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AbstractAn experimental aerodynamic study was conducted, analyzing the wake structure of a four-bladed modelrotor with a forward-backward swept tip geometry inspired by the ONERA-DLR “ERATO” design. Similar tipdesigns are used on some modern helicopter main rotors. The experiments were conducted at the rotortest stand Göttingen in hover-like conditions using a stereoscopic high-speed particle image velocimetrysystem. The results are compared with a reference rotor using a conventional parabolic blade tip. The testparameters include both constant-pitch cases and pitch-oscillating cases with a cyclic swashplate input. Theconstant-pitch tests showa two-step stall behavior for the double-swept tip, with the first step characterizedby a reduced thrust slope and a reduced rotor efficiency. This effect is explained by a repositioning and astructural change of the tip vortex generation. The pitch-oscillating cases show that the double-swept tipresults in an earlier tip stall compared to the parabolic geometry while maintaining high thrust levels. Thedynamic tip stall yields a break-down of the wake’s tip vortex system, which is replaced by a spanwise bandwith small-scale turbulent structures and trailed vorticity, but no large-scale vortices.

Nomenclature

A Rotor plane area, A = 1.33m2

c Chord length, c = 0.072m
Cp Pressure coefficient
CT Thrust coeff.,CT = T/(ρπR2V 2

tip)
f Rotor frequency, 1/s
M Mach number
r Radial coordinate in a tip vortex, m
R Rotor radius, R = 0.65m
Re Reynolds number
t Time, s
T Rotor thrust, N
u, v,w Cartesian velocity components, m/s
Vi Induced velocity, m/s
Vtip Blade tip velocity, m/s
Vθ Tangential (swirl) velocity, m/s
x, y, z Cartesian coordinate system, m
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Greek symbols
� Circulation, m2/s
�v Vortex circulation at r = 0.5c, m2/s
� Root pitch angle, deg
ρ Air density, kg/m3

λ2 “Lambda-2” vortex criterion, 1/s
σ Rotor solidity, σ = 0.141
	 Azimuth angle, deg
	v Tip vortex wake age, deg
ω Out-of-plane vorticity, 1/s
Abbreviations and other symbols
BERP British Experimental Rotor ProgrammeCFD Computational fluid dynamicsDEHS Di-ethyl-hexyl-sebacateDLR German Aerospace CenterDST Double-swept blade tipERATO Etude d’un Rotor AéroacoustiqueTechologiquement Optimisé(aeroacoustically optimized rotor)ONERA Office national d’études etde recherches aérospatialesPBT Parabolic blade tipPIV Particle image velocimetryPSP Pressure-sensitive paintRTG Rotor test stand Göttingen
" Upstroke
# Downstroke
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1. INTRODUCTION

Innovative blade tip designs with non-rectangularplanforms have the potential to optimize the vibra-tion, noise, and performance characteristics of he-licopter rotors. A well-known example is the BritishExperimental Rotor Programme (BERP), with a “pad-dle tip”-design improving the blade aerodynamics inhigh-speed flight by increasing the surface area inthe blade tip region. The swept-back outer leadingedge not only reduces the effective Mach numberand, thus, the drag on the advancing side, but alsoinfluences the tip vortex generation at high angles ofattack on the retreating side. The latter effect is anintentional design feature “similar to a slender deltawing”19, and has been optimized for a reduced vor-tex drag in the current “BERP IV”-generation8. Thevalidity of the BERP design philosophy was demon-strated by comparison with other main rotor de-signs, for example the Apache rotor38.The ONERA-DLR “ERATO” design uses a double-swept tip shape32 to reduce parallel blade-vortex in-teractions for improved rotor acoustics in forwardflight conditions, with a reduced high-speed dragdue to leading edge sweep as a byproduct. The ini-tial ERATO shape was optimized iteratively35, for ex-ample to avoid tip stall, and paved the way for theAirbus Blue Edge™-design and the Airbus H160 pro-duction rotor, see Fig. 1.

Figure 1: Fore-aft swept blade tip and tail section ofthe H160 helicopter18.
Recent DLR studies on ERATO-inspired subscaleblade models revisited the idea of tip planformswith fore-aft sweep, focusing on additional detailssuch as the design of the tip shape and struc-ture16, aeroelastic aspects13,15, and the dynamicstall-behavior10,17,36.The tip vortex also impacts the hover perfor-mance37 in addition to the influence on the rotor’sforward flight characteristics. For example, a com-parison of different CFD codes by Wilke et al.39

showed that the predicted aging or decay of thetip vortex structure affects the inflow of successiveblades passing the same region. The resulting dif-ferences in separated flow regions over the bladetip is one of the primary sources for uncertainties inthe predicted hover performance. The vortex agingin the rotor’s near field can be described as a growthof the viscous core at almost constant circulation1.A correct quantification of the vortex parameters isstill challenging for both numerical work, due to gridresolution or dissipation5,9, and experimental work,due to measurement uncertainties to be discussedin the remainder of this paper.The current work studies an experiment on thetip vortex system of a double-swept tip design ap-plied to a four-bladedmodel rotor in hover-like con-ditions. The results cover both constant-pitch andpitch-oscillating test cases, and were acquired withhigh-speedparticle image velocimetry (PIV) coveringthe wake flow up to an age corresponding to aboutone rotor revolution. The data was compared witha reference rotor with a rectangular planform anda conventional parabolic tip shape as investigatedin earlier campaigns2,41. Additional blade design pa-rameters, such as airfoil geometry, twist distribu-tion, or anhedral tip designs33 are not consideredin the current study. In addition to the aerodynamicanalysis, a particular focus was on parameters influ-encing the measurement uncertainty of the setup.
2. EXPERIMENTAL SETUP

