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Abstract

A wind tunnel investigation into the stall of tiltrotor blades in propeller mode was undertaken. A customblade set was instrumented with fully bridged axial strain gauges to monitor the flap bending strain at tworadial locations. Propeller torque data was also analysed. The propeller was tested at varying blade pitchangles, advance ratios and rotational frequencies to clearly identify the blade stall boundary. Stall onsetmanifested in the strain results as a departure from linear behaviour of the bending strain versus pitchangle curves, an increase in the standard deviation of the strain gauge measurements, the presence ofnon-harmonic content in the strain spectra and a non consistent oscillation amplitude in the strain timehistory. For an increasing blade pitch angle, a sudden development of stall was found with variation inRPM as opposed to a more gradual onset as the advance ratio was increased.
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NOMENCLATURE

Acrynoms

AoA Angle of AttackCFD Computational Fluid DynamicsCSD Computational Structural DynamicseVTOL Electric Vertical Take-off and LandingHMB3 Helicopter Multi-Block CodeMENtOR Methods and Experiments for NOvelRotorcraftRPM Revolutions Per MinuteUofG University of GlasgowUoM University of ManchesterUKNRR United Kingdom National Rotor RigUKVLN United Kingdom Vertical Lift Network
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Symbols

ctip Chord at blade tip, (m)
CQ Torque coefficient,Q/ (ρn2D5), (−)
D Propeller diameter, (m)
f Frequency, (Hz )
F(·) Fourier transform of function ·
J Advance ratio, U∞/ (nD), (−)
Mtip Mach number at blade tip, (−)
n Propeller rotational frequency, (Hz )
Nrev Number of revolutions, (−)
R Propeller radius, (m)
Retip Reynolds number at blade tip,

2πnRctip/ν, (−)
U∞ Freestream velocity, (m/s )
x Blade radial coordinate, (m)
β0.75R Blade pitch angle at 75% radius, (◦)
ϵB Bridge compensated strain, (−)
ϵB Bridge uncompensated strain, (−)
ν Kinematic viscosity, (m2/s )
ρ Air density, (kg/m3)
Ω Propeller rotational frequency, (RPM)

1. INTRODUCTION

The recent selection of the Bell V-280 tiltrotor air-craft by the United States Army as the replace-ment for the Sikorsky UH-60 Black Hawk and sud-den growth in the development of electric Verti-cal Take-off and Landing (eVTOL) tiltrotor vehicleshas lead to a significant research interest within
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the aerospace engineering community to qualifythe operating envelope of tiltrotor blades1. Manyof the proposed eVTOL configurations intend to op-erate as tiltrotor vehicles, therefore imposing therequirement of operating in both vertical and for-ward flight regimes. As a result, typical blades willbe required to operate in unexplored regions of theflight envelope, potentially leading to the probingof aerodynamic and aeroelastic boundaries2. In ad-dition, electric RPM regulated motors and moderncomposite blade designs which incorporate highlytwisted and swept blade shapes are likely to alterthe stall flutter boundary, thus increasing the likeli-hood of the phenomenon occurring.Typically stall flutter manifests itself in rotatingaerofoils such as propeller blades3, helicopter ro-tors4 and turbomachinery5. As defined by Dowell6,stall flutter is recognised as partial or complete flowseparation around the propeller blade which re-sults in a periodic oscillation. In contrast to classicalflutter, where the flow remains attached, stall flut-ter exhibits non-linear aerodynamic behaviour sub-sequently leading to an excitation of the propellerstructure, consequently leading to a significant re-duction of the flutter boundary.Recent numerical works by Higgins et al.7,8 hasrejuvenated propeller stall flutter research. Usingthe high-fidelity HelicopterMulti-Block Code (HMB3)solver, Computational Fluid Dynamics (CFD) andComputational Structural Dynamics (CSD) tool pack-ages have been coupled to investigate the aeroe-lastic response of a propeller both at attachedand separated flow conditions9,10,11. The collectionof works by Higgins et al. highlight that propellerstall flutter exhibits very strong three-dimensionalaerodynamic effects and negative aerodynamicdamping12. At conditions were detached flow waspresent, displays of pressure fluctuations occur, en-hancing aeroelastic deformation of the propellerblade.In contrast, a low-order model developed byDelamore-Sutcliffe et al.13 is based upon an eigen-value solution that assesses blade stability. A semi-empirical high-angle of attack unsteady aerody-namic model was coupled with a structural modelto predict the stall flutter boundary. The method isdemonstrated to successfully predict the stall flut-ter boundary and is validated using the experimen-tal data of Baker14.Experimental efforts to adequately capture pro-peller stall flutter are extremely limited. The major-ity of investigations were undertaken prior to 1960,making use of blade sets with undefined structuraland/or geometric properties. Immediately post thefirst world war, the growth in the manufacture ofpropeller aircraft was significant, also leading to a

