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INTRODUCTION

Investigation of interactions between UAV rotors has become an important research topic as a proper aerodynamic design of a multicopter is a key to maximize its flight performance regarding the low energy density of current batteries. Conducted studies indicate that in the forward flight fixed-pitch, variable RPM rotors, usually used in UAVs, experience an imbalance of forces between the retreating and advancing side resulting in the asymmetry of the produced wake (Refs. [START_REF] Misiorowski | A Computational Study on Rotor Interactional Effects in Edgewise Flight[END_REF][START_REF] Healy | A CFD-Based Examination of Rotor-Rotor Separation Effects on Interactional Aerodynamics for eVTOL Aircraft[END_REF]. The propagation of vortices plays a crucial role in aerodynamic interactions between front and aft rotors and differs depending on the parameters like advance ratio or rotor disk loading (Refs. [START_REF] Healy | A CFD-Based Examination of Rotor-Rotor Separation Effects on Interactional Aerodynamics for eVTOL Aircraft[END_REF][START_REF] Barcelos | Aerodynamic Interactions of Quadrotor Configurations[END_REF][START_REF] Throneberry | Wake Propagation and Characteristics of a Multi-Rotor Unmanned Vehicle in Forward Flight[END_REF]. An important design variable strongly affecting the interactional effects is the rotor spacing, which was proved for bi-rotor configurations experimentally (Refs. 5-7) and numerically including both horizontal and vertical offset variation (Refs. 2, 8). Healy et. al. showed also the influence of the lateral and longitudinal hub canting on two-rotor system performance (Ref. 9). Special cases of rotor overlap were considered in the study done by Lee et. al. (Ref. 10) and Shukla et. al. (Ref. 11), also experimentally for the full multirotor aircraft by Chen et. al. (Ref. 12). For the quadrotor configuration an arrangement of rotors relative to the flow direction (diamond/ square) has been a relevant subject of research as it has an impact on the produced forces (Refs. [START_REF] Misiorowski | A Computational Study on Rotor Interactional Effects in Edgewise Flight[END_REF][START_REF] Atte | Experimental Evaluation of Multi-Rotor Aerodynamic Interactions[END_REF][START_REF] Hwang | Numerical Study of Aerodynamic Performance of a Multirotor Unmanned-Aerial-Vehicle Configuration[END_REF] and thus control authority (Ref. [START_REF] Niemiec | A Comparison Between Quadrotor Flight Configurations[END_REF]. Apart from rotor-rotor interactions, the final aircraft performance is also affected by the forces acting on the fuselage, proving its role in the design process (Refs. [START_REF] Yoon S | Computational Aerodynamic Modeling of Small Quadcopter Vehicles[END_REF][START_REF] Yoon | Computational Analysis of Multi-Rotor Flows[END_REF][START_REF] Diaz | High-Fidelity Computational Aerodynamics of Multi-Rotor Unmanned Aerial Vehicles[END_REF]. The increase in load fluctuations accompanying the aerodynamic interactions is additionally reflected in the acoustic signature of multirotors. Regarding an increasing interest in the use of multirotor systems, either small-scale UAVs or man-sized UAM aircrafts, in densely populated areas, the ability to evaluate and understand their noise characteristics has become an important topic of research (Refs. [START_REF] Jia | Computational Study on Noise of Urban Air Mobility Quadrotor Aircraft[END_REF][START_REF] Jia | Aeroacoustic Analysis of Side-by-side Hybrid VTOL Aircraft[END_REF]. The aeroacoustic characteristics of multirotor systems depends on the number of rotors (Refs. [START_REF] Intaratep | Experimental Study of Quadcopter Acoustics and Performance at Static Thrust Conditions[END_REF][START_REF] Tinney | Multirotor Drone Noise at Static Thrust[END_REF] and their relative spacing (Refs. [START_REF] Lee | Rotor interactional effects on aerodynamic and noise characteristics of a small multirotor unmanned aerial vehicle[END_REF][START_REF] Ko | Computational Study of Wake Interaction and Aeroacoustic Characteristics in Multirotor Configurations[END_REF]. Zhou et. al. (Ref. 24) presented the influence of canting in a two-rotor system on the sound directivity and, as later confirmed by Smith et al. (Ref. 25), emphasized the importance of rotor phasing for noise reduction. Along with the aerodynamic performance, the acoustic emission of rotors varies depending on different design parameters and flight conditions requiring separate investigations and therefore robust and reliable computational methods. Even though the complexity of the multirotor flow can be captured with CFD codes, consideration of interactional effects in the initial steps of the aircraft design process is feasible only by using lower-fidelity tools. Niemiec et al. investigated the influence of an inflow model in a blade element theory depending on the flight velocity (Ref. [START_REF] Niemiec | Effects of Inflow Model on Simulated Aeromechanics of a Quadrotor Helicopter[END_REF]). Pinti et al. compared high-and low-fidelity method for different spacing of a two-rotor assembly (Ref. [START_REF] Pinti | Multi-Fidelity Approach to Predicting Multi-Rotor Aerodynamic Interactions[END_REF]. Measurements including variation of number of rotors, flight velocities and pitch angles were validated with two mid-fidelity methods by Conley et. al. (Ref. 28). Although a few studies have been conducted on this topic, it is important to study reliability and possible error margins of lower cost simulations for the wide range of design parameters. The presented study offers a base of comparison between high-and mid-fidelity methods for simulations of quadrotor configurations in forward flight, validated with experimental data. The test-matrix includes a wide range of rotor distances, including overlapping blades and varying tilt angles of rotor plane forwards and backwards. The analysis covers changes in thrust and torque relative to the loads of an isolated rotor for each tool, as well as the comparison of induced velocity fields with PIV measurements for the selected cases. The identified optimum hub spacings for each configuration were additionally compared in terms of noise generated on a plane below the quadrotor and the results cross-validated between mid-and high-fidelity tool. The project is an extension of the investigation of a single UAV rotor (Refs. [START_REF] Kostek | Experimental Investigation of UAV Aerodynamics and Aeroacoustics with Computational Cross-Validation[END_REF][START_REF] Boisard | Rotor/ Rotor Aerodynamic Interactions -A Garteur Group[END_REF].

