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Abstract

:

Recent developments in electrical Vertical Take-off and Landing (eVTOL) vehicles show the need for a better understanding of transient aero-mechanical propeller loads for non-axial inflow conditions. The variety of vehicle configurations conceptualized with different propellers in terms of blade geometry, number of blades, and their general integration concept results in aerodynamic loads on the propellers which are different from those on conventional fixed-wing aircraft propellers or helicopter rotors. Such varying aerodynamic loads have to be considered in the vehicle design as a whole and also in the detailed design of their respective electric propulsion systems. Therefore, an experimental approach is conducted on two different propeller blade geometries and a varying number of blades with the objective to explore the characteristics at non-axial inflow conditions. Experimental data are compared with calculated results of a low-fidelity Blade Element Momentum Theory (BEMT) approach. Average thrust and side force coefficients are shown to increase with inflow angle, and this trend is captured by the implemented numerical method. Measured thrust and in-plane forces are shown to oscillate at the blade passing frequency and its harmonics, with higher amplitudes at higher angles of inflow or lower number of blades.
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1. Introduction


The development of an innovative aircraft for Regional Air Mobility (RAM) and Urban Air Mobility (UAM) has been approached with increased interest in recent years. This has raised unique aircraft system and subsystem requirements. Several new vehicle solutions have been proposed to meet them: over 700 concepts by over 300 different companies have been included in the Vertical Flight Society database [1]. Some manufacturers are moving quickly through testing prototypes, manned flight, and even towards certification of new vehicles. Estimates suggest the UAM market could reach a value of USD 32B by 2035 [2].



From a technical perspective, recently proposed solutions for these vehicles incorporate characteristics from both fixed-wing aircraft and rotorcraft in order to combine the advantages of range and speed of the former with the maneuverability of the latter. Some of the proposed architectures for UAM vehicles introduce features such as distributed propulsion, propeller–wing configurations and wings or propellers that can be tilted in flight. However, many of the propulsion concepts are highly aerodynamically complex and diverge from traditional axial inflow operating conditions for propellers [3,4].



Some proposed vehicle architectures, such as tiltrotor aircraft, require a transition between vertical and horizontal flight and thus inevitably encounter non-axial inflow conditions during flight due to the reconfiguration of the propulsion system [2]. Other architectures for eVTOL aircraft have fixed orientation propellers to provide thrust and lift individually, the so-called Lift+Cruise concepts [2]. These configurations have the advantage of reduced complexity for not requiring large scale in-flight reconfiguration of wings or propulsion systems. However, they may face integration issues due to the influence of lifter rotors still present in the flow during cruise flight, albeit shut down, which can affect not only vehicle drag but also performance of wings and active propulsion systems as well as the structure of the vehicle itself. Design parameters such as the number of blades can have a significant impact on the performance of a concept. Selecting a two-bladed or four-bladed propeller for the lifter rotors, for example, could enable the alignment of blades with oncoming airflow during cruise, but this selection also impacts the aerodynamic behavior of the rotor itself. In this scenario, it is clear that a detailed understanding of both averaged and time-resolved aerodynamic characteristics of propellers under non-axial inflow conditions, including their dependencies on not only operating conditions but also design parameters, such as number of blades, is crucial for the development of an eVTOL aircraft.



Previous experimental work was carried out in the early 20th century [5,6] focused on assessing changes in average forces and moments of propellers operating in yaw and their effect on aircraft stability. These studies reported not only changes in thrust and power coefficients and propeller efficiency, but also the observation that additional moments and in-plane forces arise from operation in non-axial inflow. Later, in the 1940s to 1960s, further experimental investigations [7,8,9] were conducted over wider ranges of angles of incidence. Also during this period, the theoretical modeling of propeller loads at incidence was advanced [10,11]. There has been renewed interest on the topic in the last decade, possibly motivated by the further development of UAV (Unmanned Aerial Vehicle) and eVTOL concepts, with several authors investigating average loads of propellers at incidence [12,13,14,15], while experimental results for loads in the frequency domain are scarce but have been reported in [16].



