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Abstract

:

Coaxial rotor systems are appealing for multirotor drones, as they increase thrust without increasing the vehicle’s footprint. However, the thrust of a coaxial rotor system is reduced compared to having the rotors in line. It is of interest to increase the efficiency of coaxial systems, both to extend mission time and to enable new mission capabilities. While some parameters of a coaxial system have been explored, such as the rotor-to-rotor distance, the influence of rotor pitch is less understood. This work investigates how adjusting the pitch of the lower rotor relative to that of the upper one impacts the overall efficiency of the system. A methodology based on blade element momentum theory is extended to coaxial rotor systems, and in addition blade-resolved simulations using computational fluid dynamics are performed. A coaxial rotor system for a medium-sized drone with a rotor diameter of 71.12 cm is used for the study. Experiments are performed using a thrust stand to validate the methods. The results show that there exists a peak in total rotor efficiency (thrust-to-power ratio), and that the efficiency can be increased by 2% to 5% by increasing the pitch of the lower rotor. The work contributes to furthering our understanding of coaxial rotor systems, and the results can potentially lead to more efficient drones with increased mission time.






Keywords:


computational fluid dynamics; blade element momentum theory; coaxial rotor; aerodynamics












1. Introduction


Several designs for unmanned aerial vehicles exist today, with varying compromises in terms of size, fuel system and speed [1]. Multirotor drones have the advantage of small footprint, non-restrictive take-off/landing area requirements, high maneuverability and high hovering capability. Multirotor drone designs can be found in sizes ranging from light vehicles below 50  g  [2,3] to larger vehicles designed for human transport [4,5].



The power unit on a multirotor drone is important, as it determines the type of operations a drone can perform. The most common power source on multirotor drones is batteries, although some designs exist that employ, e.g., hydrogen [6,7]. Increasing the efficiency of the drones is important as it can extend the flight time, thereby extending mission time or even enabling new types of mission capabilities.



The projected area of a drone can be a critical factor, as it determines how the drone can be transported and the type of areas it can fly in. In a coaxial rotor system, one rotor is put above the other instead of placing them side by side. Compared to larger aircrafts, coaxial multirotor drones typically use fixed-pitch rotors to avoid complex mechanical design [8]. The coaxial layout increases the thrust without increasing the projected area, making this an attractive option for multirotor drones.



However, a disadvantage of a coaxial rotor system is that there is a loss of efficiency, since the lower rotors operate in the wake of the upper rotors. Some attempts have been made to increase the efficiency by adjusting the distance between the rotors [9,10,11]. There are also some commercial designs using a different pitch for the lower rotor (e.g., CarbonCore Cortex X8 and Himax CR2816), and this has been proposed as a way to increase the efficiency [12]. Although several studies on coaxial rotors exist in the scientific literature, the influence of pitch has not been thoroughly explored. Most studies have also been performed on larger rotors with systems for dynamically changing the  collective pitch of the blades, while in recent years, smaller drones with fixed pitches are becoming increasingly relevant.



Yoon et al. [13] investigated changing the collective pitch of the lower rotor in a coaxial system using detailed computational fluid dynamics (CFD) simulations. The study used the XV-15 rotor with a diameter of 3.8 m. The emphasis was on balancing torque by adjusting the pitch and the impact on thrust-to-power efficiency was not investigated. Jinghui et al. [14] performed both wind tunnel tests and CFD simulations of a coaxial rotor system with large blades of 4 m in diameter. This study also found that the thrust on the lower rotor was lower than the upper since the effective angle of attack is lower, but did not investigate the effect on efficiency of modifying the pitch of the lower rotor. Kim et al. [15] used CFD simulations to study the efficiency of a coaxial rotor setup for a conceptual personal air vehicle. They found that the optimal pitch for the upper rotor was different than that of the lower rotor, but they did not perform simulations specifically with different pitches for the two rotors. Leishman and Ananthan [16] looked specifically at the influence of pitch angle in a coaxial rotor system. They performed simulations using blade element momentum theory (BEMT) of a 7.6 m Harrington helicopter rotor in a coaxial configuration. They found an optimal design where the pitch of the lower rotor is higher than the upper rotor for the downwash region, with a slightly lower pitch than the upper rotor for the outer part of the rotor.