sizeable increase in propeller research. However,due to a large number of unexplained propellerblade failures15, multiple experimental investiga-tions into the bending and torsional deflections atlarge angles of attack were undertaken using noveloptical techniques16,17. Hartman and Biermann18
further investigated torsional and bending deflec-tions using full-scale propellers at both static andlow forward advancing conditions, typical of a pro-peller at the take-off or low speed phase of flightwhere blade stall and flutter will occur. Testingfound themagnitude of torsional deflections at x/R= 0.7 to reduce with an increasing advance ratio. Ex-plained by the larger relative velocity resulting in areduced local Angle of Attack (AoA) for an equiva-lent lift. During flutter, load measurements becameunsteady and there was a noticeable unfavourableshift in propeller coefficients of thrust and torque. Alarge audible sound was emitted during flutter, con-firming an earlier prediction made by Stowell19.Further tests by Hartman and Biermann20
demonstrated violent flutter at low advance result-ing in a reduction of propulsive efficiency of upto 18%. Previous findings of Borck21 nearly twodecades earlier also support the explanation thatflutter of propeller blades could potentially leadto the blade oscillating in and out of stall, as thelocal AoA varies as a function of time, resulting ina reduced propulsive efficiency. During the early1940’s investigations were undertaken both in theUnited Kingdom and United States to investigatepropeller flutter of both attached and stalled flows.British testing22,23,24,25 comprised of static and lowadvance inflow, fixed and variable pitch settings,and variable rotational speeds. Themost commonlyused technique to measure blade deformation wasthe placement of both axial and torsional straingauges at various locations along the blade spanand chord. Without the advantages of moderncomputing capabilities, strain gauge locations weredetermined using analytical methods such as theRayleigh-Ritz method or cantilever beam theory.Moreover, an array of additional experimentalmethods were also implemented such as strobo-scopic imaging, acoustic arrays and the light-beammethod, where a laser is reflected off of a mirrorplaced on the blade surface back towards photo-sensitive paper from which flutter amplitudes andfrequencies could be extracted.Despite a significant previous interest into pro-peller stall flutter, there is a clear lack of experimen-tal data of sufficient resolution in the public domainthat can be used to to validate newly developedhigh-fidelity methods whilst also providing furtherinsight into the development of blade stall and stallflutter.
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Prior campaigns are severely limited, with mostexperimental campaigns conducted prior to 1960,utilising novel (at the time) optical methods or in-strumented blades with strain gauges where timehistories were not adequately captured. Few at-tempts were made to capture load data and/or in-vestigate the surrounding flow field. Despite signif-icant amounts of experimental data collected, all ofthe propeller blades tested were wooden or metal-alloy models, with undefined structural and/or geo-metric properties, thus rendering the data collectedas not suitable for validation of newly developed nu-merical models.The purpose of this paper is to present straingauge and torque data displaying the structural be-haviour of a set of tiltrotor blades that is being char-acterised at the University of Glasgow. This will formpart of a modern aeroelastic database that will bemade available to validate numerical models butalso provide an insight to blade stall developmentusing state-of-the-art experimental apparatus.
2. EXPERIMENTAL SETUP