Experimental data are invaluable in order to validate existing prediction tools for the new conditions expected for an eVTOL aircraft or develop new prediction tools. This work aims to contribute to the aforementioned experimental database and expand it by including time-resolved load data to enable an analysis of oscillatory behavior induced by asymmetric inflow in addition to average loads.




2. Methodology


In this section, the experimental setup is introduced, including the electric motor, the load cell, the types of propellers being tested, and further components. The considered parameter space and measurement procedure are described. Then, the numerical approach is introduced with a short description of the used Blade Element Momentum Theory (BEMT) method, including selected parameters.



2.1. Experimental Approach


A test bench for an isolated small-scale propeller was developed to allow for the investigation of different propeller configurations and inflow conditions, including variations in rotational speed, blade geometry, number of blades, and Angle of Inflow (AoI). The experimental setup is based on previous work [17,18] and was adapted to enable time-resolved measurements and to focus on certain parameter variations, such as number of blades and blade pitch angle. The experimental setup can be seen in Figure 1.



The test bench consists of an outrunner brushless electric motor with a fixture for off-the-shelf propeller blades. The motor is connected to a six-component load cell used to measure time-resolved forces and moments. An insulating polytetrafluoroethylene (PTFE) disk was included between the motor and the load cell in order to hinder heat transfer between these components, since temperature changes at the load cell were observed to influence measurement results. Also due to this observation, a temperature sensor was attached to the load cell for monitoring purposes. Additionally, an optical sensor was included to enable measurements of the rotational speed of the motor. This approach was selected not only because it could be integrated easily with existing equipment, but also because its small dimensions allow for flow disturbances induced by the inclusion of this sensor to be kept to a minimum. The optical sensor was placed in a custom 3D-printed support attached to the motor fixture and a reflective tape was placed on the motor itself such that the voltage peaks of the optical sensor caused by the reflective tape once per revolution could be used to calculate rotations per minute (RPM) for data analysis. The measurement equipment is supported by steel beams and placed on a rotating platform in the wind tunnel, which enables rotation of the entire test bench for adjustment of the inflow angle.



The experimental campaign was carried out in Wind Tunnel A of the Chair of Aerodynamics and Fluid Mechanics of the Technical University of Munich (TUM-AER). The test section of this tunnel was 4.8 m long and its cross-section was 1.8 by 2.4 m. The turbulence intensity was below 0.4% in all three directions. The test bench on the rotating platform and outside views of the wind tunnel are shown on Figure 2. For load measurements, axes X and Y of the load cell correspond to in-plane axes of the propeller, whereas the Z axis represents the propeller rotation axis, as illustrated in Figure 2.



The load cell used had nominal maximum loads of 200 N/5 Nm in X and Y axes and 500 N/10 Nm in the Z axis. The motor used had a maximum power rating of 1955 W. Both of these components were each approximately 60 mm in diameter and 40 mm in length. The load cell was calibrated by the manufacturer and the measurement uncertainty obtained during calibration was [0.016, 0.064, 1.380] N for forces and [0.006, 0.009, 0.003] Nm for moments in X, Y, and Z axes, respectively. Load data were collected at 3000 Hz, which resulted in a limit resolution frequency of 1200 Hz and maximum latency of 1.25 ms according to manufacturer data.



The power was supplied from the grid with an AC-DC converter delivering 48 V DC to the system. Control was achieved with an Electronic Speed Controller (ESC) from the same manufacturer as the motor and an Arduino PID (proportional–integral–derivative) controller with the three-phase ESC output in the feedback loop. A visual display indicating electric current and a temperature sensor for periodic measurements of the motor were used to monitor the motor status during the experimental campaign, because certain configurations required the motor to operate close to its limits.



