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A 4.75-ft-diameter dynamically scaled hingeless-hub proprotor model was developed and tested for aeroelastic
stability up to 200 kt—corresponding to 468 kt full scale. The model had interchangeable hubs, blades, and pylon
center-of-gravity locations, allowing data acquisition for new parametric variations. This paper documents the
design, assembly, wind tunnel testing, and comprehensive analysis of its stability and the insights gained from it. The
key conclusion is that a hingeless hub, when equipped with swept-tip blades, will significantly increase aeroelastic
stability compared with the state-of-the-art gimbaled hub with straight blades. The causes were determined to be the
interaction of rotor regressive lag motion with wing—pylon modes and the perturbation of hub pitch and roll
moments. The regressive lag was more important at lower speeds, whereas the hub moments were more important
at higher speeds. The data shed light on high-speed tiltrotor flight and provided a unique database for validation of
advanced rotor comprehensive analysis.

I. Introduction Despite these advantages, there is a dearth of test data on hingeless
FFICIENT vertical takeoff and landing with high-speed cruise NuPS: data that might benefit the design of such hubs in the future.
remains a valuable area of research. Modern ftiltrotors. the . 1he first documented test of a hingeless tiltrotor was on a 5.5-ft-
current solution to this challenge, are Iim.ited to top speed’s c)fdiameter 1/4.622 Froude-scale model of a Boeing tiltrotor, called the

280 kt, which is far short of the aspirational target of-41BED kt. Model 222 (M222). This was performed at the Boeing V/STOL

Tiltrotors are propelled by special rotors that are called proprotors.Wlnd twnnel in 1976 [1], but it was not a stability test. The only

. tability test data publicly available on a hingeless-hub tiltrotor are
These rotors act as propellers in airplane mode but have blad . X : .
flapping and cyclic controls for vertical lift and maneuvering in %Srom its full-scale version, the Boeing 26-fi-diameter Model 222.

helicopter mode The M222 was tested at the Ames 40 ft by 80 ft tunnel on a
The tiltrotor hll,lb is the heart of the proprotor system, carefully semispan wing in 1972 [2], but its stability data was limited towing
crafted to support both helicopter and airplane modes of flight. ?heenggn%emaosdt?qsét-(r)?zrggﬁ;g\ivfizifrfwteetirupiltT?b]é?cezdl(r%tE?eM\cl)v:jne? ?\:\gaos
Blade and hub flexibility are essential for helicopter mode; however, that was tested two years earlier [3]. A fewg ears later. the William E
this aggravates instabilities in airplane mode. A flexible hub, neces-p o om Company, )Igrinceton NJ .under ():/ontract fr(’)m the Boeiné
giiyoffo :ﬁ:l;gﬁfr;f'kﬁ]’g'?g:ﬁgg; f.?;]izla;;aew;ggnﬁigﬁt?og dzni(:] Vertol Company, Philadelphia, PA, designed and fabricated Froude-
edgewise flight and provides controllability. In contrast, a rigid hub, scale unpowered models of these rotors as part of NASA Contract

such as that of a propeller or turbine engine, restricts blade motion NAS 2-8235 (report in June 1975, not in the public domain). The
The state-of-the-art tiltrotor hub is a gimbaled hub, which is ideal for Froude-scaled models had a 2.8 ft diameter and shared the same

. . : ; - wing. The models were sent to MIT for gust loads measurements u
reduced loads in helicopter mode. However, this hub requires athlckto 890 kt in the Wright Brothers tunnelg[4,5]. These were the firstp

wing, ”Omi”a”y 23% _thickness to chord, f_or th_e system to remain tiltrotor models with interchangeable hubs on the same wing; how-
free of whirl flutter in airplane mode. The thick wing undermines the ever, these models have since been destroyed and lost to‘history
_pl)_Lqmll_se_tof tr;]lgh-sp_eed vertlé:zltl flight ?Ui tl? (t:r?r?prfessﬁllltﬁ/ dragd Today, the emergence of electric vertical takeoff and landing aircraft

