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Abstract: The precise regulation of hinge moment and pitch angle driven by the pitch regulated mechanism is
crucial for modulating thrust requirements and ensuring stable attitude control in Martian coaxial rotorcraft.
Nonetheless, the aerodynamic hinge moment in rotorcraft presents time-dependent dynamic properties,
posing significant challenges for accurate measurement and assessment for such characteristics. In this study,
we delve into the detailed aerodynamic hinge moment characteristics associated with the pitch regulated
mechanism of Mars rotorcraft under a spectrum of control strategies. A robust computational fluid dynamics
model has been developed to simulate rotor’s aerodynamic loads, accompanied by a quantitative hinge
moment characterization that takes into account the effects of varying rotor speeds and pitch angles. Our
investigation has yielded a thorough understanding of the interplay between aerodynamic load behavior and
rotor surface pressure distributions, leading to the creation of an empirical mapping model for hinge moments.
To validate our findings, we engineered a specialized test apparatus capable of measuring the hinge moments
of the pitch regulated mechanism, facilitating empirical assessments under replicated atmospheric conditions
of both Earth and Mars. The result indicates aerodynamic hinge moments depend non-linearly on rotational
speed, peaking at a 0° pitch angle and showing minimal sensitivity to pitch under 0°. Above 0°, hinge moments
decrease, reaching a minimum at 15° before rising again. Simulation and experimental comparisons
demonstrate that under Earth conditions, the aerodynamic performance and hinge moment errors are within
8.54% and 24.90%, respectively. For Mars conditions, errors remain below 11.62%, proving the CFD model’s
reliability. This supports its application in the design and optimization of Mars rotorcraft systems, enhancing
their flight control through accurate prediction of aerodynamic hinge moments across various pitch angles and
speeds.

Keywords: aerodynamic hinge moment; pitch angle; pitch regulated mechanism; blade pressure; flow field
characteristics; Mars rotorcraft

1. Introduction

As a driving force for civilization development and social progress, deep space exploration has
become the hottest scientific activity of the 21st century[1]. Mars, due to its highest similarity with
Earth, has become the current hotspot of exploration and breakthrough point for deep space
exploration technology [2]. The National Aeronautics and Space Administration (NASA) has set four
scientific goals for Mars exploration [3]: (1) Determine whether there is life on Mars; (2) Understand

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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the processes and history of Martian climate; (3) Understand the origin and evolution of Mars as a
geological system; (4) Prepare for human exploration.

Currently, the types of Mars spacecraft being developed mainly include five categories: scientific
balloons [4], fixed-wing aircraft [5,6], gliders [7], rotorcraft [8-10], and flapping-wing aircraft [11].
Compared with other types of spacecraft, rotorcraft have the characteristics of strong
maneuverability, wide environmental adaptability, and vertical takeoff and landing capabilities
[12,13]. Especially, coaxial counter-rotating rotorcraft with variable-pitch rotors are more suitable for
Mars exploration due to their compact structure, good aerodynamic performance, and flight stability
[14-16]. The variable-pitch mechanism, as the core component of the steering system, has the function
of navigation, control, and guidance[17]. In the flight control of rotorcraft, adjusting the pitch angle
by precisely controlling the hinge moment generated by the variable-pitch mechanism [18] is crucial
for achieving attitude stability.

Therefore, the aerodynamic hinge moment is an important parameter in the design of variable-
pitch mechanisms. It generates bending moments on the pull rods of the rotor variable-pitch
mechanism and forms axial forces on the pull rods of the swashplate through the variable-pitch pull
rods. This force acts on the swashplate, causing it to bear corresponding forces and moments. These
forces are then transmitted to the fuselage and the respective variable-pitch mechanisms through
components connected to the swashplate [19]. Aerodynamic hinge moments can often be obtained
through methods such as wind tunnel tests and theoretical calculations [20-23]. However, due to the
significant variability of aerodynamic hinge moments in rotorcraft, this increases the difficulty of
measurement and research.

In terms of the aerodynamic hinge moment of the tail control mechanism of fixed-wing aircraft,
relatively comprehensive research has been conducted. R. Rose et al. conducted wind tunnel
experiments and actual flight tests on the aerodynamic hinge moments of the main wing and aileron
of the Fairey Delta 2 aircraft, providing reference methods for wind tunnel tests of hinge moments
[24]. Erin M. H. et al. proposed a conceptual aircraft hinge moment measurement system (CAHMMS)
and validated it by integrating CAHMMS with the test wing for wind tunnel testing, providing a
new approach for the systematic measurement of aerodynamic hinge moments [25]. M. Grismer et
al. used Mach number, flap deflection angle, etc., as test variable conditions, obtained surface
pressure of the wing and flap hinge moments through wind tunnel experiments, and studied the
influencing factors of hinge moments [26,27]. Wu et al. conducted research on the calculation method
of three-dimensional aileron hinge moments, using a staggered docking grid to numerically simulate
the three-dimensional configuration flow field, verifying the reliability of numerical simulation
methods for simulating complex flow fields and the effectiveness of aileron hinge moment calculation
[28]. Huang Zongbo et al. studied the effect of rudder deflection angle on hinge moments, and the
results showed that the hinge moments of the rudder increased with the increase of rudder deflection
angle, but the range of rudder deflection angle in the text was relatively small, which did not explain
some special conditions [29]. G.Q. Zhang et al. studied the effect of wing angle of attack on aileron
hinge moments, and the results showed that under small clearances, hinge moments decreased
gradually with the increase of angle of attack [30].