This work uses a combination of simplified analysis with blade element momentum theory and detailed blade-resolved CFD simulations to investigate the influence of changing the pitch of the lower rotor in a coaxial system for a medium-sized drone. Experiments in single-rotor and coaxial rotor setups are performed to validate the computational models. The main contributions of the paper are to demonstrate that a simplified BEMT model can give reasonable results for coaxial rotors with varying pitch angles, and also to provide insight into the impact of using different pitch angles for the upper and lower rotor.




2. Computational Methods


2.1. Blade Element Momentum Theory


Blade element momentum theory (BEMT) combines two theories; momentum theory and blade element theory. In momentum theory the rotor acts as a disk injecting momentum into the flow, while in blade element theory, the rotor is divided into small, independent elements and aerodynamic forces are calculated using tabulated values for lift and drag for the airfoil. The methodology has been extensively used for both rotor systems and wind turbines, and detailed derivations can be found elsewhere [17,18,19]. Hence, only a brief explanation of the method applied in this study is given here. Figure 1 gives an overview of both the momentum theory control volume and the blade element theory approach.



For a propeller, power is applied to the rotor to generate thrust along the rotation axis. The incoming velocity that a blade element is subjected to is not a simple addition of the flow velocity in the axial direction and the angular velocity of the rotor in the tangential direction. The axial velocity is accelerated due to the presence of the rotor and the tangential velocity is reduced due to swirl. This can be accounted for by introducing axial and tangential induction factors,


    v    =  ( 1 + a )   V ∞  ,     



(1)






                             v ′    =  ( 1 − a ′ )   V Ω  =  ( 1 − a ′ )  Ω r ,     



(2)






    U    =    v 2  +    v ′  2     ,     



(3)




where v and v′ are axial and tangential velocities, and a and a′ are the axial and tangential induction factors, respectively. U is the incoming velocity seen from the blade element.



In blade element theory, the force on a single blade element can be expressed by


     Δ T     = σ π ρ  U 2   C T  r Δ r ,     



(4)






     Δ Q     = σ π ρ  U 2   C Q   r 2  Δ r ,     



(5)




where T is the thrust, i.e., force in axial direction, and Q is the torque, i.e., the moment around the axial direction.   σ = B c / ( 2 π R )   is the blade solidity, where B is the number of blades and c is the chord length. The thrust and torque coefficients in the above expressions are calculated as


     C T     =  C L  cos ϕ −  C D  sin ϕ ,     



(6)






     C Q     =  C L  sin ϕ +  C D  cos ϕ .     



(7)







The drag and lift coefficients,   C D   and   C L  , respectively, are extracted from tabulated values for the airfoil using the local angle of attack for the airfoil,


  α = β − ϕ .  



(8)







Similar expressions as in Equations (4) and (5) for the incremental forces can also be found from momentum theory,


     Δ T     = 4 π ρ r  V ∞ 2   ( 1 + a )  a Δ r ,     



(9)






           Δ Q     = 4 π ρ  r 3   V ∞  Ω  ( 1 + a )  a ′ Δ r .     



(10)







Combining these equations, the induction factors can be expressed directly as


     a      =  1  κ − 1   ,     



(11)






    a ′    =  1  κ ′ + 1   ,     



(12)






        κ    =   4  sin 2  ϕ   σ  C T    ,     



(13)






                 κ ′    =   4 sin ϕ cos ϕ   σ  C Q    .     



(14)







From the rotor force diagram for a blade element, Figure 1, the local inflow angle  ϕ  can be expressed from the local velocities as


  tan ϕ =   ( 1 + a ) Ω R    ( 1 − a ′ )   V ∞    .  



(15)







Once a solution for the inflow angle is found, the forces are calculated from the blade element equations and integrated along the rotor to find the total forces. A well-known issue with BEMT methods is the overprediction of forces near the tip, since vortex shedding from the tip is not accounted for in the induced velocities. This is typically alleviated by the use of tip-loss correction methods. In this work, the classic Prandtl tip-loss method is used [20], where a correction factor, F, is multiplied into the expressions for thrust and torque for each element, Equations (9) and (10). This expression factor is given as


    F    =  2 π   cos  − 1    e  − f   ,     



(16)






    f    =  B 2    R − r   r sin ϕ   .     



(17)







The above method is implemented in the open source software pyBEMT [21], developed by one of the authors. Equation (15) is solved for  ϕ  using root-finding functions from the SciPy library [22].