2.1. Rotor blade geometry

Figure 2 (top) shows the rotor blade with double-swept tip (DST) as developed by Müller et al.16,based on a pitching wing model by Lütke et al.15.The geometry comprises a blend of the EDI-M112and EDI-M109 airfoils. The aerodynamic surfacestarts at y/R = 0.25, and the forward- andbackward-swept segments start at about y/R=0.63and y/R=0.76, respectively. Further outboard, thestraight leading edge blends into a parabolic arc.The conventional reference design, see Schwermeret al.28 and Fig. 2 (bottom), uses the DSA-9A air-foil geometry and has a rectangular planform witha parabolic blade tip (PBT) as seen on many currenthelicopter designs.Both blades have a radius of R = 650mm, achord length of c = 72mm, and a similar negativetwist distribution summing up to about �9� overthe span, see Kaufmann et al.10 for additional de-tails. The rotational frequency of the rotors was setto f =24.0Hz (DST) and f =23.6Hz (PBT), resultingin Mach and chord-based Reynolds numbers of ap-proximately M = 0.21 and Re = 3.6 � 105 at 75% of
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Figure 2: Blade planforms with double-swept tip(DST, top) and parabolic blade tip (PBT, bottom).

the tip radius. Both blades are made from carbon-fiber reinforced plastics.
2.2. Rotor test stand Göttingen (RTG)

The rotor test facility Göttingen (RTG)27, see Fig. 3(left), drives a horizontal rotor shaft and is equippedwith a swashplate to adjust both the collective andcyclic pitch settings of the four-bladed rotors. Incomparison to earlier publications, the swashplateactuationwas upgradedwith electronic steppermo-tors for a faster and more precise adjustment.An Eiffel-type wind tunnel provides a slow axialinflow of V1� 2.2m/s simulating climb conditionswith a nondimensional rate of V1/Vtip = 0.022.The inflow is used to prevent recirculation withinthe test chamber3 and to convect the rotor wake inthe downstream direction and through exit doors.The test chamber is large in comparison to the ro-tor radius, R, with dimensions of 20.6 R� 13.2 R�
11.0 R (length�width�height). The standard mea-surement systems of the RTG feature rotor thrustand torque sensors, an azimuth encoder, and atelemetry system for blade-mounted pitch sensors,strain gauges, and fast-response surface pressuretransducers. Data is stored at 50kHz by a digitalrecorder, which is also used to synchronize exter-nal systems such as PIV or optical deformationmea-surements.
2.3. High-speed PIV system

A PIV system was used to capture the velocity dis-tribution in an axial-radial slice plane through therotor wake flow, see Fig. 3 (right). For tests withthe DST geometry, a double-pulsed Nd:YLF laser(Quantronix Darwin Duo) was combined with a lightsheet optics, illuminating the motion of aerosolizedDEHS oil droplets serving as flow tracers within themeasurement region. A sufficient seeding quality is

challenging, since the laser’s pulse energy of about
30mJ is low, and since the non-recirculating in-flow requires a large rate of tracer particle genera-tion. The seeding devices comprised a single “two-fluid” generator (PIVcts1000) and three “Laskin-nozzle” generators (PIVpart). The latter type pro-duces droplets with a diameter distribution around
1µm, about half the size of the former type22. Smalldroplets are important to reduce the size of theparticle voids in the tip vortex centers, see Sec. 3.3for details. The seeding generators were placed up-stream of the wind tunnel’s fan, resulting in a suffi-ciently homogenous distribution when approachingthe rotor plane.Two double-frame cameras (Phantom VEO 640)were mounted left and right below the test standin a stereoscopic layout with an enclosed an-gle of about 90�, providing instantaneous three-component velocity distributions after applying aniterative PIV cross-correlation algorithm (LaVisionDaVis 8). The high-speed laser and cameras werephase-locked to the rotor and operated at 576 Hz,acquiring successive double-images with a rota-tional increment of �	 = 15�. This allows to bothtrack the tip vortices within a single rotor revolu-tion, and to calculate flow statistics at a constantphase angle or wake age. For constant-pitch cases,450 samples per phase angle were recorded.For cases with cyclic swashplate settings, thephase of the pitch oscillation varies sinusoidally overthe azimuth, with a constant pitch phase in the PIVregion. Therefore, the swashplate can be slowly ro-tated around the rotor axis, similar to a helicopterturning along its vertical yaw axis. This varies thelocal pitch phase as seen in the stationary PIV re-gion, and the entire pitch motion was recorded withabout 1100 flow samples evenly distributed over theentire pitch cycle.The reference data for the conventional PBT ge-ometry was acquired during an earlier campaignwith a very similar PIV setup, see Wolf et al.41 forfurther details. It is noted that the results shown inthis earlier publication consider a larger inflow ve-locity (V1 = 4.4m/s) with a reduced rotor thrust,and, therefore, differ from the PBT results shown inthe current work. The PBT experiments used a low-speed laser, only capturing a single PIV image everyfourth revolution. Hence, data acquisition took sig-nificantly longer, but the same phase-locked rotorangles ensure a one-to-one comparison to the newDST test results at the same wake ages. Both datasets were evaluated with the same algorithms, andthe grids provide a similar spatial resolution on theorder of 1 mm or 1.4% chord.
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Figure 3: Frontal view of the RTGwith parabolic-tip rotor blades (PBT, left), side view of the RTGwith double-swept rotor blades (DST, right) during PIV operation.