Testing was aborted if either measured thrust was too close to zero, to avoid propeller windmilling, or if the monitoring of motor current and temperature indicated that the system was close to overheating. Loads were measured in static conditions and also at two different wind speeds, namely 10 and 25 m/s. Focus was placed on three different rotational speeds of the propellers—3000, 4000 and 5000 RPM—for which AoI sweeps from 0 (axial inflow) to 90 degrees were carried out. Some operating conditions, e.g., static axial inflow for two-bladed propellers were also measured at 2000 and 6000 RPM with the objective of comparing these results with previous measurements and the existing literature in order to validate the setup. Table 1 provides an overview of these testing conditions.



Two different blade geometries were used for this measurement campaign. Figure 3 shows these blades and Table 2 contains information about manufacturer, number of blades, and pitch. All propellers had approximately the same diameter of 457 mm.



In particular, Type B blades could be used with different hubs that allowed for adjustment of the blade number, enabling a direct assessment of the influence of blade number on propeller loads. Another interesting aspect of Type B propeller blades was that they do not have a predefined fixed pitch, so the pitch can be adjusted to be between 6 and 24 inches. However, a drawback to this flexibility was that the adjustment by hand was found to be imprecise and not easily repeatable. This may have led to slightly different pitch configurations between each blade mounted on a hub. An 8-channel amplifier was used to collect data from the load cell and temperature and optical sensors at 3000 Hz for 30 s, with all channels measured simultaneously. Additionally, pressure and ambient temperature data were collected separately at 1 Hz and averaged over 10 s.



Experimental data were averaged in order to obtain aerodynamic coefficients. Performance of aircraft propellers under axial inflow is usually expressed in terms of thrust coefficient   C T   and power coefficient   C P   considering their variation over advance ratio J as defined by


     C T     =  T  ρ  n 2   D 4        



(1)






     C P     =  P  ρ  n 3   D 5        



(2)






    J    =   V ∞   n D       



(3)




where  ρ  is air density,   V ∞   is wind speed (inflow) and T, P, D and n are, respectively, propeller thrust, power, diameter, and rotational speed in rotations per second.




2.2. Numerical Approach


The implemented low-fidelity method was used to calculate propeller performance with axial inflow conditions, followed by non-axial conditions. The method is based on Blade Element Momentum Theory (BEMT), which is a well-known standard procedure to design or determine aerodynamic propeller performance within seconds.



The BEMT method was implemented as formulated in [19], and the governing equations for non-axial inflow conditions are given in [20] but are listed here as a quick reference. The quasi-steady aerodynamic forces of a propeller at non-axial inflow conditions were determined by solving the three non-linear equations with three unknowns   a ,  a ′   , and  ϕ  for every blade element at radius r and discrete azimuthal sector position  θ , where   a ,  a ′   , and  ϕ  represent the axial and tangential interference factors and the flow angle. The rotational speed in [rad/s] is given by  Ω . The equations are


     a  1 + a      =   σ   C y    4 F  sin 2  ϕ       



(4)






      a ′   1 −  a ′       =   σ   C x    4 F cos ϕ sin ϕ       



(5)






    ϕ    = arctan    V ∞  cos  A o I   ( 1 + a )     (  V ∞  sin A o I sin θ + Ω r )   ( 1 −  a ′  )        



(6)




The sectional propeller solidity ratio  σ  offers the relation of radial propeller chord length c multiplied by the number of blades B and the respective circumferential length. It is defined by


     σ =   B c   2 π ξ R       



(7)




where   ξ = r / R   represents the blade element radial position with regard to total propeller radius R. Additionally,


     C x     =  C L  sin ϕ +  C D  cos ϕ     



(8)






     C y     =  C L  cos ϕ −  C D  sin ϕ     



(9)




represent the flow conditions at a blade section. Furthermore, the BEMT uses tip-loss factor F in a variant originally from [21] and also used by [22], which is


    F    =  2 π  arccos  exp −   B ( 1 − ξ )   2 ξ sin ϕ        



(10)




Having the unknonws determined for each radial and azimuthal blade element, the partial derivatives of aerodynamic force coefficients, for example, for thrust coefficient   C T   for a single blade, can be obtained as


    ∂  C T   ( ξ , θ )    ∂ ξ   =   c   C y    4  n 2   D 3       V  ∞  2   cos 2  A o I   ( 1 + a )  2     sin 2  ϕ    



(11)




The integral thrust coefficient   C T   and all other force coefficients with regard to the propeller hub are obtained by integrating radial loading, given in Equation (11), at each azimuthal sector position  θ  and tracking all blades over a single revolution repeating this method in order to obtain the integral aerodynamic hub loading on the propeller over one rotation.