Note that for the hover situation considered in this work, Equation (15) is not defined since the axial inflow velocity is zero. To circumvent this, this velocity is instead set to a low value,    V ∞  = 1 ×  10  − 6    .



The modelling of the coaxial rotor is based on momentum theory [17,23]. The lower rotor will be in the slipstream created by the upper rotor. Some authors have been considering the  varying slipstream contraction [24], but here a fully developed slipstream will be considered. Additionally, it is assumed that the rotors are hovering, i.e., there is a zero velocity inflow to the upper rotor, and that the lower rotor is a sufficient distance below the upper rotor so that the slipstream is fully developed. For this case, the continuity equation gives


   V i  π  R 2  =  V s  π  R s 2  ,  



(18)




where   V i   is the induced velocity just below the rotor and   V s   is the slipstream velocity in the fully developed wake.   R s   is the radius of the slipstream region. For the momentum, the thrust generated from the upper rotor is equal to the change in momentum from the static region to the slipstream,


  T = ρ  V i  A  V s  .  



(19)







Finally, the work done by the upper rotor is equal to the kinetic energy in the slipstream


  T  V i  =  1 2  ρ  V i  A  V s 2  .  



(20)







From these equations, the following expressions for the slipstream properties are found:


     R s     =  R  2       



(21)






     v s     =  C s     2 T   ρ A        



(22)







Here,   C s   is a model constant, accounting for the fact that for smaller UAV rotors, the hub is a large part of the rotor, and there is not a  sharp transition from the hub of the rotor to the rotor, or from the slipstream to the outer part of the lower rotor. In this work, this constant is set to    C s  = 0.8  . Additionally, the model assumes that the velocity tapers linearly off from the slipstream to the outer part. The end of this taper region is set to the middle of the slipstream radius and the radius of the rotor.



For the pitch adjustment of the lower rotor in the coaxial setup, it is desirable to maintain the same thrust when the pitch is modified. This is achieved by adjusting the angular velocity of the lower rotor to obtain the same total thrust. In the BEMT solver, the root-finding functions of the SciPy library are used for this purpose.




2.2. Computational Fluid Dynamics


Several detailed simulation methods for rotor systems based on CFD methodology exist today. These include blade-resolved methods where the blade is explicitly modelled [13,25,26,27,28] and methods where the blade is modelled using embedded BEMT methods or similar techniques and then represented as a volume force in the CFD simulation [29,30,31].



In this work, the blade-resolved method is used. The CFD simulations are performed by solving the  transient, incompressible Reynolds-averaged Navier–Stokes equations, together with the k-omega shear stress transport (SST) turbulence model [32]. In Yoon et al. [26], it was found that an eddy-resolved method performed better than the Reynolds-averaged approach for rotor flows. However, this was because the eddy viscosity grows in the far-field due to how the turbulent length scale is modelled in the Spalart–Allmaras (SA) turbulence model. The turbulence length scale in the SA model is dependent on the distance from the wall, thereby growing larger than typical eddy sizes in the far-field. In the k-omega SST model, the turbulence length scale is    l t  ∼  k  / ω  , thereby circumventing this issue.



The simulations are performed using the open source software OpenFOAM [33,34] v7, which is based on the finite volume method. The PIMPLE algorithm is used for the pressure–velocity coupling and the time marching. This algorithm allows a larger time step to be taken while maintaining numerical stability, combining outer pressure-momentum corrections with inner pressure corrections. Here, the rotor is allowed to rotate 1° per time step. Up to 50 outer correctors are used, reducing the sub-iteration residual by three orders of magnitude at each time step. The implicit Euler scheme is used for temporal discretization. For the spatial discretization, second-order schemes are used for all terms, and in particular, the upwind-weighted linearUpwind scheme is used for the convective terms.



Rotation of the rotors is handled using Arbitrary Mesh Interface (AMI). A cylindrical domain around the rotor is meshed separately and allowed to rotate at a constant angular velocity. This region is then coupled to the surrounding static mesh using the cyclicAMI boundary condition. At each time step, each face at the AMI boundary identifies overlapping faces from the neighboring patch and the contribution from these faces is weighted according to the intersecting area [35].



As for the BEMT solver, when a case is solved with a modified pitch for the coaxial rotor setup, the angular velocity should be modified to maintain the same total thrust. This is achieved by writing a custom version of the solid body motion solver in OpenFOAM, where the angular velocity is adjusted during the simulation using a binary search algorithm until the desired total thrust is found.