3. RESULTS: STATIC PITCH ANGLES

3.1. Thrust polar and blade loading

Figure 4 shows the constant-pitch thrust polars ofthe conventional PBT and innovative DST geome-tries bymeans of the blade loading,CT/σ , as a func-tion of the root pitch angle, �. The thrust of thePBT geometry (���) increases linearly up to �= 28�and peaks at about � = 29�, see label a). Thedouble-swept geometry (���) results in a broad two-step stall behavior. A reduced but positive thrustslope, dCT/d�, starts at �� 25�, see label b). Thethrust maximum is reached much later at� = 34�,see label c).The interval between b) and c) goes along with adecreasing DST rotor efficiency (���) as seen by thefigure of merit in Fig. 5. This is in contrast to a nearlyconstant PBT figure of merit (���) up to the PBT stallat a). The rotor power was measured by a torquesensor integrated into the RTG drive shaft, and thenon-negligible friction of the bearings between sen-sor and rotor was compensated via tare measure-ments with removed rotor blades. The PBT-to-DSToffset before reaching b) atCT/σ < 0.12 is consid-ered to be within themeasurement uncertainty, butthe qualitative trends in Fig. 5 are valid. It is notedthat the blade inflow Mach number is too low forcompressibility effects, and for a positive influenceof the DST sweep angle on the rotor performance.Earlier numerical studies by Kaufmann et al.10suggest that the two-step stall behavior of the DSTgeometry is caused by tip separation involving thetip vortex. This is confirmed by pressure-sensitivepaint (PSP) data from Weiss et al.36, see Fig. 6 forthe pressure distribution CpM2 on the blade’s up-per surface. At � = 24� (top), the footprint of the
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Figure 5: Figure of merit versus blade loading.

tip vortex is a thin, streamwise low-pressure line atthe very tip, and this result is qualitatively similar toWong et al.’s40 observations on the NASA PSP rotor.Increasing the blade pitch to�=25� (Fig. 6, cen-ter) causes the tip vortex to jump in the inboard di-rection. Its footprint is now a broader, slanted lobeanchoring close the beginning of the leading edge’sparabolic arc. A further increase of the blade pitch,

Presented at 48th European Rotorcraft Forum, Winterthur, Switzerland, 6–8 September, 2022.
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).

Page 4 of 17



Θ = 24°

Θ = 25°

Θ = 26°

CpM ²

0

-0.1

-0.2

0.1

0.2

Tip vortex footprint

10.90.80.7r/R

Figure 6: Pressure distribution on the blade’s uppersurface, data adapted from Weiss et al.36.

for example to � = 26� (Fig. 6, bottom), continu-ously pushes the vortex footprint along the straight-edged backward-swept part of the tip, and in in-board direction.This data supports the hypothesis that the back-ward sweep acts as a “delta wing”-like shape for
� � 25�. The vortex over the blade tip’s upper sur-face effectively delays flow separation over the restof the blade towards higher pitch angles, � � 34�,at the cost of an increased drag in comparison tothe “clean” airfoil flow for� < 25�. The character ofthe tip flow is mirrored by the structure of the rotorwake, which will be shown in the next section.
3.2. Flowfield

Figure 7(a) shows an instantaneous flowfield in thewake of the DST rotor, taken with an azimuthal off-set of �	 = 10� after the passage of blade num-ber 2 of 4. The root pitch angle of � = 24� is con-stant and without cyclic input, hence, the inflow ofthe blades is steady. The main flow direction is leftto right, and the coloring represents the horizontalvelocity component u, normalized with the averagevelocity in the rotor plane after momentum theoryin climb14:

(1) V1+Vi =
V1
2
+

√(
V1
2

)2

+
T
2ρA

= 9.98m/s

The rotor plane is at x=0 as indicated by the verticaldashed line (––). The slipstreamboundary separates

the rotor wake in the lower part from the externalflow in the upper part. The boundary is curved dueto the wake contraction, and contains four tip vor-tices originating from the four rotor blades 2, 1, 4, 3(left to right). Hence, the local ages of the vorticesare	v = 10�, 100�, 190�, 280�.Figure 7(b) shows the phase-averaged and nor-malized out-of-plane vorticityω , accounting for a to-tal of 450 phase-locked samples. The four tip vor-tices appear as circular dots with a positive rota-tion. The youngest (leftmost) tip vortex blends intothe corresponding blade shear layer, which at thisage appears as a straight and vertical structure.The shear layer gradually transitions from counter-clockwise rotation (yellow, upper part) to clockwiserotation (blue, lower part) in the radial region of theblade’s thrust maximum, y/R = 0.75� 0.90.Figure. 7(c) corresponds to a later phase an-gle with 	v=55� for the youngest tip vortex. Thedownstream motion of the wake structures de-pends on the local convection velocity and, hence,on the radial thrust distribution. The motion veloc-ity of the shear layer is up to about twice the convec-tion velocity of the tip vortices. Hence, the youngest(leftmost) shear layer has reached the preceding tipvortex created a quarter revolution earlier, with abeginning interaction of both structures.Comparing Fig. 7(c) with Fig. 7(d) shows that theoverall wake layout and the tip vortex structure ofthe DST and PBT geometries are very similar. Theconventional blade shear layer has a single kink atabout y/R = 0.8, corresponding to the local max-imum of the spanwise thrust distribution. In con-trast, the double-swept blade shear layer has twokinks at y/R = 0.65 and y/R = 0.8, approximatelycorresponding to the start of the forward-swept andbackward-swept blade sections, and to the relatedchanges in the thrust distribution. Despite an al-most identical overall thrust level, the double-sweptgeometry initially deposits less vorticity in the tipvortex itself, but rather spreads a significant por-tion of trailing vorticity in a region further inboard.This can be seen from a comparison of the areasmarked by red arrows in Figs. 7(c) and (d). Yamauchiet al.43 and Potsdam et al.20 reported a similar ob-servation in a study of a full-scale UH-60A rotor withswept-back blade tips, creating two individual trail-ing vortices termed “tip vortex” and “planform vor-tex”. It is noted that multi-vortex systems are wellknown from other planform or twist breaks, such astrim tabs, flaps, etc. However in the current case, thechanges of the double-swept planformare too grad-ual to initiate a second individual planform vortex.