EXPERIMENTAL SETUP AND ROTOR GEOMETRY

The quadrotor experiment was conducted in the Rotor Test Facility Göttingen (RTG) at the German Aerospace Center (DLR) with the setup presented in Fig. 1. Fixed-pitch, twobladed KDE 12.5x4.3" rotors (Fig. 2) were used in the investigation operating with a constant rotational speed of 5400 RPM at a wind velocity of 12.9 m/s. Strain gauge balances were used to measure individual thrust of each rotor and torque values were derived from electric energy consumption based on the motor efficiency data. A rotatable frame allowed for the analysis of both square and diamond configurations with alteration of rotation direction for the latter (Fig. 3). The measurements of each configuration involved variations of horizontal rotor spacing in 7 steps with the largest distance of 1.68 D between the rotor hubs and the closest positioning with 0.26 D rotor overlap. For each spacing, the tilt angle of the rotor plane was scanned between -30°and 30°with negative angles representing a forward tilt of the rotor plane and positive angles meaning a backward tilt, as shown in Fig. 4. In order to better understand the interactional effects depending on the rotor alignment the number of operating rotors was alternated between 1, 2 and 4 for selected hub distances. The master-slave motor control enabled a constant orthogonal phasing as well as the same acceleration of the rotors necessary for the operation in overlapping positions. Induced velocities were measured using Particle image velocimetry (PIV) for a tilt angle of -10°and a reduced set of testpoints. For this purpose, a light sheet parallel to the rotor plane, 75 mm downstream was generated by two lasers with a wavelength of 532 nm and a combined pulse energy of 200 mJ. The test section was seeded using a DEHS aerosol with an approximate droplet diameter of 2 µm. Two PCO.edge cameras with a resolution of 2560×2160 pixels, equipped with lenses with a focal length of 35 mm were used for image recording. The cross correlation of the images was performed using an iterative approach with reducing interrogation window size from 48 × 48 pixels in the initial pass to 16 × 16 pixels in the final pass. Given the applied window overlap of 75 %, this results in a spatial resolution of 3.35 vectors/mm in the vector fields. The images were recorded with a recording frequency slightly below 3,75 Hz leading to a small phase offset of the rotor in each PIV image. The frequency offset was adjusted to result in approximately 1000 images evenly distributed over the rotor azimuth. Areas lacking illumination due to the shadows of the rotor axes and areas covered by the rotors were masked out before averaging the captured data for each test case.