The simulations are run in parallel on a cluster using Intel Xeon E5-2695 v4 processors. With the case decomposed over 108 cores, a single simulation of 10 full rotor revolutions has an execution time of approximately 40 h.





3. Numerical Setup


3.1. Rotor Geometry


The main parameters of the rotor geometry are listed in Table 1. The geometry is based on the commercial T-MOTOR G28x9.2 carbon fiber rotor, which has diameter   D = 28 ″ = 71.12    c m    and pitch   P = 9 .  2 ″  = 23.368    c m   . This rotor size is chosen as it is used in several commercial designs [36,37] and in research [11,38], due to giving sufficient thrust for industrial payloads while maintaining a reasonable footprint for transportation and storage.



The chord length is kept fixed for all blades, based on measurements of the T-MOTOR rotor. The twist angle of the blade is varied according to the following formula,


  β  ( r )  = arctan   P  2 π r    ,  



(23)




where P is the pitch at   0.75 R   given in metres, except close to the hub of the blade where the twist is gradually reduced to yield a geometry suitable for manufacturing. The twist angles considered in this work along with the chord length along the blade span are shown in Figure 2.



For consistency, the rotor geometry is constructed using a single airfoil instead of using the actual airfoil shape from the commercial rotor. The chosen airfoil is the Archer A18 airfoil, originally built for free-flight airplanes [39]. The coordinates for the airfoil are taken from the UIUC Airfoil Coordinates Database [40]. A comparison of the A18 airfoil against measurements of the commercial rotor is shown in Figure 3. Although there are some discrepancies, especially towards the trailing edge where a thin edge is challenging to manufacture for small rotors, the overall agreement is good. The tip of the rotor is also simplified compared to the commercial airfoil, with a simple cut-off at the tip of the blade. Figure 4 shows the 3D geometry used in the CFD simulations.



The aerodynamic drag and lift coefficients for the airfoil, to be used in the BEMT solver, are obtained by performing XFOIL simulations through the QBlade interface [41,42]. For the sake of simplicity, a constant Reynolds number of Re = 175,000 is used, which is approximately the Reynolds number at   r = 0.75 R   at a rotational speed of 2000 RPM. The resulting drag and lift coefficients, along with the aerodynamic efficiency (drag-to-lift ratio), are shown in Figure 5. The airfoil reaches a peak in aerodynamic efficiency of    C L  /  C D  = 80   at angle of attack   α = 5   ∘   .




3.2. Mesh


The numerical simulations are performed over a mixed-element unstructured grid developed at neptech AB using Pointwise® (Cadence Design Systems, San Jose, CA, USA) [43], a mesh-generation software specifically developed for CFD applications. Particular attention is paid to the rotor surface mesh, which is shown in Figure 6a. Stretched anisotropic quadrilaterals have been extruded from the leading edge and the trailing edge using the 2D T-Rex algorithm. T-Rex allows us to grow layers of rectangular cells given the first cell thickness and a growth factor, and the inflation is stopped once a smooth dimensional transition with the rest of the surface mesh is achieved. The rest of the upper and lower surface domains consist of triangles and quads generated by the “advancing front ortho” algorithm, and are automatically shaped to comply with high-quality criteria, whilst fulfilling a specified maximum cell dimension. The grid at the blunt trailing edge and at the wingtip has been designed to transition smoothly to the T-Rex-extruded upper and lower surface cells using a structured-dominant approach.



Once a reasonably fine and high-quality 2D grid is obtained, the 3D T-Rex algorithm is employed to inflate layers of high-aspect-ratio hexahedra and prisms in the near-wall region to effectively capture viscous effects. The remaining AMI block is filled with isotropic tetrahedra. As shown in Figure 6b, T-Rex ensures a smooth dimensional transition between the last extruded prism or hexahedron and the outer tetrahedra through one layer of high-quality pyramids. The remainder of the far-field domain surrounding the AMI blocks is cylindrical and fully consists of isotropic tetrahedra with increased characteristic dimension (Figure 6c). In order to achieve a more detailed solution in the far-field for the wake immediately downstream of the rotor, a cylindrical source has been shaped enclosing this region to introduce a local grid refinement.



The geometric dimensions of the cylindrical source and mesh blocks are reported in Table 2. The lower AMI block height has been adjusted to fit with the increased pitch of the lower rotors. The values of the most relevant grid setup parameters are summarised in Table 3.



