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Introduction

The flow field of a helicopter rotor features many different phenomena that need to be considered during its design: On the advancing side of the rotor disc, shock waves may occur, while on the retreating side reversed flow is encountered. On top of that, the released tip vortices remain in the rotor plane for some time and interact with the rotor blades. These blade-vortex interactions (BVI) give the helicopter its distinctive noise in descent flight, and may trigger stall in axial as well as in forward flight due their large vortex-induced velocities especially in high load conditions.

Since the rotor blade has to reliable operate in many flight conditions, any passive blade design will always be a comprise to fulfill the various requirements arising from them. For example, Wilke [START_REF] Wilke | Quieter and Greener Rotorcraft: Concurrent Aerodynamic and Acoustic Optimization[END_REF] shows that blade designs may differ significantly in performance depending on the flight condition, for which the rotor has been optimized for. Therefore, the idea of a smart rotor blade is born, where the rotor adapts to the current flight condition.

Without exploring every research direction investigated in active rotor blade control, the avid reader is referred to the surveys of Chopra [START_REF] Chopra | Status of Application of Smart Structures Technology to Rotorcraft Systems[END_REF] and Friedmann [START_REF] Friedmann | On-Blade Control of Rotor Vibration, Noise, and Performance: Just Around the Corner[END_REF]. Only a brief categorization is done here. The first option, besides the regular swashplate of the rotor that is utilized for steering, a higher harmonic controlled [START_REF] Van Der Wall | The HART II International Workshop: An Assessment of the State-of-the-Art in Comprehensive Code Prediction[END_REF] swashplate or a multi-swashplate control [START_REF] Küfmann | The First Wind Tunnel Test of the DLR's Multiple Swashplate System: Test Procedure and Preliminary Results[END_REF] allows to actuate the rotor blades with more harmonics than the pilot controlled swashplate itself. Depending on the aim, the power, noise, or vibration, and to a certain extend a mixture of these, may be reduced with respect to the non-actuated blade. Opposed to the swashplate approach, other means of actuation exist. For example, pitch link actuation [START_REF] Kretz | Research in Multicyclic and Active Control of Rotary Wings[END_REF] or flaps [START_REF] Spangler | Piezoelectric Actuators for Helicopter Rotor Control[END_REF] are means of active control devices for helicopter rotors. Another option is the application of actively twisting the blades. In the NASA/Army/MIT Active Twist Rotor (ATR) project [START_REF] Shin | Closed-Loop Control Test of the NASA/Army/MIT Active Twist Rotor for Vibration Reduction[END_REF], piezo-electric elements actively twisted the rotor blades during their operation. DLR initiated the Smart Twisting Active Rotor (STAR) project in 2007 [START_REF] Wierach | Experimental Investigation of an Active Twist Model Rotor Blade Under Centrifugal Loads[END_REF]. It is currently in its second phase, where the blades have been manufactured, but have not yet been tested in the wind tunnel. Partners from all over the world participate in the STAR II project, namely: DLR, JAXA, ONERA, KARI, Konkuk University, NASA, U.S. Army, and the University of Glasgow.

To assess the viability and identify interesting operating conditions and actuation strategies for the wind tunnel test of the STAR II rotor, a prediction team was formed to perform simulations prior to the wind tunnel test. While the STAR II blades were investigated in a variety of flight conditions as published in [START_REF] Van Der Wall | Smart Twisting Active Rotor (STAR) -Pre-Test Predictions[END_REF], this paper focuses purely on the activities of the vortex-induced stall of the highly loaded rotor. A more in-depth analysis of this flight condition than the previous publication is performed and the difficulties in the prediction of the rotor performance in this flight condition are elaborated.

Methodology

To accurately assess the merits of the STAR II blades along with their actuation, the rotor needs to be modelled. Therefore, it is not only crucial to model the aerodynamics correctly, but also its structural dynamics and the correct pitch control angles need to be found. The flight condition investigated here poses a major simulation challenge. On the retreating side, the upwash from a tip vortex of the preceding blade causes dynamic stall at roughly mid-span of the blade progressing towards both sides. To capture this phenomenon, the tip vortex, but also the stall needs to be modelled precisely.