Presented at 48th European Rotorcraft Forum, Winterthur, Switzerland, 6–8 September, 2022.
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).

Page 5 of 17



(a) DST rotor, instantaneous streamwise velocity u,age of leftmost vortex	v = 10
�. (b) DST rotor, phase-averaged vorticity ω , age ofleftmost vortex	 = 10

�.

(c) DST rotor, phase-averaged vorticity ω , age ofleftmost vortex	 = 55
�. (d) PBT rotor, phase-averaged vorticity ω , age ofleftmost vortex	 = 55

�.
Figure 7: Sample PIV results of the rotor wake, blade root pitch angle� = 24�.

3.3. Tip vortex structure and detection

The phase-averaged results in Figs. 7(b) to 7(d) can-not be used for detailed studies of the vortex struc-ture, since they do not account for aperiodic jit-ter of the vortex centers and, hence, blur the ve-locity footprint. Instead, the vortex positions wereidentified in instantaneous flowfields, followed bycalculating the shift-corrected “conditional average”at a given phase as defined by van der Wall andRichard34 and adapted by later publications11,23,24.The current evaluation scheme was reused fromearlier RTG studies2,41, and is shown in Fig. 8 forPBT (left column) and DST (right column) sample tipvortices at 	v=145�. The out-of-plane vorticity ω ,Fig. 8b, is low-pass filtered with a convolution kernelmatched to the expected core size. The centroid ofthe filtered distribution (+) marks the vortex center.A multitude of other identification schemes is

available, for example, see Soto-Valle et al.31 for acomprehensive review. The current PIV recordings,Fig. 8a, are affected by voids resulting from centrifu-gal forces acting on the flow tracer particles. In thissituation, the “filtered vorticity”-approachwas foundto be particularly reliable for center detection2.The instantaneous velocity distributions aretransformed into polar coordinates originatingin the identified vortex centers. This yields thetangential (swirl) velocity as a function of the radialcoordinate, Vθ (r), which is then averaged overall azimuthal directions and all flow samples at agiven rotor phase. The result for the tip vortex aged
	v = 145� is shown in Fig. 9 (top) for both PBTand DST, corresponding to the second leftmostvortices in Figs. 7(c) and 7(d). The radial steppingmatches the spatial resolution of the underlyingPIV data. The PIV algorithm produces velocity data

Presented at 48th European Rotorcraft Forum, Winterthur, Switzerland, 6–8 September, 2022.
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).

Page 6 of 17



(a) PIV images.

(b) Vorticity distributions, unfiltered.
Figure 8: Instaneous samples of the tip vortex at
	v = 145� for PBT (left) and DST (right).

even within the particle void due to the multi-passapproach. Automatic void masking is availablewithin PIV processing, but in the current study, thevoids are detected in a separate post-processingstep based on the brightness levels in the rawcamera images. Conditional-averaged velocitydata is considered unreliable if 50% or less of theindividual data is within the void region, as markedby unfilled symbols in Fig. 9 (top). The identifiedvoid agrees well with the visual impression of theraw camera images, see - - - in Fig. 8(a).For 	v = 145� in Fig. 9 (top), the DST (�) pro-duces tip vortices with lower Vθ compared to thePBT (�), about 22% less at r=0.1 c despite compara-ble blade loadings. The reduced tangential velocitygoes along with a smaller void radius (DST: 0.053 c,PBT: 0.075 c). It is noted that the void size is a func-tion of the vortex history and not the local velocitydistribution alone, see Domogalla6 for further de-tails.Fig. 9 (bottom) shows the radial distributionof the vortex circulation �, calculated using theconditional-averaged swirl velocity via � = 2πr Vθ .It is impossible to fully isolate individual tip vorticesembedded in a complex flowfield with neighboringtip vortices and blade shear layers. Our precedingstudies2,7,41 used �v = �(r = 0.5 c) as a substi-tute for the total circulation, which for an isolatedvortex is defined at large radii, r ! 1. �v covers
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Figure 9: Conditional-averaged tangential velocity(top) and circulation (bottom) profiles of the tip vor-tex at	v = 145�.