In contrast to most available open-source BEMT codes, the implemented method also considers azimuthal resolution and is therefore capable of tracing propeller loads over a rotation. This capability enables the calculation of propeller performance for non-axial inflow conditions. The advantage of the method is that it enables a very fast evaluation of results for several different parameters, such as number of blades, pitch settings, or RPM. Hence, it is well suited for a comparison with the results of the experimental study.



A blade geometry representation is provided in Figure 4 in terms of radial blade twist  β  and radial chord c given as chord-to-radius ratio   c / R  . The blade twist can also be described using pitch-over-diameter ratio   p / D   which directly relates to the design advance ratio J of the propeller blade. All these radial properties are shown over the non-dimensional propeller radius   r / R  .



Furthermore, three radial airfoils at positions   x i = r / R = [ 0.35 , 0.70 , 0.95 ]   are used to generate 2D polar data for the BEMT by means of CFD using a 2D-RANS approach. The airfoil contours are shown in Figure 5 and polar data for the three different sections of the APC 18×8 propeller at various Reynold Numbers are presented in Figure 6.



While a CAD representation of Type A (APC 18×8E) propeller geometry was available from previous studies, the 18×12E variant was generated by adjusting the blade twist distribution based on manufacturer data. Type B (Ramoser) blade geometry had to be generated using a 3D scanner and extensive post-processing to smooth the measured geometry and extract blade section airfoils.
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Figure 5. Three representative airfoil sections of APC 18×8E blade shape. 






Figure 5. Three representative airfoil sections of APC 18×8E blade shape.



[image: Aerospace 11 00274 g005]







[image: Aerospace 11 00274 g006] 





Figure 6. Section-wise polar input obtained from 2D-RANS simulations for different Reynolds Numbers for APC 18×8E blade. 
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3. Results and Discussion


The results can be divided into three parts.



Initially, the time-averaged loads acting on the propellers are analyzed with axial inflow at different wind speeds, representing the propeller’s performance data. This allows for validation of the test bench by comparison against the literature data and a comparison of experimental and BEMT results for traditional propeller operating conditions.



Then, the non-axial inflow conditions with an inflow angle of up to 90 degrees are considered. Experimental data are shown for force coefficients under various operating conditions, and a comparison over one propeller revolution is carried out between experimental and numerical results for different propellers at 15 degrees and 45 degrees of the inflow angle. This can offer insights into the transient load characteristics and their dependency on the number of blades.



Finally, oscillation amplitudes and frequencies for different propellers are analyzed, which is made possible by the experimental approach including time-resolved data acquisition.



3.1. Time-Averaged Results/Propeller Performance Data


The forces and moments obtained during the experimental campaign in the wind tunnel can be averaged and used to calculate aerodynamic coefficients for an analysis of the flow both in axial and non-axial conditions according to the equations previously described.



3.1.1. Axial Inflow


In order to validate the experimental setup, thrust and power coefficients at axial inflow for Type A (APC) propeller blades were compared with experimental data from [23]. The experimental, numerical (BEMT), and literature results can be seen in Figure 7.



Comparing results for both pitch settings of Type A (APC) propellers, there is good agreement between the currently reported experimental results and the experimental results in the literature, whereas BEMT results are slightly below the literature values, particularly at low advance ratios.



On the right side, the calculated Type B (Ramoser) two-, three-, and four-bladed propellers are compared to experimental data. The results show good agreement for lower advance ratios but an increased over-prediction over the experimental data for higher advance ratios above J = 0.4 for all three blade counts. Nevertheless, the dependency of blade number for these parameters was still captured by the BEMT method.




