶𝐶𝐿𝐿 − 𝐶𝐶𝐿𝐿0)2

 

 

∆𝐶𝐶𝐷𝐷0% = 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺 − 𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺
𝐶𝐶𝐷𝐷0𝐺𝐺𝐺𝐺

 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎0 + 𝑎𝑎1𝛼𝛼 + 

+𝑎𝑎1𝛼𝛼2 +⋯+ 𝑎𝑎𝑛𝑛𝛼𝛼𝑛𝑛 

 

𝑐𝑐𝑚𝑚𝑚𝑚(𝛼𝛼) = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 

 

𝑥𝑥𝑁𝑁𝑁𝑁
𝑐𝑐 = 𝑥𝑥𝐶𝐶𝐶𝐶

𝑐𝑐 −
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑
𝑑𝑑𝑐𝑐𝐿𝐿
𝑑𝑑𝑑𝑑

 

 

∆𝐶𝐶𝐷𝐷𝐷𝐷0% = 𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐷𝐷𝐷𝐷
𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷

 

 

𝑉𝑉𝐻𝐻𝐻𝐻 =
𝑆𝑆𝐻𝐻𝐻𝐻 ∙ 𝑙𝑙𝐻𝐻𝐻𝐻

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑐𝑐𝑟̅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

	 (10)

where:	xCG – center of gravity 

By substituting the numerical values, the longi-
tudinal coordinate of the neutral point is obtained, 
which is relevant for longitudinal stability, equal to 

𝑘𝑘 ∙ 𝐶𝐶𝐿𝐿
2 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
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Impact of the nacelle

One of the elements of the conducted study 
was to determine the influence of the nacelle on 
the generated drag and lift. The autogyro was 
analysed in the following configurations:
	• Autogyro without tail plane, nacelle, and land-

ing gear,
	• Autogyro without tail plane, with nacelle.

Figure 11 presents the drag coefficient CD as 
a function of angle of attack α for the autogyro 
configuration both with and without the nacelle.

Figure 12 shows the pitching moment coef-
ficient cmy as a function of the angle of attack α 
under the same conditions as above, that is, for 
the configuration with the nacelle and without 
the nacelle.

As shown in Figure 11, the fairing causes a 
significant increase in the drag coefficient, the 
value of which is as follows (11):
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where: CDN – drag coefficient with nacelle, 
	 CDWN – drag coefficient without nacelle.

Figure 11 and Equation 11 indicates that 
the presence of the nacelle results in an average 
increase of the drag coefficient exceeding ~50% 
in case of β=0°.

The slope of the pitching moment curve (Fig-
ure 12) as a function of angle of attack is:
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Table 3. Lift and drag coefficient values derived from 
the graph and experimental data, together with the 
computed coefficient k

landing gear retracted landing gear extended

CD0 0.00375 CD0 0.00469

CL0 0.00656 CL0 0.00756

k 9.7 k 8.27

Figure 10. Pitching moment coefficient as a function 
of angle of attack
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The static margin is approximately 21%, 
as the analogously calculated neutral point is 
located at 

𝑥𝑥𝑁𝑁𝑁𝑁
𝑐𝑐 = 0.157 , which places it outside 

the safe stability range.The analysis indicates 
that the nacelle induces a pronounced pitch-
up moment on the autogyro. The absence of a 
horizontal stabiliser further exacerbates this ten-
dency, resulting in a configuration that exhibits 
longitudinal static instability [19].

Impact of horizontal and vertical tailplanes

In this subsection, the results of the research 
and their interpretation were presented for the 
autogyro equipped with horizontal and vertical 
tail surfaces. The tests were carried out for vari-
ous fuselage angles of attack, sideslip angles, and 
rudder deflections.

Table 4 presents the results of the tests 
for the autogyro configuration equipped with 
a horizontal stabiliser for the case study with 
sideslip angle β = 0.

Figure 11. Drag coefficient CD as a function of angle 
of attack α for the autogyro configuration both with 

and without the nacelle

Figure 13 presents the results of tests for auto-
giro with horizontal stabiliser. On the basis of 
Figure 13, the average slope of the lift curve was 
determined. The horizontal tailplane lift curve 
slope was calculated according to the formula:
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A key parameter for longitudinal stability is 

the Tail Volume Coefficient, which is determined 
based on the formula (12):
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 – mean 
rotor chord.

Figure 12. Pitching moment coefficient cmy
as a function of angle of attack α for the

autogyro configuration both with and
without the nacelle

Table 4. Results of the tests for the autogyro configu-
ration equipped with a horizontal stabiliser for the case 
study with sideslip angle β=0

α β cL cm

-20 0 -0.02068 0.006673

-16 0 -0.01815 0.005828

-12 0 -0.01343 0.004289

-8 0 -0.00675 0.001853

-4 0 -0.00022 -0.00071

-2 0 0.003002 -0.00199

0 0 0.006463 -0.00336

2 0 0.009886 -0.00477

4 0 0.012493 -0.00575

8 0 0.017007 -0.00742

12 0 0.019759 -0.00837

16 0 0.02053 -0.00836

20 0 0.021808 -0.00871

Figure 13. Lift CL and pitching moment coefficient 
Cm as a function of angle of attack α. 
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By substituting the numerical values into the 
formula, the value of the tail volume coefficient is 
obtained: VHT = 0.4685.