IS IMIS te CIUISe Speec 1o nearly hatl hat o) & MIN-SPeed ha revitalized the interest in hingeless tiltrotors. However, test data
propelrll_er aircraft th:(it can afford a much thinner 1:’{;’ Fh'%k t‘;‘”ng' opyright.com; employ the elSSN 1533-3868 to initiate your request.
To achieve a 450 kt cruise, innovations are needed in hubs and, sy A|aA Rights and Permissions https:/aiaa.org/publications/publish-w
blades so that the wing thickness can be reduced. The hub is th%iaa/rights-and-permissions/. =
subject of this paper. *Graduate Research Assistant, Department of Aerospace Enginee

The limiting case of the baseline gimbaled hubiis a locked gimbal. ,, ,1,1ien> @umd.edu. Student Member AIAA (Corresponding Author).
This results in propeller-like stability, with whirl flutter at speeds

far higher than those of a gimbaled-hub tiltrotor. Approaching that
limit might generate high oscillatory structural loads in edgewise
helicopter-mode flight. This helicopter-mode limiting case is a key
difference for tiltrotor and propeller hub designs. Hingeless hubs
provide an alternative to the baseline gimbaled hub by introducing
stabilizing perturbation hub moments to achieve propeller-like sta-
bility in airplane mode with gimbal-like loads in helicopter mode.

"Professor, Department of Aerospace Engineering; datta@umd.edu. Asso-
ciate Fellow AIAA.
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Table 2 MTR wing—pylon properties

Parameter Value
Span 27.5in.
Chord 15.45 in.
Airfoil NACA 0018
Spar thickness 1.17 in.
Spar chord 2.41n.
Spar material Aluminum 6061
Wing weight 23.83 b
Pylon/rotor weight 66.18 Ib
Total weight 90.01 Ib
Nominal natural frequencies
Beam 5Hz
Chord 9 Hz
a) Hingeless hub Torsion 14.5 Hz
Structural damping
Beam 0.24%
Chord 1.47%
Torsion 0.30%
Structural damping with adapted C.G.
Beam 0.80%
Chord 1.45%
Torsion 0.45%

Table 3  Test matrix

Test no. Speed, kt Pitchys, deg RPM Pylon C.G.
Straight
u10 36-200 1157 1050 Standard
ul1l 30-200 1158 1050 Forward
Swept-tip
; ; u12 30-200 1157 1050 Standard
b) Hingeless hub with forward pylon C.G U13 36200 1158 1050 Forward

Fig. 5 Hingeless hub MTR installed in Glenn L. Martin Wind Tunnel.

accomplished electronically by placing the electric motor in a
no-current state to produce a zero-torque condition. Freewheeling

Table1 MTR rotor properties ! 1Ale c ¢ on. ¢
is common in tiltrotor tests, as it provides very similar collective

Parameter Value pitch but a more conservative whirl flutter boundary. At each speed,
No. of blades 3 the collective pitch was trimmed to achieve the target RPM of 1050.
Radius,R 28.5 n Ideally, hub pitch and roll moments should be zero in axial flow,
Blade chord 3.15in. but blade dissimilarities produced a small moment. As such, the
Twist J 37 deg cyclic pitch was trimmed to minimize hub moments. Blade
RPM (Froude) 1050 tracking was checked with a strobe light reflecting off colored tape
Rotor airfoil VR-7 .

Root cutout 269R bonded to the blade tips. If the blades were out of track by more
s 0 deg than 1/2-thickness, the test was stopped and the pitch links were
Blade sweep 0 deg, 20 deg adjusted. . . .