3.1.2. Non-Axial Inflow


Next, thrust and power coefficients of Type B (Ramoser) propellers are investigated for non-axial inflow conditions at two different inflow velocities with 5000 RPM; see Figure 8. The two-, three-, and four-bladed variants are considered for varying   A o I   from zero to   90 ∘   and results are compared against the experimental measurements. With regard to thrust coefficient, there is very good agreement between experimental and numerical results, both showing increasing thrust coefficient with   A o I  . BEMT results for 10 m/s wind speed show better agreement with experimental data, whereas for 25 m/s there is an over-prediction for   A o I  <   40 ∘   . Experimental results for thrust show a more accentuated slope over AoI for higher wind speed. Additionally, it is possible to identify that, for low   A o I  , thrust is decreased in comparison to static thrust values, but for high   A o I   there is an increase in thrust with inflow, and this change in behavior occurs between the measurement points of   A o I  =  [  60 ∘  ,   75 ∘  ]  . This is in line with trends previously identified in experiments in [9,13,14]. Reference [14] provides a theoretical explanation for this phenomenon, suggesting that at high incidence angles, the propeller behaves similarly to an elliptic wing.



With regard to power coefficient, again, there is better agreement between BEMT numerical and experimental results for 10 m/s wind speed than for 25 m/s, with a slight over-prediction of the numerical tool in the latter case. Nevertheless, for both wind speed conditions, the power coefficient trends are well represented numerically. For the lower wind speed, there is a strictly decreasing trend in power coefficient over   A o I  , whereas for the higher wind speed, the power coefficient increases from   A o I  15 deg   to   60 deg   and decreases again for higher angles.



A direct consequence of flow asymmetry when considering propellers operating at an incidence angle to the incoming wind are additional forces acting in plane with the propeller disk (X and Y axes). Non-dimensional force coefficients   C X   and   C Y   can be calculated similarly to the thrust coefficient, considering air density  ρ , propeller rotational speed n, and diameter D as follows:


     C  X , Y      =   F  X , Y    ρ  n 2   D 4        



(12)




Experimental results for time-averaged, integral in-plane force coefficients are shown in Figure 9 for the same propellers and operating conditions as in Figure 8. Absolute values are depicted to facilitate a comparison of force magnitude.



Results show that in-plane forces increase in magnitude with increasing   A o I   up to   75 ∘   for all blade counts, with a higher slope for a higher wind speed value. Additionally, the four-bladed variant resulted in higher average side force coefficients for the same rotational speed, although it is important to remember that this increase is accompanied by higher thrust coefficients as well.



When considering in-plane forces and moments, advance ratio J as previously defined is not able to capture the   A o I   dependency of these aerodynamic quantities. Therefore, a definition of advance ratio  μ  similar to the one traditionally used in rotorcraft aerodynamics can be used considering the tangential component of inflow velocity for its calculation as follows:


     μ =    V ∞  s i n ⁡  ( A o I )    2 π n R       



(13)




with variables as previously defined and R as propeller radius. The decomposition of advance ratio in normal and tangential representations is also present in the literature [9,15]. Force coefficients for X and Y axes with regard to advance ratio  μ  at all different operating conditions of type B propellers are shown in Figure 10, including variations in RPM, pitch, number of blades and wind speed, and colored by experimental thrust coefficient.



The data in Figure 9 and Figure 10 were corrected to remove the influence of the motor and mounting parts. This was achieved by running reference measurements with the test bench without the propeller blades (as shown in Figure 1) at the same wind speeds and incidence angles and subtracting the forces measured in these reference situations from the measurements with propeller blades.



The data show a dependency of propeller in-plane average loads on advance ratio  μ , whereas for an arbitrary advance ratio, the absolute magnitude of average lateral force coefficients increases as thrust increases.