Pointwise’s mesh quality-check tool can effectively cope with the strict constraints of OpenFOAM. For instance, the solver is particularly sensitive to cells showing a high non-orthogonality, which can potentially lead to simulation divergence. A reasonable trade-off between cost efficiency and cell quality has been found, with the number of severely non-orthogonal cells (>70) reduced to less than 600 per AMI block and grouped in non-critical flow regions. Preliminary simulations provided a reasonably stable solution. Figure 7 shows the   y +   values over the blades at   r = 0.75 R  . The   y +   value is lower than one over the majority of the rotor surface, except in a small region at the leading edge. It is overall lower than two across the entire blade, thus indicating a satisfactory resolution for the viscous effects.





4. Experimental Setup


The experiments are performed on a RCbenchmark Series 1780 dynamometer and thrust stand. The experimental setup is shown in Figure 8. The rotors used are T-MOTOR G28x9.2 rotors, driven by T-MOTOR U8II KV100 brushless motors with power supplied by 1500  W  power supplies. For the coaxial setup, the rotors are mounted facing each other and rotating in opposite directions.



The angular speed is measured by an optical tachometer, and the thrust and torque are measured by a load cell with a given experimental tolerance of   ± 0.5  %.




5. Validation


5.1. Mesh Sensitivity Study


The reliability of the mesh was tested through a mesh sensitivity study for a single rotor. When designing a refined and coarser mesh setup, it was found that changes in the cell dimension over the rotor surface grid resulted in poorer quality 3D blocks, with an increased number of severely non-orthogonal cells. This phenomenon can affect the solution stability and thus lead to a non-reliable mesh sensitivity study. Therefore, in order to provide setups with overall similar quality, the characteristic maximum dimension of the tetrahedra of the AMI block was varied. This parameter was increased to 10.0 mm for the coarser setup and decreased to 3.75 mm in the finer setup. Table 4 shows the total number of cells of the three configurations along with their simulation results. The coarse setup solution highlights a reasonable but non-negligible change in thrust and efficiency compared to the chosen medium setup. In contrast, the fine setup shows only minor differences, hence the medium mesh is chosen for the remainder of the simulations in this work.




5.2. Single-Rotor Validation


Figure 9a shows a comparison of the computed thrust with BEMT and CFD against the experimental values for varying angular velocities. Included also are data from the vendor for the T-MOTOR G28x9.2 rotor [44]. The vendor data are in good agreement with the performed experiments, acting as validation of the experimental setup. The CFD simulations match the trend of the experiments, but predict thrust values to be approximately 15% lower. It should be noted that since the simulated rotor geometry does not exactly match the commercial rotor design, an exact match can not be expected. In particular, the tip design of the commercial rotor is expected to be more efficient than the simulated design. The BEMT results are also in good agreement with the experiments, but with increasing underprediction at higher angular velocities.



Figure 9b shows a comparison of the computed efficiency with BEMT and CFD against the experimental values for varying angular velocities. The efficiency is defined as the thrust-to-power ratio, where the power is calculated as the torque multiplied by the rotational velocity. Similar trends as for the thrust are observed here. The CFD simulations are close to the experiments, with an underprediction of approximately 2% to 5%. The BEMT simulations also follow the same trend as the experiments but with an overprediction ranging from around 15% at low rotational speeds to 5% at high rotational speeds.



Further details of the flow pattern are given in Figure 10, which shows the averaged velocity magnitude from the CFD simulations in a vertical slice at the four simulated angular speeds. The flow pattern is the same for all angular speeds, but with an increase in the velocity magnitude for higher angular speeds. Flow is accelerated from the static air above the rotor, resulting in a high-velocity wake below the rotor. There is a low-velocity region just underneath the rotor hub where there is no pitched airfoil to accelerate the flow. The wake clearly contracts into a vena contracta, with a close-to-uniform velocity in the center of the blade and a sharp fall-off to zero at the sides. Although the wakes become closer towards the center at a distance from the rotor, a lower-velocity core remains at the center.



Figure 11 shows the vertical velocity component as a function of radial distance, at a distance of   0.115   m below the rotor. This is the distance where the lower rotor is placed for the coaxial simulations. The predicted inflow velocity from the coaxial BEMT model is shown as dashed lines. There appears to be good agreement between the velocity simulated from CFD and the velocity predicted from the BEMT model. This indicates that the BEMT model is also applicable to coaxial systems.