There is relatively less research on the hinge moments of rotorcraft. Unlike the aerodynamic
hinge moments of fixed-wing aircraft, the influencing factors of rotorcraft aerodynamic hinge
moments are no longer deflection angles and clearances, but rather rotor speed and pitch angle.
Additionally, the testing of aerodynamic hinge moments is no longer limited to wind tunnel
experiments.

Xia[19] studied the aerodynamic hinge moments of helicopters at different advance ratios and
found that as the advance ratio increases, the amplitude of variation of the aerodynamic hinge
moments gradually increases. The alternating aerodynamic hinge moments are transmitted to the
fuselage through the pitch control rods, causing the helicopter to experience severe vibrations. Xu
Guanfeng et al. [31] established a calculation model for the aerodynamic hinge moments of coaxial
counter-rotating rotor helicopters and found that although the upper rotor interferes with the lower
rotor aerodynamically, the hinge moments of the upper and lower rotors are essentially the same.
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During high-speed forward flight, they exert significant forces on the swashplate. Yuan et al. [32]
conducted a computational analysis of the aerodynamic hinge moment characteristics of coaxial rigid
rotor helicopters under different pitch axis schemes, showing that the aerodynamic hinge moments
can be mitigated to some extent by properly positioning the variable torque axis.

Liu [33] designed a helicopter rotor aerodynamic hinge moment testing system, which achieved
the collection and transmission of rotor aerodynamic hinge moments in a non-wind tunnel
environment. Xue [34] et al. designed a helicopter rotor dynamic balance test stand, which simplified
the load on the rotor pitch control rods. Through force analysis on the swashplate, they derived the
control moments of the rotor system.

In summary, the aerodynamic hinge moment of the rotor is directly related to the advance ratio,
rotational speed, and installation position of the variable torque axis of the aircraft. However, the
current research on the characteristics of rotor aerodynamic hinge moments is still not sufficient.
From the influencing factors of aerodynamic hinge moments in fixed-wing aircraft, it can be
understood that in fixed-wing aircraft, rotor angle of attack and rudder deflection angle directly affect
the aerodynamic hinge moment. However, the current research on the influence of pitch angle
variation on rotor aerodynamic hinge moments is still insufficient.

This article focuses on the aerodynamic hinge moment of rotorcraft. Firstly, a robust
computational fluid dynamics (CFD) model of rotor aerodynamic hinge moment was established.
Numerical calculations were performed on the rotor systems under different rotor speeds and pitch
angles. The aerodynamic hinge moment results were obtained for different ranges of rotor speeds
and wide pitch angles, and the variation patterns of aerodynamic hinge moments with rotor speed
and pitch angle were analyzed. Furthermore, the influence of rotor blade pressure and flow field
distribution characteristics on the aerodynamic hinge moment properties was further studied,
exploring the formation mechanism of aerodynamic hinge moments. Finally, aerodynamic hinge
moment testing experiments were conducted to verify the effectiveness of the research content of this
article.

2. Materials and Methods

The collective pitch mechanism of the rotor system, shown in Figure 1a, controls the blade pitch
angle of the rotor through the swashplate and rotor control rods, thereby regulating the
aerodynamics of the rotor [35].

n Pitch adjustment
mechanism

— Rotation Axial

: Swashplate
2 [Snadpiae |

(a) Structural composition of the rotor flight system
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(b) Principle diagram of rotor pitch angle change
Figure 1. Basic working principle of rotorcraft.
As illustrated in Figure 1b, the rotor system consists of two rotor blades rotating clockwise in

the plane of rotation. Consequently, the pitch angle changes sequentially, allowing for the
approximate calculation of the cyclic pitch angle a; «, and total pitch angle «, of the rotor [36].

a, = o, —ay
‘ 2 (1
ao = 0.’2 as = _(a4 - as)
Calculated by Formula (1):
as — aZ a4
2
o, ta,
’ 2

2.1. Numerical Method and Governing Equations

CFD (Computational Fluid Dynamics) is a simulation technique based on numerical
computation used to simulate airflow and aerodynamic forces on the surface of rotors [37]. Common
analysis methods include the two-dimensional momentum source method [38]], the rotating
reference frame method [37], and the sliding mesh method [38,39]. The two-dimensional momentum
source method is not suitable for studying the unsteady motion of rotor blades and complex
aerodynamic effects. The sliding mesh method requires significant computational resources,
including high CPU speed and large memory capacity. In contrast, the rotating reference frame
method has the advantages of reducing the complexity of computational fluid dynamics equations
and improving numerical stability. Therefore, this article adopts the rotating reference frame method
for simulation analysis.