3.2. Time-Resolved Results/Azimuthal Load Behavior


In this section, the mechanical hub loads of different propellers throughout a single rotation are analyzed.



Especially on the experimental side, time-resolved measurements represent a challenging task, since it is possible that structural parts of the test bench itself influence the measurements as they might affect the load cell by amplifying or dampening specific excitation frequencies. Nevertheless, the authors expect that repeating patterns identified with different propellers at different rotational speeds can be taken as an indication of transient load behavior, regardless of test bench influences.



The optical RPM sensor enables the calculation of a time-synchronous average of each load signal by overlapping the sections of the signal which correspond to one full rotation of the motor. Each of the black lines in Figure 11 is one such section, and the colored line is then the average of these individual sections over one rotation.



The data in Figure 11 are processed with a lowpass filter set at 800 Hz in order to enable better visualization of the first engine orders without including high-frequency oscillations, for example, the 14th engine order, which is present in all results and addressed later in Section 3.2.1.



Comparing the results for the two-bladed propellers at 0 and 90 degrees angle of inflow, it is noticeable that non-axial inflow leads to larger amplitudes of oscillation in measured forces in all three axes, with four visible peaks over one rotation. Now looking at a five-bladed propeller in the same operation and inflow conditions, although load oscillations are still visible, they are significantly lower in magnitude. A broader analysis of oscillation magnitude is provided in the next section.



One caveat of this analysis is that experimental data are obtained without a clear correlation to propeller azimuthal orientation, meaning the exact position of the blades is not known, only that a full rotation happened between two instances of the optical signal. Therefore, an attempt is made at aligning experimental data with BEMT results to enable a comparison by shifting all data by an equal step such that the moment around the Z axis (torque of the motor) agrees in the peak position with the BEMT data. The method allows at least for a comparison of measured load amplitudes and simulated results over one full rotation of the propeller.



Additionally, the experimental moment signals are corrected from the load cell reference system to a propeller-centered reference system with a simple translation of the origin of the system, considering the cross-product of measured forces with the lever arm between propeller and load cell.



An overlay of experimental results with BEMT results is provided in Figure 12. The BEMT coefficients of in-plane X-force and X-axis moment are compared from the two-bladed APC 18×12E (Type A) (left) and the three-bladed RAM 18×12 (Type-B) (right) at angles of incidence of   A o I  =   15 ∘    and   A o I  =   45 ∘   .



While BEMT results predict that the loads oscillate with a frequency directly related to the respective number of blades, amplitudes show strong deviation from experimental results, with experimental amplitudes higher than predicted by BEMT. Additionally, harmonic oscillations which were present in experimental results at high incidence angles, for example, as seen in Figure 12c, were not captured in BEMT results.



These results indicate that while the selected BEMT method can capture some asymmetric loading effects, it is still not able to predict oscillation amplitudes. Simulated results for   15 ∘   are closer to experimental results than for   45 ∘  , suggesting that the method is most reliable at smaller deviations from axial inflow. This is expected, since local flow detachments and reverse flow especially at the retreating blade side can only be modeled using the respective input polar data.



3.2.1. Oscillation Amplitudes and Frequency Analysis


Average load values can only describe propeller aerodynamics and its resulting engineering challenges to a limited extent. The amplitudes and frequencies of the load oscillations are also of great interest in this context, particularly considering structural design of vehicles with propellers that operate in non-axial flow conditions.



One way to compare the amplitude of the oscillatory behavior of the loads is to calculate Root Mean Square (RMS) values of zero-mean load signals. The load signals are shifted to oscillate around a mean value of zero in order to compare purely oscillatory behavior without including the differences in average magnitude of loads into the analysis.



Figure 13 shows RMS values for forces on three axes in relation to number of blades and angle of inflow considering all Type B (Ramoser) blade geometry experimental results, including variations in RPM, pitch, and wind speed. The data are color-coded by mean   C T   in order to allow for a comparison of oscillatory behavior between propeller configurations with similar thrust performance.