COMPUTATIONAL METHODS

The study presents a comparison of results calculated with tools of different fidelity levels. UPM (DLR) is an unsteady free-wake panel method solving potential flow (Ref. [START_REF] Ahmed | Unsteady Panel Method Calculation of Pressure Distribution on BO 105 Model Rotor Blades[END_REF]). In the presented study the wake was represented by the vortex lattice and no post-processing 

REFERENCE RESULTS OF AN ISOLATED ROTOR

Selected results of a single rotor performance from the measurement and calculations (Table 1) served as a reference for the analysis of interactional effects in multirotor configurations operating in corresponding flight conditions and were described in detail in the preceding investigation (Ref. [START_REF] Kostek | Experimental Investigation of UAV Aerodynamics and Aeroacoustics with Computational Cross-Validation[END_REF]).

The quadrotor analysis was focused on two tilt angles representing a regular orientation of an aircraft in the forward flight 10°) and in a braking mode (+10°), for which strong interactional effects arise from rotors being affected by their own wake as well as enhanced blade-wake interactions between the rotors. The performed calculations indicate that the analyzed fixedpitch rotor in the forward flight sheds an asymmetric wake due to imbalance of forces across the rotor disk (Fig. 7). With a rotor tilted forward, a strong, wide rolled-up vortex from the advancing side propagates quickly downwash, while a weaker tip vortex from the retreating side stays longer in the vicinity of the blades. This behaviour will have an influence on the interaction between the rotors depending on their mutual position. 

TWO-ROTOR SYSTEM ANALYSIS

The analysis of two-rotor configurations served for better understanding of the nature of the interactional effects as well as initial assessment of capabilities of chosen solvers to recreate these effects. Therefore, the influence of tilt angle change and rotor spacing on the rotor performance was primarily investigated. The chosen alignments of two rotors represent parts of quadrotor systems in square and diamond configurations (Fig. 8910).

Side-by-side alignment

Two counterrotating rotors were aligned side by side with either their advancing or retreating sides meeting, forming respectively the bearhug or breaststroke configuration (Fig. 8). By definition this system is symmetric relative to the flow, so the same effects affect each rotor. Hence, the presented results apply for both rotor 1 and rotor 2. The side by side positioning has a beneficial influence on rotor performance (Fig. 11), however considerable effects can be noticed for very close rotor positions, around d/D=1 (compare Fig. 12(a),12(b)), with up to 10% gain in thrust and 20% torque reduction compared to an isolated rotor case (Fig. 11)). The described effect is a result of an upwash region generated between the rotors by their tip vortices causing a simultaneous increase in thrust and decrease in induced drag at around 90°azimuth for both rotors (Fig. [START_REF] Chen | Wind Tunnel Test Results for an Overlapped Quadrotor Configured UAS[END_REF][START_REF] Hwang | Numerical Study of Aerodynamic Performance of a Multirotor Unmanned-Aerial-Vehicle Configuration[END_REF]. Differences between the results of bearhug and breaststroke are apparent for high-interaction cases like closer rotor positions and positive tilt angles, for which a breaststroke configuration, with stronger advancing side vortices interacting, is more favourable. The potential solver UPM showed good agreement with experimental results, however it tends to strongly overestimate the interactional effects on torque for positive tilt angles (Fig. 11(b)).

Tandem

In a tandem configuration rotor 2 is positioned directly behind rotor 1 relative to the flight direction (Fig. 9). The proximity to rotor 2 has a beneficial, yet negligible impact on the front rotor's performance for the presented rotor spacing (Fig. 14). On the other hand, even for cases with a forward tilt of the rotor plane, rotor 2 is heavily affected by the downwash of the preceding rotor causing a considerable decline in its efficiency.