themost relevant area around the vortex center, forexample, see Fig. 8 (—). The remaining circulationgradient, d�/dr, is comparably small, see the dipsat r = 0.5 c (– –) in Fig. 9 (bottom). The circulationgrowth then re-increases due to an inclusion of trail-ing vorticity within the inboard blade shear layer,which has not been entrained into the tip vortexstructure itself. This growth effect is stronger for theDST (—), whose overall circulation gradually closesthe gap to the PBT (—). This supports the qualita-tive findings of the vorticity distributions, see thered arrows in Figs. 7(c) and 7(d). It is noted that theadded shear layer-vorticity is aged 	v = 55� andoriginates from the successive blade passage, hereapproaching and passing the preceding tip vortex at
	v=145�.
3.4. Aperiodic variations, vortex pairing, and

vortex trajectories

The DST-PBT comparison can be extended to highervortex ages but requires caution due to “vortexpairing”. This mechanism involves perturbations ofthe equidistant vortex spacing, and a subsequentorbital motion of vortices around each other dueto mutually induced differential velocities. Vortexpairing has been reported in numerous rotor stud-ies3,4,26,29 and is known to cause or amplify vor-tex break-down. Initial stages of pairing are visiblein Figs. 7(c) and 7(b) as out-of-line positions of the
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rightmost vortices, but a better visualization is givenin Fig. 10 by means of three vorticity snapshots inthe PBT wake with a phase spacing of �	 = 45�.The images were not taken during a single rotorrevolution, but the overall process is periodic. Theleapfrogging of the tip vortices trailed from blades3 and 4 is obvious but only partly covered by thePIV field of view, both vortices cross the right edgeat x/R� 0.7 almost simultaneously. Vortices 1 and2 follow on similar pairing trajectories (not shown).The pairing results in a broadening of the wake’sslipstream boundary and a production of small-scale turbulence.

Figure 10: Pairing process of PBT blade tip vortices“3” and “4”, �	 = 45� between successive images.
Pairing is attributed to small irregularities inthe initial conditions21, for example originating inthe blade tracking or the blade pitch angles. Eventhough pairing can be considered an imperfectionof the current test setup, it is a fundamental mech-anism of rotor aerodynamics and also observed onfree-flying helicopters26,42. For the PBTwake, the tipvortices of all four blades were tracked over almostan entire rotor revolution. Each phase-averageddata point in Fig. 11 accounts for 450 individ-ual flow samples, covering ages between 	v=40�and	v=340�, and the resulting vortex trajectoriesclearly show a pairing-related split. Relative to themean trajectory of all vortices (– –), vortices 1 (�) and3 (�) are pushed in upstream and outboard direc-tion, whereas vortices 2 (�) and 4 (N) move in down-

stream and inboard direction. Moreover, the splitbetween vortices (1,2) is larger compared to vortices(3,4), indicating that both pairing processes are sim-ilar but not identical.
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Figure 11: Average tip vortex trajectories,	v = 40�to	v = 340�, for PBT blades 1 to 4.
Figure 12 compares the conditional-averagedVθ -profiles of the tip vortices trailing blades 1 to 4 at

	v=145� (top) and	v=325� (bottom). In the for-mer case, the differences between individual bladesare small, particularly in comparison to the muchlarger PBT/DST-related differences as in Fig. 9. In thelatter case, all four tip vortices have aged, as seenby smallermaximum velocities and broader velocityprofiles. The aging trend is much more pronouncedfor blade 2 (�) and 4 (N) in comparison to blade 1(�). The mutual (1,2)-pairing affects both tip vorticessimultaneously, but since vortex 2 is younger witha phase offset of �	v=�90�, it is plausible that apairing-related break-down starts earlier when ob-served as a function of the vortex age	v. Similar tothe result of the vortex trajectories, the split of the(3,4)-pairing is similar to (1,2) but less pronounced.The procedure was repeated for the entire PBTdata set, and the maximum relative deviation of Vθwas determined for all pairwise blade combinationsand within the valid (void-free) radial range. The re-sult is shown in Fig. 13, giving a worst case-estimateof the blade-to-blade uncertainty at a given vortexage. For up to 	v=300�, the blade-to-blade differ-ences are on a small and constant level with an av-erage of about 6.2%. This result is significant sincethe pairing-related split of the vortex trajectories be-gins much earlier, at roughly about 	v = 145� or
x/R = 0.2 in Fig. 11. For ages larger than	v=300�,the deviation strongly increases to values exceeding30%.Experiments with the DST rotor did not track allfour tip vortices over the entire age range due totime restrictions. Instead, the phase of the youngestvortex 2 was varied between 10� and 70�, with older
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Figure 12: Conditional-averaged tangential velocityprofiles,	v = 145� (top) and	v = 325� (bottom).
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Figure 13: Maximum relative difference of Vθ be-tween any combination of PBT blades 1-4.

ages covered by the vortex (blade) sequence 2,1,4,3as in Figs. 7(b) and 7(c). Figure 14 shows the tra-jectory’s phase-averaged streamwise component, x,taken fromall four vortices. A small discontinuity be-tween blades 4 and 3, see the black arrow marker,results from the onset of vortex pairing. Neverthe-less, a polynomial data fit (– –) shows that the DSTvortices move slower in the downstream directioncompared to the PBT reference blade (– –, data re-peated from Fig. 11).This observation corresponds to the discussion ofthe tip vortex strength: At a givenCT/σ , the DST ge-ometry relocates thrust in inboard direction, whichnot only weakens the tip vortex, but also reducesthe local downwash velocity and, hence, the vortexconvection. It is noted that the DST vortex trajectoryin Fig. 14 begins at slightly negative x-values. This isdue to the tip vortices forming on the suction side ofthe rotor blades, and due to the fact that the nom-inal position of the rotor plane (x = 0) does not ac-count for blade bending during operation.
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Figure 14: Streamwise tip vortex convection motionfor DST and PBT blade geometries.