These results suggest that there is a trend toward higher oscillation amplitudes for lower blade numbers and higher   A o I  . These results also indicate that propellers with lower number of blades show higher sensitivity to the asymmetry of inflow and consequent disparity in local angle of attack between individual blades attributed to non-axial inflow conditions. From a structural point of view, larger oscillation amplitudes of the loads could become problematic for the aircraft architecture.



A frequency analysis of the results was also carried out. Figure 14 shows two Power Spectral Density (PSD) distributions for the same propeller in static (no wind) conditions and 25 m/s wind at a non-axial inflow angle of   90 ∘  . The engine orders are marked in red dashed lines to facilitate interpretation.



It is noticeable that the 14th engine order is present in a similar magnitude in both inflow conditions, although these conditions are extremely different from an aerodynamic perspective. In fact, an excitation of the 14th engine order was observed in all experimental results with rotating propellers, regardless of varying parameters. This excitation is likely a result of an influence of the motor used, which had 28 poles.



Further, in static conditions, the dominant oscillating frequency is 1P (one per revolution), which is likely related to an imbalance of the propeller tested, whereas when the same propeller operates in non-axial inflow, the higher-order frequencies become relevant, especially Blade Passing Frequency (BPF) and twice the BPF, in this case 3P and 6P, but also many of its harmonics.



For a broader comparison of the influence of   A o I  , Figure 15 and Figure 16 show PSD of lateral forces for   A o I   varying from 0 to 90 degrees for a two-bladed and a three-bladed propeller. The two charts in each figure show the same data in different views. On the left, each PSD is shown individually for different   A o I  s in order to provide an overview of the data being compared. On the right is a top view that allows for more detailed comparison and identification of the excited frequencies and how they relate to the engine orders.



Again, a clear dominance of the BPF can be seen, with higher magnitude at higher inflow angles. In addition, all harmonic frequencies also show amplitude peaks, indicating that not only the blade passing frequency but each harmonic of the rotational speed may be relevant for structural considerations. This last observation seems to be particularly crucial for the two-bladed propeller, since several results for two-bladed propellers at high   A o I   indicate that the double BPF (i.e., four times rotational frequency) is similar in magnitude or higher than BPF itself.






4. Conclusions


This work presented a comparison of experimental and numerical results regarding aero-mechanical fixed-pitch propeller loads under non-axial inflow conditions. A wind-tunnel propeller test bench for measuring unsteady load characteristics was described, and Type A propellers of different pitches as well as Type B propellers of different blade numbers were measured at both axial and non-axial inflow conditions. A Blade Element Momentum Theory (BEMT) method was used to compare results against wind-tunnel data. Experimental time-resolved data were also studied from the perspective of oscillation amplitudes and frequencies.



Results for   0 ∘   (axial) to   90 ∘   inflow angles were presented and can be summarized as follows:




	
Average thrust and power coefficients for both axial and non-axial inflow with different pitch settings and blade numbers show good agreement between numerical BEMT prediction and experimental data, with better agreement at lower advance ratios.



	
Thrust and side force coefficients    C T  ,  C X   , and   C Y   were shown to increase with the angle of inflow. Higher wind speed   V ∞   resulted in steeper slopes.



	
With all other parameters fixed, increasing inflow velocity results in increased thrust coefficients at very high angles of inflow (above circa   60 ∘  ), opposite to propeller behavior at lower incidence angles. This result agrees with other experimental data in the literature.



	
When resolved over one revolution of the propeller, numerical predictions showed oscillatory behavior dependent on blade number, as expected, but failed to predict correct amplitudes of oscillation for the loads.



	
Amplitudes of oscillation of both thrust and in-plane forces were shown to increase with angle of inflow. Additionally, experimental oscillation amplitudes were higher for lower blade number propellers when operating in non-axial inflow.



	
Frequency analysis of the results reveal that oscillations at BPF and its harmonics become increasingly significant with increasing angle of inflow. Harmonics seem to be more strongly excited for two-bladed propellers.