The rotating reference frame method divides the entire flow domain of the rotor into two
regions: the stationary domain and the rotating domain. The stationary domain mainly includes grids
for the background portion, while the rotating domain mainly includes grids for the rotor. The
governing equations for the rotating reference frame method can be expressed as:

a—p+V~p\7r =0
Ot

%pf} +V - (pV.5) + p[dx (F—7,)] ==V p + V[ (V5 + V" —%W])]u? @)

%pE+v-(pv,H+pa,) = VIKVT +[ (Vi + Vi —%Vﬁ[)]-17+Sh

In the equation,p represents the fluid density, v represents the absolute velocity, ' represents the

relative velocity, " represents the velocity in the translating coordinate system, @ represents the
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velocity in the rotating coordinate system, / represents the unit tensor, £ represents the relative

specific internal energy, H represents the relative total enthalpy, and S represents the heat source.

The SST (Shear Stress Transport) model combines the advantages of the k—& model in far-field
calculations and the k—® model in near-wall calculations, while also considering the transport of
turbulent shear stress. It can accurately predict flow under adverse pressure gradients. Therefore,
this study employs the SST model to simulate the flow field around the rotor. The SST model consists
of the turbulent kinetic energy k equation and the turbulent dissipation rate & equation, which
are formulated as follows:

6—k+U-Vk=P—g+i[(u+i)ﬁ]
o o, o, o,
3)
% L G.ve="qw+P 08 Ep_c
ot ox, o, ;" k

Where k represents turbulent kinetic energy, U is the average velocity vector of the fluid, P
denotes the generation term of turbulent kinetic energy, ¢ stands for turbulent dissipation rate, v

represents dynamic viscosity, Y is turbulent viscosity, Y is the model constant for turbulent

kinetic energy, 9. is the model constant for turbulent dissipation rate, and C, is the dissipation
model constant for turbulent dissipation rate.

2.2. Grid Partitioning and Irrelevance Analysis

In the paper, the clf5605 airfoil is used as the baseline airfoil [40]. According to the efficient rotor
design approach, the chord length distribution and angle distribution of the designed blades are
shown in Figure 2.

c
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(a) The clf5605 airfoil
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(b) Blade chord length (c) Blade geometric twist angle

Figure 2. Determination of rotor blade airfoil.

The final parameterization of the rotor blade and the three-dimensional shape of the rotor
system are depicted in Figure 3.
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(a) Airfoil parameterization (b) Rotor three-dimensional modeling

Figure 3. Rotor blade airfoil parameterization and three-dimensional modeling.

The geometric configuration of the computational domain and its boundaries is illustrated in
Figure 4.
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Figure 4. Configuration of the computational domain.

The computational domain adopts a cylindrical shape, with a diameter and height 20 times that
of the rotor radius, to minimize the influence of boundaries on the simulation results. The simulation
model is divided into a rotating domain and a stationary domain. The rotating domain contains the
rotor, which rotates as a whole around the axis of rotation. The rest constitutes the stationary domain,
where the upper surface of the cylinder serves as the pressure inlet boundary, the lower surface as
the pressure outlet boundary, and the cylindrical surface as the symmetry boundary. The rotor is set
as a non-slip wall. The interaction surface between the stationary and rotating domains is set as an
internal boundary. The environmental pressure is set to standard atmospheric pressure of 101325 Pa,
and the temperature is set to 288 K. Additionally, the computational domain is discretized into grids.
To obtain more accurate results, the grid is refined in the rotor region, as shown in Figure 5.

d0i:10.20944/preprints202405.0475.v1
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Figure 5. Grid division of the computational domain: (a) Stationary domain; (b) Rotating domain; (c)
Rotor and local mesh.

To reduce the influence of grid quantity on computational errors, grid independence analysis
was conducted. The same method and model were used to perform numerical simulations under the
conditions of 0° pitch angle and 1000 r/min rotation speed. Lift and torque of the rotor were extracted,
and the results are presented in Table 1.

Table 1. Grid Independence Analysis.

Grid Quantity Aerodynami . . .
d tity (1

(10,000) Lift  chinge Grid Quantity (10,000) Lift A‘xerodynamlc

. . . . hinge moment
Stationary rotating (N) moment Stationary rotating (N)
. . . . (N.mm)
domain domain (N.mm) domain domain

391 593  31.9 510.9 89 593 32.3 501.3
245 593 317 504.8 89 271 31.9 502.8
170 593 314 501.9 89 199.5 31.6 502.5
89 593  32.3 501.3 89 97.2 30.8 501.8

From Table 1, it can be observed that by setting the number of grid cells in the rotating domain
to 5.93 million and varying the number of grid cells in the stationary domain, the maximum difference
in lift simulation results does not exceed 3%, and the maximum difference in aerodynamic hinge
moment simulation results does not exceed 2%. It can be considered that the calculation results are
grid-independent. To save computational resources, the number of grid cells in the stationary domain
is selected as 890,000 (with a size of 300mm). Setting the number of grid cells in the stationary domain
to 890,000 and varying the number of grid cells in the rotating domain, when the number of grid cells
in the rotating domain exceeds 1.995 million, the maximum difference in lift simulation results does
not exceed 5%, and the maximum difference in aerodynamic hinge moment simulation results does
not exceed 1%. It can be considered that the calculation results are grid-independent. Therefore, the
number of grid cells in the rotating domain is chosen as 1.995 million (with a size of 5mm) for the
numerical calculation of the rotor.