Sweep from 0R Once the trim solution was attained, the model was perturbed
Floor clearance 0.165 with high-bandwidth fixed-frame swashplate actuators. While

actuating in the fixed frame, the actuation frequencies were kept
near the structural wirgylon natural frequencies identified in
the hammer test, in anticipation of flutter frequencies nearby. The
hub and spans 27.5 in. ending about 1.0 in. from the tunnel floor, Wing beam and torsion modes were perturbed using longitudinal
The structural damping and frequencies of the installed systemCYcli¢ 1s, and the chord mode was perturbed using the collective
(nonrotating and wind-off) were measured by hammer tests. The o- Five cycles of actuation were mt_roduced, _and due to dt_acreas—
hingeless hub weight is lower than the gimbaled hub, weighing 7 ing stroke length at higher frequencies, the pitch perturbation per
and 9.18 Ib, respectively. The pylon and the blades remain theinPut voltage had the nominal values of 5.4 deg per volt for the
same, weighing 57 and 2 Ib, respectively. The pylon adapter b®am mode, 2 deg per volt for the chord mode, and 0.1 deg per
weighed 6 Ib and did not change the frequencies and structuralvolt for the torsion mode. Higher voltage inputs were needed for
damping significantly. the chord and torsion inputs due to the higher frequencies. At

The test matrix is given in Table 3. Four speed sweeps wereleast three (and up to five) trials were taken for each condition.
carried out designated U3013. The naming convention follows  All three modes had a desired amplitude of perturbation for the
Ref. [9] with the location, sweep number, and tunnel speed to system, and efforts were made to keep the perturbations consis-
describe a sweep. For example, N1.78 referred to the test pointdent throughout the velocity sweep. This was done to minimize
collected at the Navy tunnel (hence N), in the first speed sweepcomplexity in damping calculations. For example, in beam mode,
(hence 1), and at 78 kt. Here, U11.180 would mean test pointsthe goal was al200 microstrain reading from the wing beam
collected at the University of Maryland (hence U), in the 11th speed gauge. At lower speeds, an input voltage of 0.5 V (2.7 deg) was
sweep at 180 kt. used, while at the top speed of 200 kt, 0.23 V (1.24 deg) was

The tests were conducted in freewheeling mode, in which used. Modifications to the input voltage were made throughout
the rotor system was declutched from the motor. This was the test for all three modes.
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30 T T i
BEST FIT CONDITION A. _Properties _ _ _
The blade mass and stiffness properties were measured in-house.
201 \ 1 The root-end properties were calculated using commercial FEA.
T 5 The pylon moments of inertia have yet to be measured with the new
10+ ! .'*I f\ j. ,«", ioa 1 hub, so the gimbaled values given in Ref. [9] were retained. Despite
< R AT B R A is inaccuracy in the model, the large inertia of the pylon is
T e th the model, the | tia of the pyl
c ol [ l|'||‘"|||||‘l|(‘|| AT expected to make this discrepancy in the model have negligible
=z ' AR ; ted t ke this d th del h ligibl
s ; T ! FESRNRENY L \, “.U’ \ effects on the results. The mass was updated to reflect the hingeless
7] ; I'l ‘H H \; ‘l‘: \,' \,’ Yoy hub. The wing spar structural properties were calculated based upon
-10 ! H \'. ‘,, vor 1 geometry and material properties, and the measured structural
’,} Y damping in Table 2 was used. The airfoil properties of the VR-7
=20+ ; 1 blade and NACA0018 wing were obtained from in-house CFD as a
—Measured C-81 deck. In the experimental model, the wing is segmented, which
.30 ‘ ‘ | Prony is typical of a tiltrotor flutter model. It is considered aerodynami-
2.8 3 3.2 3.4 3.6 3.8 cally continuous in the analysis. The segmented wing allows friction
Time (s) to occur should sudden instabilities appear, but the gaps are small

Fig. 17 Prony approximation to torsion signal; M [—300. enough to prevent three-dimensional flows.