The interactional effects deepen with decreasing distance between the rotors, however the increase in a tilt angle has a stronger influence leading to the thrust reduction of roughly 40% for rotor 2 at 10°tilt (Fig. 14(a), 15). In this case rotor 2 is located directly in the wake of the preceding rotor experiencing strong downwash, especially from the advancing side of rotor 1. The rolled-up tip vortex from the retreating side of rotor 1 creates a local upwash region around azimuth 90°of rotor 2, yet it does not significantly improve its performance (Fig. 15(d)).

Decisions about wake modelling have the biggest influence for cases with backward tilt of the rotor plane with strong wake-blade interactions and any inconsistency with the conditions from the experiment, like the exact tilt angle, would cause notable discrepancies between measurement and computational results in terms of torque values (Fig. 14(b)).

Oblique alignment

In the oblique alignment rotor 2 is located behind rotor 1, on its retreating side for 'diagonal bearhug' or advancing side for 'diagonal breaststroke' (Fig. 10). The interaction with the tip vortices of the proceeding rotor has a positive impact on rotor 2 for both configurations, especially for higher tilt angles as the vortices raise closer to the level of the rear rotor (Fig. 16). The effect is greater and observable already for moderate tilt angles for the diagonal bearhug alignment as the retreating side tip vortex of rotor 1 propagates closer to the rotor plane. The advancing side tip vortex in the diagonal breaststroke configuration creates the strongest upwash on rotor 2 at around 10°tilt angle, possibly leading locally to the stall conditions on its blades, which cannot be captured by the potential solver UPM (Fig. 16(a)). The impact of the interaction on the front rotor is much less prominent, however a slight improvement in its efficiency can be observed with a simultaneous gain in thrust and torque reduction up to 5% for 20°tilt.

The positive impact on the rear rotor in oblique alignment decreases for higher tilt angles and closest rotor positions as rotor 2 starts to partially operate in the downwash from the inner wake of rotor 1 (Fig. 17 

QUADROTOR ANALYSIS

The analysis of interactional effects for each configuration was done based on comparison of total thrust and torque generated by the quadrotor system with that obtained by four isolated rotors (Fig. [START_REF] Jia | Aeroacoustic Analysis of Side-by-side Hybrid VTOL Aircraft[END_REF][START_REF] Intaratep | Experimental Study of Quadcopter Acoustics and Performance at Static Thrust Conditions[END_REF]. All applied computational methods and measurements illustrate the same trends due to the change in the hub spacing for forward tilt angle of -10°with a maximum difference of 4% between the exact values. Results indicate that interactions appearing in the square alignment are detrimental for all of the analysed rotor spacings, however a small overlap of blades is around 3% more beneficial than wider hub separations. The most overlapping rotor positioning leads again to decrease in thrust, yet also a reduction of torque by around 5% occurs in this region. For larger hub spacings and forward tilt of the rotor plane the interactional effects on torque are negligible. While a loss of around 4% of thrust can be observed already for spacing 1.68 D for both bearhug and breaststroke configurations, the bearhug system becomes slightly more efficient as rotor spacing decreases. For a positive tilt angle of 10°the performance of both square systems significantly declines for wider rotor spacings due to thrust reduction by 15% and simultaneous increase of torque by around 10%. Interestingly, the performance of bearhug and breaststroke configurations continuously improves with decreasing rotor spacing with the optimum reached for 0.84 D. Moreover, in these conditions the breaststroke configuration shows better efficiency than the bearhug system.

In contrast to square configurations, the results for the diamond system indicate beneficial interactional effects for most of the rotor spacings. The optimal point is reached around d=1.2 D, where the quadrotor produces 5% more thrust than the isolated rotors. With further decreases in hub distances the performance of a diamond system deteriorates and for the most overlapped positions its efficiency is comparable with the square configurations. For rotor tilt +10°the effect on rotor thrust remains similar to forward tilt cases, however a reduction in torque can be observed with the minimum occurring for distance 1.2 D. Although all computational tools agree again when it comes to capturing trends at a positive tilt angle, much greater discrepancy is observable in terms of exact values. The results differ by maximum 8% in the assessment of thrust change and up to 15% in the torque estimation.