3. Results

The rotor, during operation, typically adjusts its pitch angle within the range of [-10°, 10°] [41].
To cover the operational pitch angle range of the rotor as comprehensively as possible, the current
computational model has a rotor speed variation range of [200, 1000r/min], and a pitch angle range
of [-15°, 27°], with calculations performed at intervals of every 3° of pitch angle.

3.1. Aerodynamic Characteristics Analysis
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To initiate the comprehensive study of the rotor system, an analysis of the aerodynamic
characteristics of the rotor is conducted, investigating the influence of pitch angle and rotational
speed on the aerodynamic properties.

Based on the calculation formulas for the rotor's lift coefficient C,, torque coefficient C,, and

lift-to-drag ratio C,/C, [9], the results of the rotor's aerodynamic performance are depicted in

Figure 6.
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Figure 6. Relationship between rotor aerodynamic performance and pitch angle: (a) The relationship
between lift coefficient and pitch angle; (b) The relationship between torque coefficient and pitch
angle; (c) The relationship between lift-to-drag ratio and pitch angle.

From Figure 6a, it can be observed that the lift coefficient of the rotor exhibits a nearly linear
positive correlation with the pitch angle within the range of -15° to 15° at the same rotational speed.
When the pitch angle exceeds 15° the lift coefficient curve becomes approximately horizontal,
indicating that further increases in the pitch angle have little effect on the lift coefficient. In contrast
to the lift coefficient, as shown in Figure 6b, the variation of the drag coefficient with pitch angle
follows an approximate quadratic function relationship. The minimum drag coefficient occurs when
the pitch angle is between -3° ~ 0°. Analysis of the lift-to-drag ratio in Figure 6c reveals that the
maximum lift-to-drag ratio of the rotor occurs at a pitch angle of 3°. Additionally, within the pitch
angle range of (0°, 15°), the lift-to-drag ratio exceeds 7, making it suitable as a range for pitch angle
adjustment. The influence of rotational speed on these three parameters is not significant.

3.2. Analysis of Aerodynamic Hinge Moment Characteristics

The calculation results of aerodynamic hinge moment for the rotor at different speeds and pitch
angles are shown in Figure 7.
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Figure 7. Rotor aerodynamic hinge moment calculation analysis (a) The relationship between
aerodynamic hinge moment and blade pitch angle; (b) The relationship between aerodynamic hinge
moment and rotor speed.

From Figure 7a,b, it can be observed that the relationship between the aerodynamic hinge
moment and both the blade pitch angle and rotor speed is more complex compared to the relationship
between lift and these parameters. In Figure 7a, it can be observed that when the rotor blade pitch
angle is 0°, the aerodynamic hinge moment reaches its maximum value. As the pitch angle decreases
towards the negative direction, the aerodynamic hinge moment exhibits a decreasing trend.
However, when the pitch angle is less than -9°, further decrease in pitch angle no longer significantly
affects the aerodynamic hinge moment. Analysis reveals that in the negative pitch angle region, as
the rotor tilting phenomenon intensifies, the variation in the aerodynamic hinge moment becomes
less pronounced. Within the range of 0° to 15° for the pitch angle, as the pitch angle increases, the
aerodynamic hinge moment rapidly decreases. During this phase, the aerodynamic hinge moment is
negatively correlated with the pitch angle, reaching its minimum value at a pitch angle of 15°. When
the pitch angle exceeds 15°, the aerodynamic hinge moment gradually increases with further increase
in the pitch angle, showing a positive correlation.

3.2. Quantitative Representation of Wing Profile Pressure

To further analyze the factors contributing to the formation of rotor aerodynamic hinge
moments and explore the characteristics of these moments, a quantified representation model of the
moments at the 0.75R spanwise section of the rotor is constructed. The wing profile section at 0.75R
is shown in Figure 8.

Figure 8. The wing profile at 0.75R.

As shown in Figure 8, the straight line along the OZ axis represents the rotor axis. At a pitch
angle of «, the pressure exerted on the upper and lower surfaces of the rotor at the position of point
x, on the wing profile is respectively P, and P,'. The torque generated around the OZ axis per

unit area S can be expressed as:
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Thus, the torque generated around the OZ axis by the entire cross-section can be obtained as:

M, =[P+ P s,

Where P and P' represent the blade pressure at point i.

i

©)

When selecting the pitch angles of -9°, -6°, -3°, 0°, 6°, 12°, 16°, 21°, and 27°, the blade pressure at
the 0.75R section of the rotor blade is referenced. The pressure on the upper and lower surfaces of the
rotor blade is plotted accordingly. The results are shown in Figure 9.
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Figure 9. Force Distribution on the Wing Profile.