2.1. United Kingdom National Rotor Rig

This investigation made use of the UK NationalRotor Rig (UKNRR). As part of the EPSRC MEN-tOR project, undertaken within the UK Vertical LiftNetwork (UKVLN), the UKNRR was reconfiguredfrom a fully articulated tiltrotor design to a con-ventional fixed-pitch propeller configuration. Re-configuration took place at the University of Glas-gow, to ensure the safe operation of a 1.25mdiame-ter Mach-scaled (Mtip ≈ 0.6) propeller. The UKNRRallows for maximum permissible testing conditionsof 3000 RPM, 3.4 kN of thrust and 350 Nmof torque.Themotor that drives the propeller has a maximumavailable power of 125 kW. In order to test in pro-peller mode, the flap hinge, lead-lag hinge and theswashplate cyclic actuation were fixed by means ofmechanical stops. Different blade pitch angles couldbe testedby adjusting the swashplate position alongthe shaft. A picture of the UKNRR in propeller modeinside the test section of the DeHavilland wind tun-nel is shown in Figure 1. For further informationabout the rig, please refer to Zagaglia et al.26.
2.2. DeHavilland Wind Tunnel

The experimental investigation was undertaken inthe DeHavilland low-speed wind tunnel at The Uni-versity of Glasgow (UofG). The DeHavilland windtunnel is a low-speed closed return wind tunnel,with a 2.74m x 2.1m x 5m (Width x Height x Length)test section. The tunnel has a contraction ratio from

Figure 1: The UKNRR installed in the DeHavillandtunnel.
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Figure 2: Location of flap bending (FB2, FB3) and tor-sional (T1) strain gauge bridges on the instrumentedblade.

the settling chamber to test section of 5:1. The tun-nel can operate at a maximum freestream velocity(U∞) of 70 m/s with an empty test section, and pro-vides a uniformflowwith a turbulence intensity of<0.2%. Due to the proximity of the propeller plane tothe Pitot-Static probe that is usually used to set thewind tunnel speed, the pressure difference acrossthe contraction section, once calibrated, was usedas reference dynamic pressure. For further informa-tion about the wind tunnel calibration, please referto Zagaglia et al.26.
2.3. Instrumented Blades

Four composite tilt-rotor blades were custom de-signed at UofG27 in the framework of the MENtORproject. The blade design has been adapted froman earlier blade set developed by The Universityof Manchester (UoM) to satisfy the new rig limita-tions as a result of modification to propeller mode.The blades incorporate the following blade sections:NACA 64_128 at the root (x/R = 0.26), VertolV43015_2.48 (x/R = 0.6) and Vertol V23010_1.58 atthe tip (x/R = 1). The blades have an overall, nonlinear twist of 19.3° and a root chord of 84.2 mmwhich is maintained constant up to x/R = 0.43 andthen tapers to 60 mm at the tip.
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Each blade is instrumented with fully bridgedshear and axial strain gauges, totalling sevenbridges per blade. Strain gauges were installed onthe internal surface of the blade skin to allow for re-view of bridge time histories and spectral content ofthe blade structural response at various test pointswithin the test matrix, and to provide an affirmationof stalled flow conditions within the test matrix.Strain gauge bridges have been placed at variouslocations along the spanwise and chordwise direc-tions, shown on Figure 2, to measure flap bending(FB), lead-lag bending (LB) and torsional twist (T).Bridge locations were determined during the designof the blade which made use of coupled CFD andCSD simulations27.Due to a large amount of collected data, this pa-per will focus on the two flap bending bridges, FB2and FB3, which are located 390 mm (0.624R) and503 mm (0.8R) from the propeller centre respec-tively. These bridges are composed of four axialstrain gauges oriented in the spanwise direction, ofwhich two gauges are co-located on the upper bladesurface and two on the lower, at the same spanwiselocation. This full-bridge arrangement compensatesfor centrifugal loading and thermal deformation, sothat the bridge reading ϵB is representative of thedifference in flap bending strain between the upperand lower surface of the blade, ϵB = ϵLOW − ϵUP .Positive values of ϵB are to be expected when theblade is normally loaded (i.e. with moderately posi-tive blade pitch angles) since ϵUP is negative (e.g. theupper fibres are compressed) and ϵLOW is positive(e.g. the bottom fibres are under tension).Measurements of local bending and torsion aretransmitted from the rotating frame of the rig tothe stationary frame via a Datatel telemetry system.The strain time histories were sampled for a total of19.5 s at a frequency of 6.7 kHz, allowing a frequencyresolution for the spectra of approximately 0.05 Hz.In order to correctly compare strains obtainedat different flow densities and rotational speeds, acompensated strain measurement ϵB will be usedthroughout this paper, defined as:

(1) ϵB = ϵB ρ
ρ

(
Ω

Ω

)2
where ρ is the reference density (i.e. 1.225 kg/m3),
Ω is the reference rotational speed, i.e. 1800 RPMand ϵB is the non compensated bridge reading.
2.4. Torque Measurements

The propeller rig is endowed with a rotational shaftbalance which at the time of testing was not yetfully commissioned. To estimate the blade torque,

the feedback torque from the motor controller wasused. This included other sources of torque otherthan the blade aerodynamic torque, such as inter-nal frictions and the torque arising from the huband spinner. To compensate for this, blade-offmea-surements at several rotational speed and advanceratios were acquired and subtracted to the corre-sponding blade-on measurements. Torque coeffi-cients were computed using the standard definitionfor propellers:
(2) CQ = Q

ρn2D5

3. TEST MATRIX

The test matrix used to determine the stall bound-ary of this blade set was varied using three parame-ters: propeller rotational frequencyΩ, advance ratio
J = U∞/(nD) and blade pitch β0.75R measured at75% of the propeller radius. As the rotor has beenconfigured to operate as a fixed pitch propeller, thepitch angle was fixed during each test with only ro-tational frequency and advance velocity varying.Testing was performed at a range of blade pitchangles between β0.75R = 15.9o to 35.6o . All testswere performed for a range of rotational speeds be-tween 1080RPMand1800RPM in increments of 120RPM. This corresponded to a maximum tip Machnumber of Mtip = 0.35 and a maximum tip chordbased Reynolds number of Retip ≈ 0.47million.Due to the nature of the closed loop wind tunnel,in cases when the tunnel was not turned on (“NoWT”), the propeller would still induce a recirculatingflow around the tunnel loop that acted as a de factoadvance velocity.The magnitude of the recirculation is dependanton β0.75R, as for attached cases an increasing bladepitch will result in a larger induced flow and there-fore an increased advance ratio. "No WT" tests,when the wind tunnel fan was not turned on, wereperformed for every pitch angle to assess the mini-mum advance ratio at which the propeller could betested. At "wind on" conditions the wind tunnel wasturned on to introduce an oncoming wind to thepropeller. Each test was run at constant advance ra-tio and pitch angle, requiring the magnitude of thewind tunnel speed to be adjusted as the propellerrotational speed was varied.Moreover, for each blade pitch angle, the maxi-mum advance ratio values that could be tested in-creased with blade pitch, as a higher β0.75R wouldallow for a larger reduction in the angle of at-tack caused by the advance speed before havingnegative thrust. The most outboard bending straingauge, FB3, and the motor torque were monitored
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Table 1: Test matrix as a function of blade pitch β0.75R and advance ratio J. Each test was performed at RPM varyingfrom 1080 RPM to 1800 RPM in 120 RPM increments. X = Point tested, Blank = Point not tested.
β0.75R No WT J=0.3 J=0.4 J=0.5 J=0.6 J=0.7 J=0.8 J=0.9 J=1.0 J=1.1 J=1.2 J=1.3 J=1.4
15.9o X X X X
17.4o X X X X X
19.2o X X X X X X
20.9o X X X X X X X
22.5o X X X X X X X
24.2o X X X X X X X X
25.8o X X X X X X X X X
27.3o X X X X X X X X X X
28.9o X X X X X X X X X X
30.5o X X X X X X X X X X X
32.2o X X X X X X X X X X X
33.9o X X X X X X X X X X X
35.6o X X X X X X X X X X X

throughout testing to determine at what advanceratio the outboard section of the blade entered neg-ative loading.The advance ratio was limited to 1.4for the large pitch angle tests due to the maximumachievable wind tunnel speed. A visual representa-tion of the test matrix is shown in Table 1.
4. RESULTS AND DISCUSSION