Square configurations

The effects described for the quadrotor system can be explained by the analysis of performance change of each rotor individually (Fig. 212223). As the square alignment is aerodynamically longitudinally symmetric, both front and both back rotors show the same changes in efficiency due to interactional effects. The system performance is mostly affected by the downwash from the front rotors, which reduces the thrust produced by rotors 2 and 4 by up to 20% for tilt angle -10°( Fig. 21). Similarly to a tandem configuration, the decrease in rotor spacing worsens the performance, however the increase in the rotor tilt angle has a major influence. For a positive tilt angle of +10°the thrust produced by the rear rotors drops by up to 40% (Fig. 22). Interestingly, at a negative angle for the smaller hub separations the efficiency of the rear rotors in the square bearhug configuration is slightly improved compared with the square breaststroke system. For a positive tilt angle a reverse effect can be observed. The described trend results partially from a change in the wake geometry of the front rotors due to their mutual interaction. As the separation between rotor 1 and 3 decreases their tip vortices connect into a super-vortex forming a strong upwash region. The connected vortex propagates upwards with this tendency being more apparent in the bearhug configuration for two retreating side tip vortices interacting (Fig. 24). As a result, the downwash effects deteriorating the performance of the rear rotors are slightly reduced in the square bearhug system compared with the square breaststroke for tilt angle -10°(Fig. 25(b)). For rotor spacing 0.96 D rear rotors reach maximum efficiency due to the side-by-side breaststroke interaction appearing around 90°azimuth. A slight improvement in the performance of rear rotors at this rotor separation appears also for the square breaststroke configuration, however the side-by-side bearhug interaction between rotor 2 and 4 is weaker, as shown in the two-rotor analysis (Fig. 25(d)). With the rotor separation further decreasing, the performance of rotor 2 and 4 strongly deteriorates as it is more affected by the downwash from the inner wake of the proceeding rotor and the rotor on the side (Fig. 25(c)).

For tilt angle +10°the difference in the rear rotors' efficiency between both square configurations results mostly from the interaction with outer tip vortices of the preceding rotors. In case of the square breaststroke configuration the retreating side vortices from rotors 1 and 3 reach the level of rotors 2 and 4 creating an upwash region around 90°azimuth (Fig. 26(b)).

On the other hand, the wider and stronger advancing side vortex causes an intensified downwash on the rear rotors in the square bearhug configuration (Fig. 26(a)).

For both square configurations results indicate similar tendencies for the front rotors and show the improvement in their efficiency arising from interactional effects. The thrust produced by rotors 1 and 3 increases with reducing hub spacing by up to 10% for -10°tilt angle and even 20% for +10°tilt. The beneficial effects originate from both tandem and side-byside interactions, especially visible for close rotor positioning (Fig. 27). Figure 28 illustrates a comparison of the calculated and measured induced velocity fields for the square breaststroke configuration at -10°tilt angle and rotor spacing 1.2 D. The blue and red colours represent downwash and upwash regions, respectively and the white areas in the measurement results come from the shadows of the rotor hubs, for which no velocity data could be evaluated. All of the presented results indicate similar wake propagation, however small differences affecting the aerodynamic performance estimation can be noticed. As follows, UPM and PUMA results represent two extreme predictions of the upwash velocity values among the applied methods. The higher velocities estimated by PUMA indicate a stronger breaststroke interaction between the front rotors, which results in a greater increase in their efficiency on the advancing side (Fig. 29). Even though comparable downwash velocities affecting the rear rotors were predicted with UPM and RAMSYS, the latter method indicated higher interactions with the tip vortices of the preceding rotors, manifested by stronger upwash areas on the sides of back rotors. As a result, the estimation of thrust loss for rotors 2 and 4 differed between these tools with RAMSYS indicating 4% smaller thrust reduction for this rotor spacing (Fig. 29). The discrepancies between the computational outcome are the greatest in the results for the back rotors at a backward tilt, especially when it comes to torque values, for which the maximum difference reaches 30% (Fig. 23). As shown in the tandem results, for the tilt angle +10°the wake interactions with the back rotors are the largest, making it the most difficult testcase to model. The agreement between high-fidelity code FLOWer and torque measurement improves again for higher angles, for which the back rotors are no longer located di-rectly in the path of the preceding wake (Fig. 30). At +10°the interactions affecting the back rotors are strong regardless of the hub spacing, yet for rotors 1 and 3 they increase significantly for the most compact configurations and so does the discrepancy in the predicted torque values.