5.3. Coaxial Rotor Validation


The same validation was performed for a coaxial setup, using two T-MOTOR G28x9.2 rotors. The rotors are placed at a distance of 0.115 m apart, rotating in opposite directions at the same angular velocity. Figure 12a shows a comparison of the computed thrust with BEMT and CFD against the experimental values for varying angular velocities. The experimental results and CFD results for the upper rotor are almost identical to the isolated rotor results, indicating that the upper rotor is not significantly affected by the lower rotor. Note that for the CFD results, the thrust values presented here are averaged results. In the coaxial setup, the thrust will oscillate based on the angular position of the rotor relative to the lower rotor. The lower rotor, as expected, shows lower thrust than the upper rotor. For the experiments, the thrust values are 60% to 65% of the upper rotor. The CFD results are again close to the experimental results. For the lower rotor there is a maximum of 6.5% discrepancy in the results. The coaxial BEMT model gives an underprediction of the thrust from 10% at lower angular speeds to 20% at higher angular speeds.



Figure 12b shows a comparison of the computed efficiency with BEMT and CFD against the experimental values for varying angular velocities. The efficiency for the CFD simulations again follow the trend of the experiments and have values in good agreement with the experimental values. The BEMT method also follows the same trends, but significantly overpredicts the efficiency for the lower rotor with values 20% to 35% higher than the experimental values. This is an indication that there are interactions between the rotors not captured by the simple coaxial model used in this work. Still, as both the CFD method and the BEMT method predict the same trends as the experiments, both in terms of thrust and efficiency, they should provide valuable insight on the effect of changing the pitch of the lower rotor.



The CFD method has the additional benefit of capturing more flow details and rotor interactions than the BEMT method. Figure 13 shows the averaged velocity magnitude from the CFD simulations in a vertical slice at the four simulated angular speeds. The velocities are larger than in the corresponding Figure 10 for the single-rotor setup, due to the additional thrust from the lower rotor. It is also clear that the outer region of the lower rotor operates outside the wake of the upper rotor. The total wake from both rotors is also wider than for the single rotor, with a higher velocity core from the combined wake of the two rotors and a lower velocity outer rim from the wake generated by the outer region of the lower rotor. These observations are similar to previous simulations performed on a larger coaxial rotor system by Jinghui et al. [14].





6. Results


In this section, the impact of the lower rotor pitch on efficiency is investigated. First, the BEMT method is used to sweep over a range of pitches for the lower rotor. The case of RPM = 2200 and a pitch of 9.2″ for both rotors is used as a reference case. The pitch of the lower rotor is varied from 8.2″ to 16.2″ and the RPM of the lower rotor is adjusted to give the same total thrust for each case. Using the CFD method, three pitches of 12.2″, 13.2″ and 14.2″ are simulated, while also adjusting the RPM of the lower rotor until the same total thrust as the reference case is obtained.



The resulting efficiencies are plotted in Figure 14. The BEMT results indicate a clear peak in efficiency at a pitch of 14″, with an improvement in efficiency of 2.3%. For the CFD method, the peak is found at a pitch of 13.2″, and with a higher improvement in efficiency of 5.0%. Both methods predict a peak in the efficiency, and the location of the peak is also found at a similar pitch, but the CFD method predicts a higher efficiency value. To compare the two solutions, Figure 15 shows the thrust along the rotor for the two methods for a pitch of 14.2″. For the middle part of the rotor, the methods have similar thrust, which indicates that the coaxial model in the BEMT method works well. The transition from the part of the rotor that is inside the slipstream to the outer part of the rotor is sharper in the BEMT solution than in the CFD solution. Although the coaxial model has a linear transition in incoming velocity, as seen in Figure 11, there should be an additional smoothing to match the CFD solution. Additionally, the tip correction appears to be too high, as the thrust tapers off towards the tip of the rotor faster than in the CFD solution. Despite these differences, the BEMT method captures the overall behavior of the lower rotor.