In the rotorcraft community, comprehensive codes have been well established. They solve the flight mechanics of the rotor system (here: find the correct trim control angles) along with the aero-and structural dynamics of the rotor. However, especially on the aerodynamic side, simplified approaches are applied, such as the blade element theory, where the inflow is semi-empirically modelled. In order to improve this, prescribed or free-wake models may be employed. To further enhance fidelity of the simulations, the comprehensive codes may be coupled with CFD solvers to more accurately capture the three-dimensional, unsteady aerodynamics of the rotor. For the upcoming results, a common legend is applied, see Fig. 1. The simulations are roughly grouped into a plain comprehensive analysis (CA) code (dashed lines, details in Table 1) and CFD coupled comprehensive analysis (solid lines, details in Table 2). All CA codes use a wake model to improve the inflow modelling of the blade element theory. For a more in-depth explanation of the applied methods, please consult [START_REF] Van Der Wall | Smart Twisting Active Rotor (STAR) -Pre-Test Predictions[END_REF].
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Predictions

The effort of the prediction team is to identify operational conditions worth to be considered during wind tunnel testing to focus resources on the most valuable ones. This includes testing of the unactuated blade, but also with the various actuation settings available. For the high load condition, the first step is to find the onset of stall and the maximum feasible thrust of the rotor, which is here specified as the operational condition, where zero roll and pitch moments of the rotor are still achieved. The second step investigates the actuation at a specified thrust, where most partners had a clearly visible stall, while still retaining a sufficient margin to the maximum thrust to allow for safe operations. The goal of this is to identify the setups of the actuation where required power and/or vibrations of the rotor can be reduced (through alleviation of dynamic stall).

The operational condition, key metrics of the rotor and settings of the actuation are summarized in Table 3. Note that when the activities of this prediction group started, the operational condition was similar to the current one, yet carried out at the nominal RPM (1041) of the rotor. However, foreseen limitations of the rotor balance and power of the model motor, required to halve the RPM (521) of the rotor and the wind speed (to retain the advance ratio), while also too severe vibrations and structural stresses are avoided.

Step 1 -Thrust sweep without actuation

In Fig. 2, trim controls, power and vibration for increasing thrust of the simulations are shown. It is observed that the pitch control angles at lower thrusts are close to each other, but the spread of the results grows with thrust. A similar tendency is found for the required power of the rotor, with even more diverse results for the Vibration Intrusion Index (V I) (defined as 

∑ i=4,8 √ (0.5F 2 x,i/rev ) + (0.67F 2 y,i/rev ) + (F 2 z,i/rev )/W +
√ M 2
x,i/rev + M 2 y,i/rev /(RW ) with F j,i/rev and M j,j/rev being amplitudes of the i/rev's component of the hub loads and moments in the respective coordinate direction and W = 3600N the virtual model weight and R the rotor radius). Most of the spread at higher thrusts is attributed to the differently perceived onset of (deep) stall. For the required power as well as the trim control angles, most notably the collective pitch control angle θ 0 , a change in the gradient is observed at this point. Looking at the maximum attainable thrust, the variation is large, with KU-CA arriving at c T /σ = 0.13, and JAXA-CFD at 0.16 and ONERA-CA at 0.17. Regarding the V I, all codes except US-CA capture a growth with thrust, yet with different levels to begin with. The general expectation, a growth with thrust, is confirmed, but no distinct reason for the large variation could be identified so far. To understand the physics better, the loads are compared at c T /σ = 0.10, 0.13 and 0.15 (where results are available) in Fig. 3 to Fig. 5. The focus is laid upon the normal loads as well as the sectional pitching moments at the radial position r/R = 0.67, as it coincides with a section instrumented with pressure sensors of the wind tunnel model being closest to the occurring blade vortex interaction. The obvious general trend is that the local forces grow with increasing thrust, but also that the agreement among the partners is overall better at the lower thrust. The reason for this is that there is only very mild presence of pitching moment stall for DLR-CA, DLR-CFD and JAXA-CFD, with little feedback on the normal load and no stall for the other partners. The lower harmonic content of these curves therefore remains very similar, yet also looking at the advancing side, some blade vortex interaction (BVI) is also found, with DLR-CA having the largest ones. This is explained with the smallest tip core radius chosen, causing an inversely proportional stronger BVI event.