4.1. Identification of Stall Onset

As previously stated in section 3, the minimumspeed at which the wind tunnel could be set wasdependent on the magnitude of the recirculationaround the tunnel loop caused by the propeller. Fig-ure 3 shows the advance ratio induced by such re-circulation when the tunnel was not turned on asa function of the propeller rotational frequency, fora series of blade pitch angles. At low β0.75R, theinduced advance ratio is constant with respect to
Ω, implying that the propeller works at constantthrust coefficient throughout the range of RPM in-vestigated. As the blade pitch is increased, the Jcurves move upwards as the thrust grows. Theyalso start to bend down in the low RPM range, un-til they collapse on one another, e.g in the range
22.5° ≤ β0.75R ≤ 30.5° at 1080 RPM. This is ev-idence that the thrust generated by the propellerstops to grow, suggesting the onset of stall; it isexpected for stall to affect low RPM cases first asthe lower blade Reynolds number promotes flowseparation at lower AoAs. As the pitch angle is fur-ther increased, the collapse point moves to higherRPMs, suggesting that stall starts to affect caseswithhigher blade Reynolds numbers also.Stall onset can also be appreciated by lookingat the strain measurements. Figure 4(a) shows thecompensated strain for bridges FB2 and FB3 at 1080RPM in the "No WT" case, as a function of the bladepitch angle. FB2 and FB3 are flap bending bridges
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Figure 3: Propeller induced J vs RPM at “NoWT” con-dition, for various pitch settings.
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positioned at x/R = 0.62 and x/R = 0.8 re-spectively. Since the flapping motion of the bladewas constrained by flap stops, the blade acted asa cantilever beam, hence readings for FB2 whichis closer to the root, were generally higher thanthose for FB3. A departure from linear behaviourcan be appreciated for both bridges starting at
β0.75R = 22.5°, marking the stall onset at this rota-tional speed, as already appreciated when lookingat the advance ratio curves of Fig. 3 collapsing onone another. This is further confirmed by looking atthe standard deviation of the bridgemeasurements(represented as an error bar in Figure 4(a)), that seesa sharp increase in magnitude for β0.75R ≥ 22.5°,owing to the much more unsteady aerodynamicsof the stalled blades. Considering that the bendingbridges measure the strain caused by the overallload acting from their position until the end of theblade (i.e. 0.8 ≤ x/R ≤ 1 for FB3 and 0.62 ≤
x/R ≤ 1 for FB2), and after the stall onset both FB2and FB3 readings dropby roughly the sameamount,this suggests thatmost of the stall develops towardsthe blade tip.The effect of varying the advance speed on theFB2 reading is shown in Figure 5(a) at 1080 RPM andFigure 5(b) at 1800 RPM. It should be reminded thatthe ”No WT” curve, differently from the other ones,was not obtained at constant advance ratio, as thiswould depend on the specific pitch setting (0.22 ≤
J ≤ 0.3 for 1080 RPM and 0.22 ≤ J ≤ 0.33 for1800). For both rotational frequencies, before stall,an increase in forward speed causes a decrease inthe bending reading, as the effective AoA the bladeis subjected to decreases. This also causes the stallangle to increase for larger advance speeds, as thepeak of the strain curvemoves to largerβ0.75R. At anequal advance ratio, the stall angle is always smallerin the 1080 RPMcase (Figure 5(a)) with respect to the1800 RPM case (Figure 5(b)), reinforcing again theidea that low RPM propellers tend to stall sooner,even at larger advance ratios.This can also be appreciated from Figure 6(b),where the compensated FB2 readings are plottedagainst the pitch angle for several RPM settings atJ=0.5, showing the stall angle moving to higher val-ues as the RPM is increased. It should be noted thatif the strain data were not compensated, the curvesfor different Ω would be on completely differentscales due to the change in the dynamic pressureseen by the blade, hence different loading. By apply-ing the compensation, we are effectively comparingthe results as if the same dynamic pressure werepresent on the blades. In the not stalled region thisallows us to appreciate the centrifugal stiffening ofthe blades, that causes smaller compensated defor-mations for larger rotational speeds.