Diamond configuration

In the diamond configuration substantial interactions originate from the diagonal bearhug (rotor 1 and 3) and diagonal breaststroke alignment (rotor 1 and 2). Similar to analysed two-rotor systems, the performance of rotors 2 and 3 improves due to the influence of tip vortices from rotor 1 from its retreating and advancing side, respectively (Fig. 31). The beneficial effects can already be observed for wider rotor spacings, while it should be noted that in the diamond configuration the distance between side rotors and rotor 1 in the flight direction is shorter than the defined hub distance and is equal to d/ √ 2. Additionally, for rotor spacings closer than 1.44 D the side rotors operate partially behind rotor 1 relative to the flow. As a result, for the closest analysed hub spacing rotors 2 and 3 operate in conditions comparable to the tandem system and the interactional effects become detrimental to their efficiency. Rotor 4 is located √ 2 times further from rotor 1 than the distance between front and back rotors in the square configuration. As a result, the influence of the side rotors on rotor 4 is greater than effects of its tandem interaction with rotor 1. The induced velocity fields for -10°tilt presented in Fig. 32 indicate that strong advancing sides interactions between rotors 1, 2 and 4 change the wake propagation of rotor 2 compared with the front rotor. Consequently, in contrast to a beneficial diagonal breaststroke interaction between rotors 2 and 1, rotor 4 is affected by the downwash from rotor 2. This effect, however, is balanced by the influence of the upwash from the retreating side of rotor 3 up to the rotor spacing 1.2 D (Fig. 33(a)). For closer distances the influence of both side rotors on rotor 4 becomes disadvantageous (Fig. 33(b)).

In the diamond configuration differences in the simulated geometry of tip vortices, especially the strong rolled-up vortices from the advancing side, lead to discrepancies in the assessment of interactional effects. As an example, the simulated induced velocity fields for rotor spacing 1.2 D show that PUMA predicts a stronger and wider vortex shed from the advancing side of rotor 1 in comparison with UPM results (Fig. 32). This consequently causes a greater increase of thrust produced by rotor 2 with the evaluated relative gain higher by 5% than the UPM estimation (Fig. 34).

Similarly to square configurations, the increasing tilt angle leads to intensified wake-rotor interactions, especially on rotors 2 and 4, for which a wider spread of the calculated values can be observed (Fig. 35). The inviscid methods overestimated the thrust increase on rotor 2 compared to other tools and experimental results, which can indicate that strong upwash from rotor 1 causes a significant increase in angles of attack on rotor 2 leading to local stall regions. Even though the relative change in thrust on the side rotors is similar to cases with a negative tilt, a considerable decrease in their torque can observed for tilt +10°with a minimum at rotor spacing 1.2 D (Fig. 36). According to the experimental results, a maximum torque reduction reaches 10% for rotor 3 and almost 30% for rotor 2.

The adverse interactional effects on rotor 4 are worse at tilt +10°causing a drop in its efficiency, however not as much as in case of back rotors in square configurations. Nevertheless, for overlapping positions the performance of rotor 4 strongly deteriorates and its thrust loss becomes comparable with that estimated for rotors 2 and 4 in the square system. On the other hand, the efficiency of rotor 1 increases with reduced rotor separations up to 20% due to diagonal bearhug and breaststroke interactions as well as tandem interactions for the closest positioning.