Analyzing the blade pressure plot of the rotor at a pitch angle of -9°, as shown in Figure 9. These
regions, delineated by the line at x=0, points of intersection between the upper and lower surface

pressure lines, and the zero-pressure line, can be divided into five parts: A,

B, C,

a’

D,,and E, .(1)

Part A4,: The pressure on the upper surface of the rotor blade is greater than 0, indicating a pressure

surface, while the pressure on the lower surface is less than 0, indicating a suction surface, this
generates a torque around the OZ axis in a counterclockwise direction. (2) Parts B, and C,: Both

upper and lower surface pressures are negative, indicating a state of suction, but the suction effect


https://doi.org/10.20944/preprints202405.0475.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2024 doi:10.20944/preprints202405.0475.v1

11

on the lower surface is greater than that on the upper surface, because they are located on the positive
and negative halves of the x-axis, respectively, part B, generates a torque that causes the rotor to
rotate counterclockwise around the OZ axis, while part C, also generates a counterclockwise torque
around the OZ axis. (3) Part D, : Both upper and lower surfaces are suction surfaces, but the suction
effect on the upper surface is greater than that on the lower surface, because they are located on the
positive half of the x-axis, it generates a torque that causes the rotor to rotate counterclockwise around
the OZ axis.(4) Part E,: The upper surface is a suction surface, while the lower surface is a pressure
surface, resulting in a torque that causes the rotor to rotate counterclockwise around the OZ axis.

Performing pressure integration over the aforementioned five regions allows us to approximate
the torque exerted on the rotor blade at the 0.75R position. Similarly, by analyzing the surface
pressure distribution for other pitch angles, and combining them with the torque calculation formula,
we can determine the aerodynamic hinge moment of the rotor blade at the 0.75R position for different
pitch angles, as shown in Figure 10.
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Figure 10. Rotor Blade Aerodynamic Hinge Moment Analysis at 0.75R.

The moments obtained from the force analysis of the upper and lower surfaces of the rotor blade
in Figure 10 are consistent with the aerodynamic hinge moments obtained from the aerodynamic
simulation of the rotor in Figure 7. This indicates that using the quantitative characterization method
to analyze the aerodynamic hinge moments of the rotor blade is feasible.

When comparing Figure 9 again, for the range of pitch angles from -9° to 0° there is no
significant change in the pressure distribution on the upper surface of the rotor blade. However, as
the pitch angle transitions from -9° to 0°, the pressure curve on the lower surface of the rotor blade
changes from an approximate straight line to a curve that gradually protrudes towards the upper
left, leading to a phenomenon where the intersection point of pressures on the upper and lower
surfaces gradually shifts towards the leading edge of the rotor blade. When the pitch angle is positive,
especially when it exceeds 6° as shown in Figure 9, there is no significant change in the pressure
distribution on the lower surface of the rotor blade, while the pressure curve on the upper surface
undergoes significant changes in both shape and magnitude with variations in the pitch angle.

Based on the analysis, we found that the influence of rotor speed on the aerodynamic
performance and aerodynamic hinge moment of the rotor is relatively straightforward, while the
effect of the pitch angle on the aerodynamic performance and aerodynamic hinge moment of the
rotor is more complex. To explain the variation mechanism of rotor blade surface pressure and
aerodynamic hinge moment, we conducted a flow field analysis at the 0.75R section of the rotor blade
for pitch angles of -9°, -6°, -3°, 0°, 6°, 12°, 15°, 21°, and 27°, with a rotor speed of 1000 r/min. We
obtained rotor blade surface pressure contour maps and air velocity/vector field contour maps as
shown in Figures 11 and 12, respectively.

Pressure (Pa)
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Figure 11. The pressure distribution maps on the upper and lower surfaces of the wing profile at
0.75R.
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Figure 12. The airflow velocity maps on the upper and lower surfaces of the wing profile at 0.75R.

As shown in Figure 11, when the pitch angle of the rotor blade is negative, the rotor exhibits a
nose-down phenomenon. During the rotation of the rotor, a stagnation point high-pressure area
forms at the leading edge of the upper surface of the 0.75R airfoil section. At this time, the rotation of
the rotor causes the airflow to move in the same direction as the rotation. As the pitch angle gradually
changes from -9° to 0°, the area of the high-pressure region at the leading edge of the upper surface
of the airfoil gradually decreases, but the pressure change is not significant. Regarding the airflow
situation on the upper and lower surfaces of the 0.75R airfoil section, according to Figure 12, airflow
separates at the mid-to-aft positions of the upper and lower surfaces of the airfoil section, forming a
low-pressure area. The vortex on the upper surface gradually moves towards the leading edge of the
rotor, which is related to changes in pitch angle and stagnation point position. Although the vortex
at the leading edge of the lower surface of the airfoil section does not change significantly in position,
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its intensity gradually weakens, resulting in a significant change in the pressure distribution on the
lower surface, especially the gradual reduction of the range of the low-pressure area. This
phenomenon causes the pressure curve on the lower surface shown in Figure 9 to gradually protrude
towards the upper right, and the intersection of pressures on the upper and lower surfaces of the
airfoil gradually moves towards the leading edge of the rotor. The gas flow velocity at the trailing
edge of the lower surface of the airfoil is relatively slow, forming a high-pressure area. With the
weakening of the vortex at the leading edge of the lower surface of the airfoil, the high-pressure area
tends to expand.