To further indicate the presence of stall, analy-sis of the strain spectral content and its time his-tory was undertaken and presented in Figure 7 for
β0.75R = 30.5

o . Figure 7(a) clearly displays a largenon-harmonic content across a broadband of fre-quencies for both 1080 and 1800 RPM, superim-posed to the underlying propeller harmonics atmul-tiple integers of its rotational frequency. Alterna-tively, Figure 7(b) presents the same rotational fre-quencies and blade pitch, however for an increasedadvance ratio of 0.5. Upon inspection, it is clearthat the 1080 RPM case exhibits a similar behaviourto that of the corresponding "No WT" case (Figure7(a)), whereas the 1800 RPM does not appear toshow a large broadband content and is representedby the propeller harmonics only. This can be ex-plained by the propeller not being stalled for the1800 RPM case. It is expected that the spectral con-tent of a propeller blade operating at a stalled condi-tion will exhibit a significant non-harmonic content,where the signal energy is distributed amongst alarge range of frequencies. This behaviour is drivenby stall cells being shed in the wake at frequenciesthat are not necessarily synchronised with the pro-peller harmonics. Opposingly, a propeller rotating ina non-stalled condition should mainly display a con-tent that is comprised of the fundamental frequencyand its harmonics.To corroborate this observation, the time histo-ries of the strain signals over 20 revolutions areshown in Figures 7(c) and 7(d). It is clear that when-ever the blade is stalled, no repeatable pattern andconsistency in the amplitude of the oscillation canbe found in the time histories, with aperiodic bursts.Conversely, upon inspection of the 1800 RPM caseat J = 0.5, Figure 7(d), the signal clearly shows a repet-itive pattern of consistent amplitude, as the 1/revsignal is apparent as a prominent downwards spikeat equally spaced time intervals. These observationon the time histories and spectra of stalled and notstalled cases ware found to be valid also for all theother cases not directly presented here, hence giv-ing a reliable criterion to identify the presence ofstall.Further insight on the stall development can beachieved though analysis of the torque. Figure 8presents the torque coefficient as a function of theadvance ratio for several blade pitch angles, at twodifferent rotational frequencies. Until stall, all curvesbehave as expected, with a gradual reduction in pro-peller torque for an increasing advance ratio as theeffective AoA of the blade is decreased, resulting ina reduced thrust and therefore a reduced inducedpower. Moreover, an increase in the blade pitch an-gle promotes a consistent shift to larger torque val-ues, with the curves almost evenly spaced. In the
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Figure 4: Compensated strain for bridges FB2 and FB3 at 1080 RPM as a function of the blade pitch angle.Standard deviation of the measurements has been added as error bar.
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Figure 5: Compensated strain for bridge FB2 as a function of the blade pitch angle for various J.
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Figure 6: Compensated strain for bridge FB2 as a function of the blade pitch angle for various RPM.
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(a) Spectra, No WT (b) Spectra, J=0.5

(c) Time history, No WT (d) Time history, J=0.5
Figure 7: Amplitude of the Fourier transform (as a function of the non dimensional frequency f /n) and timehistories (as a function of the number of revolutions) of the uncompensated strain measurements for FB2at β0.75R = 30.5°.
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Figure 8: Torque coefficient CQ as a function of the advance ratio J, various pitch settings.

top-left corner of both plots, where the stalled casesare present, a large change in the slope of theCQ−Jcurves can be observed as opposed to the flat be-haviour of the curves for the non-stalled cases. Thiscan be explained by the large increase in passivedrag arising from the stalled regions. However, notall the stalled cases show a noticeable variation inslope in that region. For example, at 1080 RPM, allcases with β0.75R ≥ 22.5° at sufficiently low J havebeen identified as stalled cases using the other cri-teria adopted up to this point. However, the curvesfor β0.75R = 22.5° and 24.2° in Figure 8(a) do notshow a remarkable change in gradient. This is be-lieved to be caused by the increase in passive powerbeing partially compensated for by a decrease inthe induced power due to a reduction in thrust atstall onset. Hence while a strong change in the slopecan be effectively be used to assess the presence offully developed stall in a particular test point, early-stage stall might still be present in cases that showno such behaviour.
4.2. Stall Boundaries

As detailed in section 4.1, stall has been identified ata variety of test points within the test matrix, usingthe following criteria:
• Collapse of the induced velocity when increas-ing the pitch angle.