B. Model

Because the layup is quasi-isotropic, isotropic E@ernoulli
beam finite elements suffice to model the rotor. Each blade was
modeled with 18 elements. Figure 18 and Table 4 list these proper-
ties. Note that for the swept-tip blades, the values reduce frorR 80%
to 1009R due to the swept section lacking a spar. The reduced
values are mass per length 0.15 kg/m, normal bending stiffness
] ] EI, CIAN m?, chordwise bending stiffneds, [534 N m?,

V. Comprehensive Analysis and torsional stiffnes€J [38.8 N m?2. The rotor fan plot (with

The University of Maryland Advanced Comprehensive Gode straight blades) is shown in Fig. 19. The hingeless frequencies are
version 2 (UMARC-II) was used as the baseline analysis platform shown with solid lines. For validation of the model, vacuum cham-
[11,33] and refined for this study to model the MTR. The system ber test data are used. This test used the same rotor blades as
properties input into the model, the mathematical modeling, and thethe MTR but had a rigid hub replicating the gimbal-locked hub.

number of model coefficients of the reconstructed series. In this
case,M [300 gave the best regression fit (minimum root mean
square error). The result is shown in Fig. 17, with the same torsion
signal used in the moving block explanation. In this case, the
moving block result was 2.04% damping, and the Prony result
was 2.11% damping.

solution procedure are summarized below. Predictions are shown as dashed lines. There is good agreement with
10
hub +
8 pitch case +
blade grip
£ 6
~
)
X
€ 4
2
flex beam straight blade
o L L L L 1
0 02 04 06 038 1
r/lR
a) Mass per length b) Torsional stiffness
¢) Normal bending stiffness d) Chordwise bending stiffness

Fig. 18 Structural properties of the hingeless rotor.



Downloaded by University of Maryland on April 24, 2026 | http://arc.aiaa.org | DOI: 10.2514/1.C038655

8 Article in Advance / O'BRIEN AND DATTA

Table 4 MTR rotor model properties

Shaft/collar Flex beam Pitch case Blade grip Blade
Property (0-0.0411/R) (0.041-0.091/R) (0.09-0.231/R) (0.23-0.331/R) (0.33-11/R)
Mass per unit length, kg/m 5.37 1.33 5.37 5.37 0.33
Torsional stiffnessJ, N m? Rigid Rigid Rigid Rigid 62
Normal bending stiffnesg7,, N m? Rigid 1012 3177 570 20
Chordwise bending stiffnesg/,, N m? Rigid 128 1007 1737 937

180 mode, so a refined wake model is usually not needed. Analysis with
free wake confirmed that there was no effect of the wake [11,33].
Linear unsteady aerodynamics is used for both the rotor and wing.
It is not needed on the wing (as the reduced frequency is quite low)

but retained nevertheless for consistency with the rotor.

160

140

120

C. Solution Procedure

First, the rotor is trimmed in the freewheeling condition; the
collective is found for zero torque at the tunnel speed. The predicted
and measured collectives are compared in Fig. 20. The measure-
ments are similar for all blades, with satisfactory comparisons to
the predictions.

Once trimmed, eigenanalysis is used to find the stability roots.
The rotor equations are converted to multiblade coordinates to allow
eigenanalysis. The solution was verified with a transient analysis
with the rotor equations in the rotating frame. The transient option
is easier for the gimbaled hub but would not produce a solution if
the model were to be unstable.

Frequency, Hz

0 1000 2000 3000

Rotor Speed, rpm
Fig. 19 Hingeless hub at 40 deg collective. VI. Results

A. Measured Damping

. . . The damping from the baseline model is shown in Fig. 21.
the test data [25]. The hingeless hub is harder to reproduce in therpe pageline model is with straight blades and without the pylon
vacuum chamber rotor rig due to its unique flexbeam design ¢ adapter. The beam damping is the lowest, with an increas-
intended to achieve the desired lag frequency. Despite thesqng trend with speed and a drop-off as it approaches 200 kt. The
differences, because the blades are identical, the model is considerggLy; higher mode is torsion, with a relatively flat trend. Finally,
validated. At 1050 RPM, the lag frequency for the hingeless hub is there is chord damping, which is the highest, with a rapidly
around 1.6/rev, and the flap frequency 3.5/rev. At 2400 RPM, the lag gecreasing trend between 30 and 100 kt and relatively flat
mode would cross over from stiff- to soft-inplane, and the flap thereafter.
frequency would be around 1.8/rev. A curious change in behavior is noticed when the straight blades