Testing techniques documented here can be applied to further expand the knowledge of propeller operation in non-axial inflow. Particularly the time-resolved approach can be used in future work to better understand oscillatory behavior of propeller loads in this scenario and its frequencies of interest. This information can be especially valuable for vehicle and component design and therefore progress in the UAM field.
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	RAM
	Regional Air Mobility



	RMS
	Root Mean Square



	RPM
	Rotations per Minute



	RPS
	Rotations per Second



	TUM-AER
	Technical University of Munich, Chair of Aerodynamics and Fluid Mechanics



	UAM
	Urban Air Mobility



	UAV
	Unmanned Aerial Vehicle
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Figure 1. Components of the experimental propeller test bench for the wind tunnel campaign. Propeller blades (not shown on this picture) attached to the rotor fixture on the left. 
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Figure 2. (a) Test bench with Type A (APC) propeller blades positioned on the rotating platform in the wind tunnel, including axes adopted for load measurements. (b) Outside view of the TUM-AER Wind Tunnel A which was used for these experiments. 
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Figure 3. Different propeller types investigated. Type B (Ramoser) propeller enabled the measurement of the same blade geometry in 2-, 3-, 4-, and 5-bladed configurations. 
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Figure 4. Comparison of radial blade geometry of APC 18×8E, APC 18×12E, and RAM 18×12 for extracted and published (pub) data by APC; In the figure, (a) radial pitch-to-diameter ratio, (b) radial blade twist, and (c) chord-to-diameter ratio; all data over non-dimensional blade radius   r / R  ; published data for chord-to-diameter ratio of both APC blades overlap. 
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Figure 7. Thrust and power coefficients (  C T  ,   C P  ) over advance ratio J; REF data from [23]. 
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Figure 8. Thrust and power coefficients,   C T   and   C P  , over   A o A   at    V ∞  = 10   and 25 m/s with 5000 RPM; Type B propellers with 2, 3, and 4 blades. 
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Figure 9. Experimental force coefficients   C x   and   C y   over   A o I   for    V ∞  =  [ 10 , 25 ]    m/s at 5000 RPM. Type B propellers with 2, 3, and 4 blades. 
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Figure 10. Lateral force coefficients   C X   and   C Y   for Type B (Ramoser) propeller blades, including variations in pitch, RPM, wind speed, and blade count. Experimental data. 
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Figure 11. Experimental forces over one rotation for two Type B propellers at different incidence angles. 
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Figure 12. Experimental and BEMT results recorded over a single rotation for in-plane side force coefficient   C  F x    and roll moment coefficient   C  M x    for Type B propeller as a two-bladed variant (left) and a three-bladed variant (right); 5000 RPM at an inflow of    V ∞  = 25   m/s; (a,b) at   A o I =  15 ∘   ; (c,d) at   A o I =  45 ∘   . 
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Figure 13. Experimental RMS values for the forces acting on the RAM propeller; measured for different propeller blade count and varying   A o I  , colored by experimental mean   C T  . Results include different RPM,   V ∞   and blade pitch configurations. 
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Figure 14. Power Spectral Density of lateral force   F y   for Type B propeller with 3 blades, pitch 12 inches, 5000 RPM. Experimental data. 
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Figure 15. Type B (Ramoser) with two blades, 5000 RPM, pitch 12 inches, wind speed 25 m/s. 
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Figure 16. Type B (Ramoser) with three blades, 5000 RPM, pitch 12 inches, wind speed 25 m/s. 
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Table 1. Overview of testing conditions.
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	Wind Speed [m/s]
	Motor RPM
	Angle of Inflow (AoI)





	0, 10, 25
	2000–6000 (steps of 1000)
	0–90° (steps of 15°)










 





Table 2. Propeller types used in this investigation and their characteristics.
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	Type
	Manufacturer
	Blades
	Diameter [in]
	Pitch [in]





	A
	APC
	2
	18
	[8, 12]



	B
	Ramoser
	2, 3, 4, 5
	17.95
	[8, 12]
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