• Departure from linear behaviour of the bend-ing strain vs blade pitch curves.
• Increase in the standard deviation of the straingauge measurements.
• Presence of non-harmonic content in the strainspectra.
• Non consistent oscillation amplitude in thestrain time history.
• Sudden increase in torque for fully developedstall (even if not so evident at stall onset).
Testing was performed at varying rotational fre-quencies Ω, advance ratios J and blade pitch an-gles β0.75R as described in section 3 to characterisethe stall envelope of the tiltrotor blade set. Theoverall test points and the subset of cases wherestall was identified using the criteria above are pre-sented in Figure 9. Although not the focus of thispaper, it should be noted that cases at high ad-vance ratio were also investigated to qualify the op-posite end of the propeller operational envelope,where the negative angle of attack induced by theadvance speed creates negative thrust towards theblade tip. Themaximumadvance ratio that could betested increased with the blade pitch angle. There-fore, β0.75R = 15.9o could be tested up to and in-cluding J = 0.5, while β0.75R ≥ 30.5o could be testedup to and including J = 1.4.
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Figure 9: Stall boundary, as a function of rotational speed, advance ratio and blade pitch angle. Each dotcorrespond to a test point: red indicates evidence of stall, blue otherwise.

By looking at Figure 9, stall was primarily ob-served at a lower advance ratio, lower rotational fre-quencies and large blade pitch angles, as expected.The smallest pitch angle at which stall was iden-tified was β0.75R = 22.5o during a "No WT" testperformed at a corresponding J = 0.265 at and 1080RPM,with all cases prior to this showing no evidenceof stalled flow. However, it is clear that looking at
β0.75R = 22.5

o and 24.2o at 1080 RPM and 1200RPM, both indicate presence of early onset of stallas even a small increase in advance ratio to J = 0.4results in the re-attachment of the flow.Asβ0.75R was increased, the number of rotationalfrequencies at which stall was present for low ad-vance ratios grew in a discontinuous manner. Forthe ”NoWT” cases between 22.5° ≤ β0.75R ≤ 27.3°,stall was only present atΩ ≤ 1200 RPM. Atβ0.75R =
28.9°, there was a sudden growth in rotational fre-quencies at which stall was present up to 1560 RPM.Eventually, for β0.75R ≥ 28.5°, stall was presentat all Ω tested, up to and including 1800 RPM. Thissudden growth in the range of RPMs at which stallis present is a direct consequence of the effect ofthe Reynolds number on stall development: for howlarge the Reynolds number can be, there will be al-

ways a pointwhen theAoAwill be excessive and stallwill develop.This behaviour was observed for both the ”NoWT” case, where a small variation in J was presentby varying the RPM, and for J=0.4 and J=0.5, where Jwas kept constant across the RPM range.On the contrary, the influence of J on the pres-ence of stall was observed to be more gradual andapproximately linear. At 1080 RPM, the minimumJ at which stall was observed varied from 0.25 at
β0.75R = 22.5° to 0.8 at β0.75R = 35.6°. Similargradual behaviour was observed at higher RPM val-ues, even if for a smaller range of J and pitch angles,as the volume of stalled points reduces in size.
5. CONCLUSIONS

A wind tunnel investigation into tiltrotor blade stallwas presented. A custom blade set was instru-mented with fully bridged axial strain gauges tomonitor the flap bending strain at two radial loca-tion. Propeller torque data was also analysed. Thepropeller was tested at varying blade pitch angles,advance ratios and rotational frequencies to clearlyidentify the blade stall boundary.
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1. Stall onset was identified using the followingcriteria: collapse of the induced velocity whenincreasing the pitch angle, departure from lin-ear behaviour of the bending strain vs bladepitch curves, increase in the standard deviationof the strain gauge measurements, presenceof non-harmonic content in the strain spectraand non consistent oscillation amplitude in thestrain time history.
2. A sudden increase in torque was clear for fullydeveloped stall. However, this was not overlyapparent at stall onset, meaning that torqueinformation alone could not solely be used toidentify the presence of stall in its early stages.
3. As the blade pitch angle was increased, de-velopment of stall was observed to be moresudden in nature when varying the RPM (andtherefore the blade critical Reynolds number)as opposed to a more gradual onset when theadvance ratio was increased.
This investigation serves as a baseline for fu-ture experimental testing to further understand theaerodynamics of stalled propellers and identify stallflutter boundaries.
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