COMPUTATIONAL AEROACOUSTIC ANALYSIS

The acoustic signature of the analysed configurations was evaluated based on the OASPL on a plane located 1.35 m below the quadrotor centre. The analysis included cases with a tilt angle -10°for two selected rotor spacings 0.96 D and 1.2 D with alternation between orthogonal and tip-to-tip phasing for the latter (Fig. 37). For the 0.96 D, as the rotor blades overlap, only orthogonal phasing was possible. The results accounted for loading and thickness noise contributions and were crossvalidated using two computational tool chains UPM+APSIM and FLOWer+ACCO. he calculated noise carpets indicate that the noise directivity pattern differs for both square configurations operating with orthogonal phasing (Fig. 38). As load fluctuations on the blades increase with reduced hub spacing, the increase in the noise levels below the quadrotor can be observed for the rotor distance 0.96 D compared with 1.2 D. Nevertheless, the relative rotor phasing proves to be the decisive factor for the square configurations with rotors operating with tip-to-tip phasing producing about 6 dB more noise with no significant difference in the mean loads. For the diamond configuration an adverse tendency can be observed, which means that for the analysed cases the alignment of rotors in phase relative to the flow direction is more detrimental in terms of produced noise levels than close blade passages in tip-to-tip phasing (compare Fig. 37(b) and Fig. 37(c)). However, it should be mentioned that the possible increase in the broadband noise coming from non-linear terms was not considered in the analysis. The comparison of calculated noise carpets for all analysed configurations with tip-to-tip rotor phasing indicates good agreement between applied methods (Fig. 39). 

CONCLUSIONS

The nature of interactional effects on quadrotor performance in forward flight was explained based on the investigation of two-rotor systems. The analysis indicates the tandem alignment has a strong, detrimental influence on the rear rotors operating in the downwash from the preceding rotors. The tandem interactions intensify with increasing tilt angle, leading to a thrust reduction of more than 30% with the simultaneous increase in produced torque. The back rotors may be positively affected if positioned in the oblique alignment where they operate in the upwash regions caused by the rolled-up tip vortices of the preceding rotors. The beneficial effects could be also observed for side-by-side interactions for closer spacings, with the breaststroke system being more favourable. The tandem interaction is dominant in square configurations, where for all analysed rotor spacings the square systems produce less thrust than isolated rotors. For higher tilt angles the deteriorating effects worsen and the efficiency continues to decrease. Rotor separations with slightly overlapping blades are the most advantageous as the efficiency of front rotors increases and the back rotors are positively affected by the sideby-side interactions. The performance of the diamond system is determined by the diagonal bearhug and breaststroke interactions improving the system performance compared with isolated rotors for all non-overlapping rotor spacings. For the tilt angle +10°further benefits can be observed due to a decrease in produced torque on the side rotors. The computational results showed good agreement with the measurement data for the forward rotor plane tilt, however for the increased rotor-wake interactions at a backward tilt angle the spread between the calculated values, especially for torque, could be observed with the general trends maintained.

The aeroacoustic analysis indicates that, even though generated noise levels increase with reducing rotor separation, the choice of the rotor phasing has a greater influence with orthogonal phasing at 1.2 D producing 6 dB less noise for the square configuration. The diamond configuration with 1.2 D rotor spacing and tip-to-tip phasing was shown to be the most beneficial both aerodynamically and acoustically for analysed observers.

It should be noted that for the fixed-pitch quadrotors, controlled by the variable RPM, the overlapping positions require a vertical separation between the front and back rotors. The possible change in the interactional effects for such alignment is a topic for the future investigation. Author contact: Anna A. Kostek, anna.kostek@dlr.de
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Table 1

 1 

		37	7.13	6.43	7.048	7.13	6.41
		+10°10.19	10.08	9.38	9.73	9.91	9.09
	Torque[Nm]	-10°0.09	0.081*	0.095	0.083*	0.099	0.074*
	*inviscid	+10°0.064	0.057*	0.075	0.061*	0.082	0.055*

. Thrust of a single rotor, 5400 RPM, V=12.9 m/s, tilt angle -10°
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