Figure 14 presents the results of the tests 
for the autogyro configuration equipped with a 
vertical stabiliser. Considering the result of test 
presented Figure 14, the mean rate of change of 
the side force coefficient with respect to the hori-
zontal stabiliser setting angle can be determined 
using the previously defined analytical expres-
sion. Rudder control derivative:
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The analysis indicates that induced drag 
decreases when the landing gear is deployed, a 
phenomenon attributed to the significant increase 
in lift generated by the gear components. Within 
the examined range of sideslip angles and air-
speeds, the extended landing gear enhances the 
aircraft’s overall aerodynamic efficiency. Although 
the measurement data show a slight increase in 

parasite drag with the gear extended, the reduction 
in induced drag partially offsets this penalty, result-
ing in a net aerodynamic benefit under certain 
operating conditions. These aerodynamic trends 
form the basis for evaluating the operational rele-
vance of the landing gear configuration. 

CONCLUSIONS

The aerodynamic evaluation conducted in 
this study demonstrates that the landing gear, 
nacelle geometry, and tail surfaces exert a signifi-
cant influence on the performance and stability 
characteristics of the autogyro. Deployment of 
the landing gear leads to a marked increase in the 
drag coefficient; however, at low fuselage angles 
of attack (−4° to +4°), its effect remains limited. 
At higher angles of attack, the drag coefficient 
increases rapidly, while the lift contribution from 
the gear becomes negligible. These findings indi-
cate that the aerodynamic advantages associated 

Figure 14. Force coefficient Cy versus vertical stabilizer setting angle δv for various fuselage angles of attack α
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with extended landing gear are restricted to take-
off and landing. For cruise flight, immediate 
retraction or the application of dedicated fairings 
is essential to mitigate the associated drag pen-
alty. The rotor‑shaft nacelle was identified as a 
major contributor to fuselage drag, accounting for 
more than a 50% increase in aerodynamic resis-
tance in its current configuration. The sensitivity 
of drag to fuselage angle of attack and sideslip 
underscores the need for geometric refinement of 
the nacelle and improved aerodynamic integra-
tion, particularly through the reduction of sharp 
edges and discontinuities. The assessment of the 
autogyro with and without its stabilising surfaces 
confirms that the horizontal stabiliser provides 
adequate longitudinal stability. The calculated 
tail volume coefficient lies within the recom-
mended range, validating the selected stabiliser 
dimensions and geometry. Similarly, the vertical 
stabiliser ensures sufficient directional controlla-
bility, with only minor rudder deflection required 
to counteract residual side force. 

A fuselage angle of attack of β = 0° corre-
sponds to the take-off or landing conditions of a 
gyroplane. Only under these conditions can the 
statement regarding improved aerodynamic effi-
ciency be considered valid. As the flight speed 
increases, the drag produced by the extended 
landing gear rises rapidly, and the lift coefficient 
generated by the gear becomes negligible. This 
shift in aerodynamic behaviour highlights the 
importance of timely gear retraction.

The analyses above show that deploying 
the landing gear increases the drag coefficient 
by approximately 24%, while simultaneous-
ly increasing lift by about 6%. This modest lift 
benefit is relevant only during take-off and flare; 
for optimal range performance, the gear should 
be retracted immediately after the rotor becomes 
fully self-supporting. According to literature [4], 
wheel fairings could recover roughly 40% of the 
ΔCD0 penalty. Consequently, both operational 
procedures and design refinements can contribute 
to improved performance.

Longitudinal static stability requires that 
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𝑑𝑑𝑑𝑑𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑 < 0 . The slope of the obtained curve is 

-0.027664/rad, which theoretically satisfies the 
stability criterion, but in practice this value lies 
close to neutral stability. This implies the need 
either to shift the centre of gravity forward or 
to increase the horizontal stabiliser area. These 

considerations naturally lead to an assessment of 
the tailplane geometry.

The horizontal tail volume coefficient for 
an autogyro should fall within the range of 0.3 
to 0.6. On the basis of the conducted analyses 
and established design guidelines, the size of the 
horizontal tailplane together with the elevator 
is sufficient to ensure the required longitudinal 
stability of the autogyro. Having addressed lon-
gitudinal stability, the next step is to evaluate 
directional control.

The value of the rudder control derivative is 
approximately 0.02 per radian, which corresponds 
to a typical effectiveness level reported in the lit-
erature for aircraft operating at moderate speeds. 
The vertical tail surface area is sufficient to pro-
vide the required directional controllability. The 
trim point occurs at approximately −2.76°, indi-
cating that a small rudder deflection is needed to 
compensate for the residual side force. Overall, 
the stability and control characteristics fall within 
acceptable limits for this class of aircraft.

Overall, the results support the validity of 
the adopted design assumptions while identifying 
clear opportunities for aerodynamic enhancement. 
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