When the pitch angle is positive, the rotor exhibits a pitching-up phenomenon. When the pitch
angle is 6°, as shown in Figure 12, the vortex located at the leading edge of the lower surface of the
airfoil section disappears, forming a stagnation point high-pressure area. At the same time, the high-
pressure region at the trailing edge of the lower surface further expands. When the pitch angle is 12°,
the two high-pressure regions merge, forming a large high-pressure area over the entire lower
surface, with the pressure extremum point located on the leading edge of the lower surface.
Meanwhile, the low-pressure vortex on the upper surface gradually weakens and moves towards the
leading edge of the airfoil section in a weakened state, reaching the leading edge of the airfoil section
when the pitch angle reaches 12°. Subsequently, as the pitch angle increases, the vortex gradually
strengthens, consistent with the variation trend of pressure distribution on the upper surface of the
airfoil shown in Figure 11 when the pitch angle is positive.

4. Experiment and Discussion

This section mainly introduces the design and completion of a series of validation experiments
using a test stand. The structure of the test stand is shown in Figure 13, which integrates tension
sensors, speed sensors, and torque sensors. It can measure parameters such as motor speed, rotor
torque, and Rotor lift. Relevant information can be obtained through data acquisition equipment and
monitoring software.

Figure 13. Test Stand System.

The pitch angle is measured using a horizontal inclinometer, as shown in Figure 14. The
measurement method involves using a Weite Intelligent Bluetooth sensor combined with a Dippsi
digital pitch gauge. The sensor's measurement accuracy for the X and Y axes is 0.2°, and for the Z axis
is 0.5°. To verify the installation of the test stand, the rotor pitch angle is taken as 0°. This means the
rotor blades are positioned parallel to the plane of rotation. By doing so, any deviation from the
intended setup can be identified and corrected, ensuring the accuracy and reliability of the test
results. The rotor rotates around the Z-axis according to Figure 13, completing one full revolution.
Every 30 degrees of rotation, the pitch angle is measured and recorded. The results are presented in
Table 2.
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Figure 14. Pitch angle measurement method.

Table 2. Pitch angle test situation.

serial number Phase / (°) Pitch angle (error) / (°)
1 -0.45 0.01
2 -30.15 0.07
3 -59.74 0.08
4 -90.62 0.10
5 -120.39 0.06
6 -149.89 0.07
7 -179.54 0.03
8 149.74 0.02
9 119.51 0.02
10 90.50 -0.09
11 59.04 -0.09
12 30.68 -0.06

In this scenario, the 0° pitch angle is chosen as the reference. When the rotor rotates about the Z-
axis for one cycle, the measured values represent both the pitch angle readings and the deviation
from the ideal values. Analyzing the pitch angles shown in Table 2, it can be observed that during
the rotation of the rotor about the Z-axis, a maximum pitch angle of 0.10° occurred at a phase angle
0f -90.62°, and a minimum pitch angle of -0.09° occurred at a phase angle of 90.50°. This indicates that
there is an error angle of approximately 0.10° during the installation of the test bench. However,
considering that the error is less than the accuracy of the sensor, it can be considered that the test
bench installation meets the requirements.

4.1. Aerodynamic Hinge Moment Test Principle

Currently, there are mainly two methods for testing the aerodynamic hinge moment of rotor
blades. One is to install an aerodynamic hinge moment balance on the rotor blades,[42,43] and the
other is to mount sensors on the rotor blade pitch links.[33]

The first method enables direct measurement of the rotor blade's aerodynamic hinge torque,
with minimal influence from other factors and high accuracy. However, the measurement equipment
requires a relatively large installation space, making it suitable for use on large and medium-sized
equipment, while it's challenging to employ this measurement method on small aircraft. The second
method involves mounting force sensors on the pitch links of the rotor blades. By multiplying the
measured tensile or compressive force on the pitch link by the corresponding lever arm length, the
aerodynamic hinge torque can be obtained. The advantage of this method is its simplicity in structure
and minimal installation space required. However, measuring the aerodynamic hinge torque in this
manner involves the transmission of forces through the pitch link structure, introducing some
associated errors.

Both methods can measure the aerodynamic hinge torque of rotor blades. However, for small-
scale rotorcraft, the rotor itself needs to rotate at a certain speed. Using either of the two methods
mentioned, the sensors would rotate with the rotor, potentially leading to significant measurement
errors. Additionally, integrating the sensors into the data acquisition system might be challenging.
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Therefore, neither of these methods is suitable for testing the aerodynamic hinge torque of small
helicopters. The torque testing method employed in this paper is an improvement based on the
second method, as illustrated in Figure 15.