3.5. Blade geometry and vortex structure

Figure 15(a) shows the evolution of the tip vortexcirculation �v as a function of the vortex age 	vfor both PBT (�) and DST (�) blade geometries. PBTresults are only available for 	v � 100� (green ar-rowmarker), since the younger tip vortices were tooclose to the left border of the PIV field of view. Thisshortcoming was eliminated in the later DST exper-iments by a slight repositioning of the PIV cameras.Nevertheless, it is confirmed that the PBT geometrydeposits a larger share of the entire trailing vortic-ity within the tip vortex region. By tendency, the cir-culation of both geometries decreases over	v dueto the aging processes, and this loss is not compen-sated by an entrainment of additional shear layer-vorticity passing nearby.The stronger PBT tip vortices are accompaniedby a larger maximum tangential velocity Vθ , seeFig. 15(b), although some of the PBT data is con-sidered unreliable due to the particle void (unfilledsymbols). Within 70� �	v � 100�, there is an odddiscontinuity in the DST data (blue arrow marker).Themaximumswirl velocity jumps up by about 50%,contrary to the general aging trend, and despite analmost constant circulation level. This is unlikely dueto an aerodynamic recombination/relaminarizationprocess of the tip vortex, but more probably, due toblade-to-blade variations and the underlying switchfrom blade “2” to blade “1”. However, the pairing-related blade-to-blade uncertainties were found tobe much lower.The current root pitch angle of �=24� is belowbut close to the first kink in theCT -polar, see label a)in Fig. 4 and corresponding discussion. Hence, twoadditional DST constant-pitch cases with a thrustvariation of about�10%were evaluated, see Tab. 1.For “DST-high”, the thrust was increased via an in-creased blade pitch angle, whereas “DST-low” used
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Figure 15: Evolution of tip vortex parameters overvortex age	v.

an increased axial inflow velocity V1 to reduce theblades’ aerodynamic angle of attack.
Case DST DST-low DST-high PBT

CT/σ 0.115 0.103 0.127 0.119
� 24� 24� 26� 24�

V1 2.2 m/s 4.4 m/s 2.2 m/s 2.2 m/s
Table 1: Parameters of the test cases in this section.
The thrust variation affects the tip vortex circu-lation as expected, see Fig. 15(a): a larger thrustyields a larger circulation and vice versa. However,the DST-high case (N) starts on a disproportionatelylarge �v-level at young ages, and decreases fasterover 	v, including a larger scatter. Against expec-tations, the DST-low case (H) produces tip vorticeswith higher maximum tangential velocities in com-parison to the DST-high case (N), see Fig. 15(b). Thismeans that the tip vortices of both cases are notself-similar and structurally different. It is noted that

the DST-high case is similar to the DST case (�) atyoung ages, 0�	v � 90�, but continues the trendat higher ages without any discontinuity.The results suggest that the tip vortex undergoesa structural change related to the different radialanchor positions as seen in the PSP images, Fig. 6,and the corresponding kink in the thrust polar. Thisstructural change is visible when looking at instan-taneous flow samples, for example, the vorticity dis-tributions of the tip vortices at 	v=55� and 	v=
145�. The DST-high flowfield in Fig. 16(b) is stronglyinfluenced by small-scale turbulent structures withboth counter-clockwise and clockwise senses of ro-tation (blue and yellow areas), despite having alarger counter-clockwise net circulation comparedto the DST-low case in Fig. 16 (a).

(a) DST-low,CT/σ = 0.103.

(b) DST-high,CT/σ = 0.127.
Figure 16: Instantaneous samples of the out-of-plane vorticity ω , age of leftmost vortex	v=55�.
The turbulence also results in an increased mix-ing along the vortex radius and, therefore, elimi-nates the tracer particle void (- - -), which is only de-tected in the DST-low case but not in the DST-highcase. The absence of a voidmeans that the DST-highPIV result is reliable even in the inner core area.Figure 17 shows the phase-averaged radial posi-tions, y, of young tip vortices as a function of the vor-
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tex age. Both DST-low and DST-high vortices movein inboard direction due to the vortex roll-up andthe wake contraction, but the DST-high vortex at
	v = 10� starts in a more inboard position, y/R =
0.966 versus y/R=0.984 for DST-low. This supportsthe PSP findings in Fig. 6, which imply that the DST-high vortex anchors further inboard along the lead-ing edge rather than at the tip itself. The DST-highstandard deviation of the y-position, represented byerror bars in Fig. 17, is increased by a factor of sevenand more in comparison to DST-low, which under-lines the impact of unsteadiness and turbulence.
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Figure 17: Phase-averaged radial positions of youngtip vortices, with standard deviation as errorbars.
The strongest change in the vortex structurewas observed in the vortices’ axial velocity, whichis shown by the phase-averaged out-of-plane w-component in Fig. 18. In the non-rotating coordinatesystem, negative (blue) colors represent a wake orvelocity deficit, whereas positive (yellow) colors rep-resent a jet against the blade’s motion direction.In the DST-low case in Fig. 18(a), the blade’s wakeis visible as a spiraling light-blue structure wrap-ping around the left tip vortex. The region close tothe vortex center shows an alternating pattern witha wake on the blade’s upper (left) side, but a jeton the blade’s lower (right) side. Jet-like structuresin the vicinity of rotor tip vortices were reportedbefore12. A recent study30 on wingtip vortices ob-served a jet region very similar to the current pat-tern in Fig. 18(a), and explained this “velocity excess”as a result of the narrowing flow channel betweentip vortex and shear layer.The DST-high case produces a very different pat-tern with large velocity deficits in the tip vortex re-gions, see the dark-blue areas in Fig. 18(b). A ve-locity deficit and the corresponding impulse trans-fer from blade to fluid indicates a larger blade drag,which qualitatively agreeswith the reduced figure ofmerit for � > 24� in Fig. 5. The minimum levels at