Figure 16a shows the thrust along the blade from the BEMT method for three different pitches. It is clear that the majority of the thrust is produced at the outer region, outside of the wake from the upper rotor. As the pitch is increased from 9.2″ to 14.2″, the amount of thrust generated from the inner region is increased while the amount of thrust from the outer region is decreased. The reduction in thrust from the outer region is due to the reduction in angular velocity to maintain the same total thrust. The angular velocity is reduced from RPM = 2200 to RPM = 1714 for the lower rotor. This also leads to an overall improvement in aerodynamic efficiency, as shown in Figure 16b. This means that at the original angular velocity of RPM = 2200 and at the original pitch of 9.2″, the airfoil is not operating at its optimal point. Increasing the pitch to 14.2″ brings it close to the peak efficiency in the outer region, as evident in Figure 16b. When the pitch is further increased to 17.2″, the airfoil is still below its stall point, hence lift is still increased and the angular velocity is further reduced to RPM = 1554 to maintain the same total thrust. However, at this pitch, the outer region has an angle of attack higher than the optimal point, thus drastically reducing the aerodynamic efficiency by almost half compared to a pitch of 14.2″. Hence, even though the efficiency is improved for the inner region, the total efficiency is still reduced.



Next, some results from the corresponding CFD simulations are shown, to give further details of the influence of changing the lower rotor pitch. Figure 17b shows contour plots of the pressure coefficient at a radial distance of   r = 0.3 R  , i.e., in the inner region of the blade. The plot also shows the flow pattern as seen by the blade (the velocity subtracted by the angular velocity), visualized using the line integral convolution technique [45]. For the pitch of 9.2″, the incoming flow comes in at a negative angle of attack, leading to a region of low pressure near the leading edge at the beginning of the pressure side of the airfoil. At the pitch of 14.2″, the incoming flow operates at an angle of attack close to zero, hence leading to a pressure profile that is more optimal, with lower pressure on the suction side and higher pressure on the pressure side compared to the original pitch.



The pressure coefficient over the blade for the two cases is also plotted in Figure 18. Here, the drop in pressure at the leading edge for pitch 9.2″ is clearly seen. It is also apparent that for pitch 14.2″, the pressure is lower on the suction side and higher on the pressure side over the entirety of the airfoil compared to the original pitch of 9.2″.




7. Conclusions


A computational study was performed investigating the influence of varying pitch on the rotor efficiency in a coaxial rotor setup. An efficient blade element momentum theory method for a coaxial rotor system was developed, and detailed computational fluid dynamics simulations were performed. The chosen rotor has a diameter of   71.12    c  m , corresponding to a typical rotor size used in medium-sized multirotor drones.



The two methodologies were validated by comparing against experiments on a single-rotor system and a coaxial rotor system. The CFD methodology showed good agreement on both systems. The BEMT methodology reproduced the experimental trends, but over-predicted the efficiency of the coaxial rotor system.



The results showed that an optimum value for the pitch of the lower rotor could be obtained with both methods, where the total efficiency of the coaxial system was increased by 2% to 5% compared to using the same pitch for the upper and lower rotors. This was found to be due to increasing the efficiency of both the inner region of the rotor, acting in the wake of the upper rotor, and the outer region of the rotor.



Future work will focus on further optimizing the rotor setup. As the current work only used a single pitch for the entire rotor, further increases in the efficiency could be obtained by tailoring the rotor pitch fully to a coaxial setup with pitches designed to be optimal over the entire rotor. This could also include using different airfoils for different parts of the rotor to better match the induced angles of attack. Currently, commercial rotor designs are not available for the high pitches proposed in this work. Future work will also aim to manufacture optimized rotor designs to test experimentally. The current work also only considered the situation of a hovering rotor, and having a system in forward flight should also be investigated. Finally, a more detailed study of the rotor dynamics and wake interactions should be performed, as well as investigating full drone setups with rotor–body interactions.
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Figure 1. Illustration of parameters and forces for blade element momentum theory. (a) Momentum theory control volume. (b) Blade element. 
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Figure 2. Twist angle and chord length of the rotor blade. 
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Figure 3. Comparison of A18 airfoil against airfoils along the commercial T-MOTOR G28x9.2” blade at four radial stations. From the bottom:   0.3 R  ,   0.5 R  ,   0.7 R  ,   0.9 R  . 






Figure 3. Comparison of A18 airfoil against airfoils along the commercial T-MOTOR G28x9.2” blade at four radial stations. From the bottom:   0.3 R  ,   0.5 R  ,   0.7 R  ,   0.9 R  .