Oar clip
Propeller hub

Oar clamp arm

Swashplate tie rod
Swashplate moving plate

Swashplate fixed plate

Swashplate tie rod

Spindle
Sensor support

Pressure Sensor

Figure 15. Principle of Pneumatic Hinge Moment Test.

The aerodynamic hinge moment 7, is transmitted through the blade clamp and the blade clamp

pull rod in the form of tension or compression to the Swashplate moving plate, which is then
transmitted to the Swashplate fixed plate, and ultimately transferred to the sensor through the
operating lever. Because the fixed plate of the Swashplate is stationary relative to the main shaft, while
the moving plate of the Swashplate can follow the rotation of the rotor, the force F, measured by the

sensor is the quantity converted by the connecting rod and the Swashplate. Neglecting friction, the
relationship between F; and torque 7, can be expressed as:

T,=FsL (j=1. 2, i=1~3) )

Although this testing method may introduce errors during the force transmission process, it
eliminates the influence caused by the rotation of the sensor, thereby reducing the complexity of the
test. Furthermore, compared to directly measuring the pneumatic hinge torque, testing the force on
the operating lever is more practically meaningful. It can provide valuable reference and
recommendations for the design of aircraft control systems and the selection of servos.

4.2. Earth/Mars Environment Test Comparison

4.2.1. Earth Environment Test Testing

According to the previous analysis, rotor pitch angles of -3°, 0°, 6°, and 15° are set for lift and
moment testing. The rotor speed is set to [0, 1000 r/min]. The experimental data and simulation results
obtained are compared and analyzed, as shown in Figure 16.
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Figure 16. Earth environment rotor aerodynamic performance analysis.

Based on the comparison between experimental and simulation results, it can be seen that the
numerical calculation results of lift are highly consistent with the experimental results, with a
maximum error of 7.21% in torque and 8.54% in lift. By comparing experimental data with simulation
results, we can conclude that the calculated results are well matched with the experimental data, thus
validating the correctness of the numerical calculation model.

4.2.2. Simulated Martian Environment Test Testing

The comparison of environmental conditions between Mars and Earth is shown in Table 3.

Table 3. Comparison of some parameters between Mars and Earth.

Features Mars Earth Ratio (Mars / Earth)
Acceleration of gravity (m/s2) 3.72 9.80 38/100
Atmospheric pressure (Pa) 636 101325 6.3/100

Sound velocity (m/s) 240 343 7/10
Air density (kg/m3) 0.0118 1.17 1/100
Mean temperature ('C) -63 15
viscosity [kg/(m-s)] 1.289x105  1.789x10% 72.1/100

Based on Table 3, it is evident that the Martian atmospheric environment is more hostile
compared to Earth's, and currently, there is no way to replicate Martian conditions on Earth. Most
research institutions typically use vacuum chambers for Mars environment simulation tests [44-46]
to conduct relevant research. The experiment in this study chose to use a vacuum chamber from the
China Academy of Space Technology (CAST), China Aerospace Science and Technology Corporation
(CASC), for the Mars environment simulation test of rotorcraft aerodynamic performance. The
vacuum chamber and rotorcraft aerodynamic testing are shown in Figure 17.
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Figure 17. Rotor aerodynamic performance test experiment simulating the Martian environment.

We conducted lift and torque tests on the rotor in a vacuum environment to verify the reliability
of the proposed CFD computational model under simulated Martian conditions. The pitch angles
were set to 6° and 12°. Lift generated at low rotor speeds was insignificant and lacked practical

relevance. Given that the speed of sound on Mars is approximately 240m/s, with reference to not
exceeding 0.8 times the speed of sound, the range of rotor speeds was set between 1600r/min and
3000r/min. The experimental results were then compared with the CFD computational results, as
shown in Figure 18.
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Figure 18. Analysis of Rotor Aerodynamic Performance Under Simulated Martian Environment.

According to Figure 18, as compared to experimental results, the lift error obtained from CFD
simulations is less than 11.62%, and the torque error is less than 8.49%. This indicates that the CFD
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simulation method used in this study is not only applicable to atmospheric environments but also
remains effective under simulated Martian atmospheric conditions.

4.3. Aerodynamic Hinge Moment Testing Analysis

In the experiment, it was observed that when the rotor speed exceeded 1000r/min, there were
significant fluctuations in the pressure sensor data collected by the data acquisition equipment. To
ensure the accuracy of the collected data, only the aerodynamic hinge moment of the rotor at speeds
ranging from 200r/min to 600r/min was analyzed.

By experimentally measuring the tensile and compressive forces on the Swashplate control rod,
the aerodynamic hinge moment of the rotor about the hinge axis was numerically computed.
Following the calculation process shown in Figure 19, a joint simulation was conducted between
FLUENT numerical simulation and multibody dynamics computation. The aerodynamic hinge
moment calculated by CFD was applied to the multibody dynamics model to obtain the tensile and
compressive forces on the control rod.

Athletic Vice
Materials é
and Quality £ y

generate Multibod
o 3 g y

3D Modeling Dynamics Model
Design and
Assembly

Parameter Settings

Results
Rotate speed

CFD Calculation | JJ  Pneumatic Import
- Model Hinge Moment
Y
Pull Pressure

Figure 19. Process of Coupled Simulation between Fluent and Multibody Dynamics.