	v=0.55� are below w/Vtip=�0.2.

(a) DST-low

(b) DST-high
Figure 18: Phase-averaged out-of-plane velocitycomponent w, age of leftmost vortex	v=55�.

4. RESULTS: PITCH OSCILLATIONS

The behavior of the tip flow was also studied in testcases with cyclic swashplate input and, hence, a si-nusoidal pitch motion. The unsteady inflow of theblades is similar to a trimmed helicopter main rotorin forward flight, but the RTG test stand only pro-vides axial inflowwithout an edgewise velocity com-ponent. The following test case considers an oscilla-tion described by
�=24��6� cos (2π t f ).

This notation is abbreviated to “24��6�” in thefollowing. The mean angle of the pitch oscillationmatches the constant-pitch reference case in thepreceding section. The pitch peak at 30� is slightlyabove the constant-pitch PBT thrust maximum at
29�, but well below the constant-pitch DST thrustmaximum at 34� (Fig. 4). It is noted that the indi-vidual pitch signals of the four rotor blades as mea-sured by Hall sensors differ by up to�0.2� from thestated nominal values, which is the error margin ofthe RTG swashplate adjustment particularly underdynamic loads with cyclic input.
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Figure 19: DST (top) and PBT (bottom) wake for pitch motion�=24��6�, averaged in windows sized�1%of the cycle, mean blade pitch� = 28� ", 30�, 28� #, 24� #, youngest (leftmost) tip vortex at	v = 55�.

Figure 19 shows the sliding phase-averaged vor-ticity distributions, limited to the two youngest tipvortices at 	v = 55� and 	v = 145� for reasonsof clarity. Left column to right column, the cyclicpitch phases were chosen so that the instantaneousblade pitch angles when crossing the PIV planewere
28� " (upstroke), 30� (maximum), 28� #, and 24� #(both downstroke). The pitch phase slowly sweepsthrough the PIV plane during each test point dueto the rotation of the swashplate, hence, each ofthe approximately 1100 PIV records has a uniqueand slowly increasing pitch phase angle. In this con-text, “sliding phase-averaged”means that 22 imageswithin a phase window stretching �1% of the cyclewere averaged, with the stated nominal phase in thecenter of the window.The conventional PBT geometry (bottom row inFig. 19) produces in a “regular” wake structure withindividual and well-separated blade tip vortices.Wolf et al.41 used a similar pitch motion with ahigher inflow velocity as a reference case* for PBToscillations in fully attached flow conditions without

*See “case 2” inWolf et al. 41. The latter publication states thepitch angle at 75% R, which is offset by�6.9� to the root pitchangle stated in the current work due to the PBT’s linear twist.

separation. It was shown that except for hystere-sis effects, the flow field and parameters of the tipvortices match the respective constant-pitch condi-tions.In contrast, the DST geometry (top row) suffersfrom massive flow separation in the blade tip re-gion, which is particularly visible at �=28� # (thirdcolumn). The individual blade tip vortices are re-placed by a wavy streamline pattern and a broadvorticity layer stretching from y/R=0.8 to y/R=0.9.Despite averaging, the distribution is not smoothbut affected by the footprints of individual small-scale structures. The predominant rotational senseof the trailed vorticity remains counter-clockwise(yellow coloring), corresponding to the continuinggeneration of thrust. The measured average bladeloading for the pitch-oscillatingDST and PBT geome-tries is nearly identical, CT/σ = 0.110, and closeto but below the constant-pitch values at � = 24�(Tab. 1). Additional details are given in Fig. 20, re-visiting the phase-averaged DST wake at � = 30�(left) and � = 28� # (right) for an earlier wake ageof 	v = 10�, shortly after the passage of the rotorblade through the PIV plane. The blade’s shear layermaintains a thin and straight outline up to about
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y/R=0.85. Further outboard, the wake of the flowseparation on the blade’s suction side is visible asa large and turbulent vorticity blob, which stronglyaffects the further development of the rotor wake.In case of�=30�, the contained vorticity will even-tually roll up into an individual but broad tip vortex,here visible for the preceding vortex at 	v = 100�in the center of Fig. 20 (left). For�=28� # in Fig. 20(right), this roll-up is no longer observed, only leav-ing a streamwise turbulent band which masks indi-vidual blade passes.