[image: Drones 06 00091 g003]







[image: Drones 06 00091 g004 550] 





Figure 4. Top view (top) and front view (bottom) of the computational 3D rotor geometry for a pitch of 9.2”. 
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Figure 5. Aerodynamic drag and lift coefficients for the A18 airfoil, calculated using XFOIL at Re = 175,000. 
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Figure 6. Illustration of mesh arrangements. (a) Rotor surface mesh. (b) Close-up of mesh near rotor with layers generated using 3D T-Rex extrusion. (c) Mesh around rotors. The yellow rectangles indicate the AMI blocks. 
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Figure 7. Non-dimensional wall distance along rotor surface at radius   r = 0.7 R   for RPM = 2200. 
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Figure 8. Picture of experimental setup showing the thrust stand in coaxial configuration and a close-up view of the load cell and motor. (a) Thrust stand. (b) Load cell and motor. 
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Figure 9. Comparison between experiments, BEMT simulations and CFD simulations for a single rotor. (a) Thrust. (b) Efficiency. 
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Figure 10. Magnitude of velocity vector for single-rotor setup at varying RPM. The grey line indicated in (a) shows the position of the second rotor for the coaxial setup. (a) RPM = 1600. (b) RPM = 1900. (c) RPM = 2200. (d) RPM = 2500. 
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Figure 11. Vertical velocity at a vertical distance 0.115 m from the rotor (indicated by the grey line in Figure 10), estimating inflow velocity for the lower rotor in the coaxial setup. The dashed lines are the values predicted from the coaxial BEMT model. 
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Figure 12. Comparison between experiments, BEMT simulations and CFD simulations for the coaxial rotor setup. (a) Thrust. (b) Efficiency. 






Figure 12. Comparison between experiments, BEMT simulations and CFD simulations for the coaxial rotor setup. (a) Thrust. (b) Efficiency.



[image: Drones 06 00091 g012]







[image: Drones 06 00091 g013 550] 





Figure 13. Magnitude of velocity vector for coaxial rotor setup at varying RPM. (a) RPM = 1600. (b) RPM = 1900. (c) RPM = 2200. (d) RPM = 2500. 
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Figure 14. Total efficiency relative to total efficiency at pitch 9.2″ for the coaxial rotor system as a function of lower rotor pitch. 
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Figure 15. Comparison of BETM and CFD for thrust along blade for pitch 14.2″. 
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Figure 16. BEMT results along the blade for the lower rotor for three different pitches. (a) Thrust along blade. (b) Aerodynamic efficiency along blade. 
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Figure 17. Pressure coefficient and flow pattern (as seen from the rotor) for the lower rotor at radius   r = 0.3 R   for two different pitches. (a) Pitch 9.2″. (b) Pitch 14.2″. 
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Figure 18. Pressure coefficient over the lower rotor blade at radius   r = 0.3 R   for two different pitches. 
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Table 1. Description of rotor geometry.
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	Quantity
	Unit
	Value





	Rotor diameter, D
	cm
	71.12



	Number of blades
	-
	2



	Hub diameter
	cm
	5.4



	Pitch at 0.75R
	in 
	9.2



	Chord at 0.75R
	cm
	4.4
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Table 2. Mesh size parameters for the cylindrical blocks and source.
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	Object
	Base Diameter
	Height
	Ratio to D





	Upper AMI block
	84.0 cm
	5.50 cm
	



	Lower AMI block
	84.0 cm
	6.95 cm
	



	Cylindrical source
	1.00 m
	3.00 m
	   ∼ 4  D   



	Far-field block
	10.0 m
	10.0 m
	   ∼ 14  D   
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Table 3. Main mesh setup parameters.
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	Quantity
	Unit
	Value
	Ratio to D





	Rotor surface maximum cell size
	mm
	2.00
	   ∼ D / 350   



	3D T-Rex 1st layer thickness
	m
	1 × 10−5
	



	3D T-Rex inflation growth factor
	-
	1.2
	



	AMI block maximum cell size
	mm
	5.00
	   ∼ D / 140   



	Source delimited region max. cell size
	cm
	2.00
	   ∼ D / 35   



	Far-field block maximum cell size
	cm
	20.0
	   ∼ D / 4   



	Total number of cells
	-
	14.1 × 106
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Table 4. Mesh sensitivity study.






Table 4. Mesh sensitivity study.





	
Number of Cells

	
Thrust

	
Efficiency




	
(×106)

	
(N)

	
(N W−1)






	
5.50

	
25.5

	
0.124




	
8.78

	
25.9

	
0.127




	
13.2

	
26.0

	
0.127
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