At the intermediate thrust, a larger spread of the results is observed, with the DLR-and JAXA-CFD based simulations clearly distinguishing themselves from the comprehensive analysis results in pitch link moments, indicating a clear pitching moment stall, with also a clear normal force stall for DLR-CFD. Opposing this, US-CA is farthest away from these trends, explained with the greatest tip core radius used in the simulation coupled with a large time step, therefore capturing a too mild BVI. Interestingly enough, DLR-and KU-CA resolve a greater pitching moment stall than the other CA results and KARIand UofG-CFD for this intermediate thrust. Moving onto the highest thrust, again, DLR-and JAXA-CFD results are relatively close together in behavior and magnitude of the normal loads and pitching moments, while ONERA-CA results show a strongly reduced stall behavior.

For a final comprehension of the physics, the vorticity fields from the CFDbased simulations are plotted in Fig. 6. From these more qualitative impressions, multiple lessons are learned. The tip-vortex released from the preceding blade hits the following blade roughly at mid-span. The upwash side of this vortex therefore triggers the stall and thus aligns with other findings on this topic in the literature [START_REF] Smith | Rotating Wing Dynamic Stall: State of the Art and Future Directions[END_REF]. Due to the application of DDES for DLR-CFD, more secondary vortex structures are visible. However, when comparing the loads with JAXA-CFD, they are very similar except for some higher harmonic content for DLR-CFD. Moving onto KARI-CFD results, where the general vortex field is captured as well, the use of a second order scheme with classical URANS leads to a weaker vortex and therefore the pitching moment stall is not yet developed as strongly, but an onset of stall can be found. The UofG-CFD results resolve a similar vortex strength as DLR-CFD, yet the pitching moment stall is of similar magnitude to the one by KARI-CFD. While numerical order theoretically can be traded in for grid points, this case also demonstrates that the resolutions the partners achieved are at least an order of magnitude too small to be considered properly grid-converged and performing CFD simulations for rotor blades remains a challenging task in terms of computational resources.

Step 2 -Actuation sweeps

In this phase, the potential benefits of an actuated blade are examined at a c T /σ = 0.13. The actuation is imposed through a sinusoidal signal plus an offset. The amplitude of the actuation voltage is 500 V with an offset of 400 V. This has been simulated as a 2.08 Nm static nose-up pitching moment with 2.6 Nm dynamical varying pitching moment introduced over most of the airfoiled part of the blade (r/R ≈ 0.24 -0.94).

Due to the large design space for the actuation, not every partner could carry out the whole test matrix. DLR-CA, DLR-CFD and ONERA-CA were able to compute the whole range of data points. Their results are plotted as contour plots relative to their baseline results for the required power in Fig. 7, and V I index in Fig. 8. Note, the 0/rev results refer to the static actuation of the blade. While just a crude representation of the problem and with some discrepancies at the higher harmonics, these plots quickly identified that the 2/rev actuation is likely to be the one with the greatest beneficial effect, and therefore the remaining partners were encouraged to compute the phase sweep at 2/rev, with the results

, [ o ] c n M 2 100 (a) cnM 2 , [ o ] c m 100 (b) cm(M = Mtip( r R + µsinψ))
Fig. 3: Loads at r/R = 0.67 for c T /σ = 0.10

, [ o ] c n M 2 100 (a) cnM 2 , [ o ] c m 100 (b) cm(M = Mtip( r R + µsinψ))
Fig. 4: Loads at r/R = 0.67 for c T /σ = 0.13

, [ o ] c n M 2 100 (a) cnM 2 , [ o ] c m 100 (b) cm(M = Mtip( r R + µsinψ))
Fig. 5: Loads at r/R = 0.67 for c T /σ = 0.15 given in 9. Similar to the baseline case, results are in better agreement for the required power than for the I metric. Nevertheless, phases from ϕ ≈ 0...90 o revealed improvements over the non-actuated rotor for most partners.

To understand these merits better, the sectional loads at r/R = 0.67 are checked for the ϕ = 0 o and ϕ = 240 o 2/rev cases in Fig. 10 and Fig. 11, respectively. The observation here is that the pitching moment stall and its dynamic 

Conclusions

In this paper, the prediction team activities for the vortex-induced highly loaded rotor condition of the Smart Twisting Active Rotor II (STAR II ) are presented. These results pose the blind pre-test predictions prior to the wind tunnel test.