The numerical values of partial aerodynamic hinge moment calculated by CFD are shown in
Table 4:

Table 4. Rotor Aerodynamic Hinge Moment.

Rotor Aerodynamic Hinge Moment / (N.mm)
200 r/min 400 r/min 600 r/min

Pitch angle test situation pitch angle /(°)

1 -3° 18.26 77.20 178.27
2 0° 18.60 78.80 182.90
3 6° 13.80 58.79 136.09
4 15° 7.48 32.27 76.51

The sensor test data obtained through the experimental method as per the procedure outlined
in Figure 14, and the tensile and compressive forces calculated through the coupled simulation
method illustrated in Figure 19, both represent the aerodynamic hinge moment transmitted as rod
forces to the pitch regulated mechanism. A comparison between the tensile and compressive force
results obtained from the coupled simulation and the sensor data from the experiment is presented
in Figure 20
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Figure 20. Comparison and Analysis of Aerodynamic Hinge Moment Test and Simulation.

According to Figure 20, it is evident that the aerodynamic hinge moment, when transmitted,
acts on the pitch regulated mechanism in the form of alternating forces, with the alternating
frequency related to the hovering rotor speed. As depicted in Figure 20, there is a slight discrepancy
between the experimental results and the simulation results Figure 21 illustrates the error graph.
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Figure 21. Error Analysis between Experiment and CFD Numerical Calculation.

According to the error analysis shown in Figure 21, the maximum error is 23.90%, with most
errors remaining within +15%. This is due to the vibration generated by the airframe during the
experiment, which to some extent can lead to larger discrepancies between the experimental and
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calculated results. However, overall, there is good consistency between the experimental and
simulation results, verifying the accuracy of the numerical calculations.

Literature [31] computed the hinge moment of the blades by constructing an unsteady
aerodynamic calculation model. The method from this literature was employed to calculate the
aerodynamic hinge moment of the rotor in this study at a pitch angle of 0° and a speed of 600r/min.
The calculated results were then compared with the experimental results and the numerical
calculation results of this study, as shown in Figure 22.
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Figure 22. Comparative analysis of calculation results and literature [31].

As shown in Figure 22, compared to the method in literature [31], the CFD numerical calculation
results of this study exhibit higher accuracy, especially near the peak. This demonstrates that the
numerical calculation method used in this study has better accuracy compared to the method
described in the literature.

5. Conclusions

This study investigates the effects of main factors such as rotor speed and pitch angle on the
aerodynamic hinge moment characteristics of rotorcraft through numerical calculations and
experimental testing. The underlying mechanisms of these characteristics are analyzed, leading to
the following key conclusions:

(1) The aerodynamic hinge moment gradually increases with the increase in rotor speed, but
exhibits a significant nonlinear relationship with the pitch angle: When the pitch angle is 0°, the
aerodynamic hinge moment reaches its maximum value; when the pitch angle is 15°, the
aerodynamic hinge moment reaches its minimum value; furthermore, pitch angles of 0° and 15°
differentiate the variation pattern of the aerodynamic hinge moment into three linear change
curves.

(2) The results of quantitative characterization methods indicate that the variation curve of blade
pressure with pitch angle is consistent with the trend of aerodynamic hinge moment variation
with pitch angle. Additionally, when the rotor exhibits a pitching-down phenomenon, a
stagnation point high-pressure zone forms at the leading edge of the upper surface of the airfoil;
whereas, when pitching up, a stagnation point high-pressure zone forms at the leading edge of
the lower surface of the airfoil.

(3) When the pitch angle gradually changes from -9° to 27°, the vortices on the upper surface of the
airfoil gradually move forward towards the leading edge from positions closer to the trailing
edge. Their intensity initially weakens and then strengthens. Meanwhile, the vortices on the


https://doi.org/10.20944/preprints202405.0475.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2024 doi:10.20944/preprints202405.0475.v1

21

lower surface of the airfoil remain in place but gradually weaken, disappearing at a pitch angle
of 0°, and the front part of the lower surface of the airfoil gradually changes from a low-pressure
zone to a high-pressure zone.

(4) Under Earth's conditions, the lift error is less than 8.54%, the torque error is less than 7.21%, and
the aerodynamic hinge moment error is controlled within 24.90%. Under Martian conditions,
the lift error is not greater than 11.62%, and the torque error is not greater than 8.49%. This
confirms that the CFD simulation model is equally effective under Martian and Earth conditions,
validating the proposed research method's effectiveness in predicting the aerodynamic hinge
moment under different pitch angles and rotor speeds.

This paper delves into the research on aerodynamic hinge moment, analyzing its variation
patterns and underlying causes. The correctness of numerical calculations was validated through
bench tests. Subsequently, we will continue to optimize the design of the pitch regulated mechanism
and develop control strategies for relevant rotor UAVs, especially focusing on variable pitch control
strategies for rotor UAVs in Martian environments.
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