Figure 20: Phase-averaged DST wake,�=24� � 6�,youngest (leftmost) wake age	v = 10�.
A deeper insight into the wake hysteresis underpitch oscillations is given in Fig. 21, showing theconditional-averaged tangential velocity profiles atan age of 	v = 55�. During the upstroke, the tipvortex conserves high maximum Vθ -levels around

0.3 Vtip for � = 24� � 27�, before gradually de-creasing at �= 28�. This is a distinct difference tothe constant-pitch results, where a change in thevortex structure with a Vθ -drop of almost 50% atabout � = 25� was observed, see Fig. 15 and thediscussion of the kink b) in the thrust polar, Fig. 4.This shows that the time constant required for thetip vortex to switch between both states is non-negligible in comparison to the current pitch periodof 1/24Hz=41.7ms.Figure 21 also compares the Vθ -profiles at
�=24� for the upstroke (N) and downstroke (H).The hysteresis is very apparent, with the down-stroke tip vortex not having recovered from the flowseparation. The Vθ -profile is very broad and barelyexceeds 0.1Vtip. However, theVθ -level at the radius
r/c = 0.5 is almost identical to the upstroke, alsoresulting in a similar vortex circulation �v.Figure 22 shows the results at 	v = 10� for two
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Figure 21: Sliding conditional-averaged tangentialvelocity profiles,�=24� � 6�,	v = 55�.

additional test cases with increased average pitchangles of�=28� (left) and�=30� (right) at a con-stant pitch amplitude of 6�. Both test cases main-tain a large average blade loading, CT/σ = 0.133and CT/σ = 0.139. The shown pitch phases werechosen so that the blade pitch angles in the PIVplane, � = 34� and � = 36�, are at the respec-tive pitch maximum. This enables a comparison be-tween Fig. 20 (left) and Fig. 22 (left and right).

Figure 22: Phase-averaged DST wake, �=28� � 6�(left) and�=30� � 6� (right),	v = 10�.
Comparing Fig. 22 (left) to Fig. 20 (left), the in-creased average pitch angle yields a larger sepa-rated flow area over the outboard, backward-sweptpart of the blade (y/R > 0.76, see the blackarrow). Furthermore, a second separated regionforms in the inboard, forward-swept part of theblade (0.63<y/R<0.76, see the green arrow). CFDsimulations of the current test setup and for thesame pitch amplitude, see Kaufmann et al.10, pre-dict a similar double-separation structure. This isshown in Fig. 23 (bottom) for amaximumpitch angle
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Figure 23: CFD results, adapted from Kaufmann etal.10, λ2-isosurfaces at the maximum pitch anglesfor oscillations with 6� amplitude.

of�=38�. Kaufmann et al. showed that in additionto the separated tip vortex over the backward-swepttip part, which is already visible at �=35� (Fig. 23,top), the inboard separation over the forward-swepttip part is initiated by an
-like dynamic stall vortex.Further increasing the average pitch angle in the ex-periments, see Fig. 22 (right), yields increasing sizesof both separations until merging at the kink be-tween the forward- and backward-sweep.
5. Conclusions

The structure of the tip vortex system in the wakeof a four-bladed model rotor was studied at the ro-tor test stand Göttingen by means of particle imagevelocimetry. A double-swept tip geometry (DST) in-spired by the ERATO rotor blade design was com-pared to a conventional reference design with aparabolic blade tip (PBT). The main results are sum-marized as follows:
• The DST tip planform results in a single tipvortex without forming additional planform-induced trailing vortices.
• For constant-pitch cases and at the same bladeloading, the DST deposits less trailing vortic-ity in the tip vortex region itself, also result-ing in smaller maximum tangential velocitiesand a smaller vortex spacing compared to thePBT. The remaining DST vorticity is shifted ininboard direction and contained in the blades’shear layers, which is not entrained into thecorresponding tip vortex but passes preceding

tip vortices due to a higher downstream con-vection velocity.
• The tip vortex systems of both DST and PBT areprone to the vortex pairing-instability, resultingin an accelerated vortex break-down. The pair-ing process begins with a split in the vortex tra-jectories trailing from different blades. A splitin the tangential velocity profiles follows fur-ther downstream, accounting for larger blade-to-blade differences.
• The DST rotor has a two-step stall behavior,in which the first step is accompanied by areduced but still increasing thrust slope. Thisevent is connected to a sudden, structuralchange of the tip vortex structure. The vortexmoves from the outmost blade tip region in in-board direction, and to a position over the up-per side of the backward-swept blade section.This change is supported by earlier PSP resultsof the vortex footprint, and accompanied by amuch larger cycle-to-cycle unsteadiness, a sig-nificantly lower tangential velocity, and a pro-nounced wake-like axial velocity matching thereduced rotor efficiency. However in constant-pitch tests, this flow configuration is stableenough to persist over a large pitch range, be-fore reaching the second stall step and themaximum thrust level about ��=9� later.
• DST test cases with sinusoidal pitch oscilla-tions resulted in a hysteresis between the up-and downstroke. During the upstroke, struc-tural changes of the tip vortex are delayed to-wards higher pitch angles. Sudden tip stall inthe backward-swept region then initiates anentire break-down of the wake’s tip vortex sys-tem, which is replaced by a turbulent bandof trailed vorticity without large-scale vorticalstructures.
• Dynamic tip stall started at average blade pitchangles for which the flow over the conventionalPBT geometry remained fully attached. How-ever, the average thrust levels of DST and PBTare similar, underlining the gradual DST stallbehavior, similar to a delta wing.
• A further increase of the average DST pitch an-gle yields a second separated region over theinboard forward-swept part, confirming earlierCFD simulations. Both separation regions growwith increasing pitch angle until merging at theforward-backward sweep kink of the DST plan-form.
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