While some noticeable spread in the potential maximum thrust of the unactuated blade is observed, the general tendencies and mechanisms were captured by most simulations. These results are still sufficient to narrow down the operating conditions for the wind tunnel test including the settings for the actuation that Fig. 11: Loads at r/R = 0.67 for the 2/rev ϕ = 240 o case at c T /σ = 0.13. allow for a reduction in required power or vibrations. Yet, with the given computational resources, room for further improvement is given and more refined CFD simulations will likely show better agreement. Unfortunately, the current turnaround time for these have been in the magnitude of days to weeks, where low-fidelity, comprehensive code, simulations were in the magnitude of minutes.
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 1 Fig. 1: General legend of the paper.

Fig. 2 :

 2 Fig.2: Integral metrics over thrust variation. To understand the physics better, the loads are compared at c T /σ = 0.10, 0.13 and 0.15 (where results are available) in Fig.3to Fig.5. The focus is laid upon the normal loads as well as the sectional pitching moments at the radial position r/R = 0.67, as it coincides with a section instrumented with pressure sensors of the wind tunnel model being closest to the occurring blade vortex interaction. The obvious general trend is that the local forces grow with increasing thrust, but also that the agreement among the partners is overall better at the lower thrust. The reason for this is that there is only very mild presence of pitching moment stall for DLR-CA, DLR-CFD and JAXA-CFD, with little feedback on the normal load and no stall for the other partners. The lower harmonic content of these curves therefore remains very similar, yet also looking at the advancing side, some blade vortex interaction (BVI) is also found, with DLR-CA having the largest ones. This is explained with the smallest tip core radius chosen, causing an inversely proportional stronger BVI event.At the intermediate thrust, a larger spread of the results is observed, with the DLR-and JAXA-CFD based simulations clearly distinguishing themselves

Fig. 6 :

 6 Fig. 6: Vorticity plots at c T /σ = 0.13.components are reduced for the ϕ = 0 o case relative to the baseline case, Fig.2, but increased for the ϕ = 240 o case over the baseline results, with some impact on the normal loads.

Fig. 7 :

 7 Fig. 7: Relative required power at c T /σ = 0.13.

Fig. 8 :

 8 Fig. 8: Relative VI index at c T /σ = 0.13.

Fig. 9 :Fig. 10 :

 910 Fig. 9: Integral results of phase sweep at 2/rev at c T /σ = 0.13.

Table 1 :

 1 Summary of comprehensive code setups. box -modeling of the terminal box at the blade root, init. tip core -initial core radius of the rolled-up tip vortex model in r c,0 /c.

		DLR-CA	KU-CA	ONERA-CA	US-CA
	box	no	no	no	no
	fuselage	yes	no	no	no
	init. tip core	0.033	0.5	0.3	0.8
	blade elements	20	16	25	28
	azimuth step size	2 •	15 •	5 •	15 •

Table 2 :

 2 Summary of CFD setups. order -theoretical inviscid flux scheme order, transition -how laminar-turbulent transition is included, blade -resolution of the blade mesh in chordwise x normal x spanwise direction, background -spacing of the Cartesian grid area relative to the chord length.

		DLR-CFD	JAXA-CFD	KARI-CFD	UofG-CFD
	box	yes	yes	yes	no
	fuselage	yes	yes	yes	no
	order	4	4	2	3
	turbulence	SA-DDES-R	Menter SST	SA	Menter SST
	transition	empirical	γRe θ	no	no
	blade resolution	128x64x128	141x81x157	-	142x64x148
	background ∆x/c	14%	10%	15%	15%
	total # grid pts	15 M	88 M	29 M	35 M
	step	0.25 •	0.1 •	1.0 •	0.25 •

Table 3 :

 3 Key rotor metrics and reference values.

	Radius [m]	2
	chord [m]	0.121
	RPM	521
	advance ratio	0.3
	shaft angle αq	0 •
	density of air [kg/m 3 ]	1.226
	temperature [K]	288.15
	Step 1 cT /σ 0.1 ... 0.17 in step of 0.01
	Step 2 cT /σ	0.13
	Step 2 frequencies	1,2,3,4,5/rev
	Step 2 phases 0 ... 330 • in steps of 30 •
	Step 1 & 2 trim	zero hub moments