The wing is isotropic. The wing itself is modeled with 10 are replaced with swept-tip blades. The damping is shown in Fig. 22.
elements. The adapter plate was simply modeled as a C.G. shiftThe chord and the torsion are now flipped. The chord is now the
The mass and inertia of the adapter plate are not included in thisnext higher mode from the beam, with a relatively flat trend,
preliminary model, as the large mass and inertia of the pylon makewhereas torsion has the highest damping, with a rapidly decreasing
the adapter mass and inertia insignificant for damping predictions.trend between 30 and 100 kt. Note that all other parts of the model
The pylon and hub connection are modeled with two structural remained the same; only the blades were replaced. The blades were
elements. identical as well, except for the swept tip.

A lifting-line aerodynamic model is used, with uniform inflow for The C.G.-shifted configuration changes the results but not
the wake. The induced inflow is approximately zero in airplane the fundamental behavior. The beam damping is still the lowest,

5 -
60T
50 ar
Prediction _
g 40| &3t *
o o %
= 30 g_ Torsion § & A * ¥
3 ABlade #1 £ * X K R % 4 A
2 90l OBlade #2 82 L A.Q*é‘ﬁ'* °
< O Blade #3 **‘ﬁ'@goéogogo
10| 1r Beam @egggg O ©
0 50 100 150 200 % 50 100 150 200
V, knots Velocity (knots)

Fig. 20 Measured and predicted collective pitch. Fig. 21 Damping; straight blade.
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Fig. 33 Beam damping; straight blades; C.G. shifted. Fig. 36 Beam damping; swept-tip blades; C.G. shifted.
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Fig. 34 Chord damping; straight blades; C.G. shifted. Fig. 37 Chord damping; swept-tip blades; C.G. shifted.

Fig. 35 Torsion damping; straight blades; C.G. shifted. Fig. 38 Torsion damping; swept-tip blades; C.G. shifted.

chord, and torsion damping for the straight blades are shown inappears to show a little less scatter. Even though the trend is
F|gs 13_3_5, respective|y' There is no major Change in beam and Captured, the magnltud_es are underpredlcted thrOUghOUt the Speed
chord results, with moderately acceptable predictions throughout'ange. Note that the-axis has a larger scale.
the velocity range. The problem is with torsion and its high amount ~ Overall the baseline C.G. predictions are good, and the use of
of scatter. The data are shown extracted with two different COmprehensive analysis gives us a fundamental understanding of the
methods, Prony and moving block, and both show this high scatter.interesting behavior of the damping, namely, the damping increase
Nevertheless, the damping is higher at low speeds than in thedue to the hlgh[y damped regressive Iag interaction Wlth the wing
standard C.G. configurations. The analysis does not pick up these¢shord and torsion modes for the straight and swept-tip blades,
trends; the predicted damping remains the same as before (Fig. 2gjespectively. The forward-shifted C.G. data and predictions show
Perhaps this suggests that the adapter piece must be modeldie need f_o_r improvement in both the comprehensive analysis and
properly, with inertia, stiffness, and vertical displacement, and not 9ata acquisition in the future.
just considered a C.G. offset.

The beam, chord, and torsion damping for the swept-tip bladesC. Fundamental Understanding
are shown in Figs. 388, respectively. Recall, the principal change To gain a clearer understanding of how a hingeless hub compares
in physics is the shift of the regressive lag toward torsion. Because itwith the current state-of-the-art gimbaled hub, three parametric
is well predicted, there appears to be less problem with torsion. Thevariations are studied: 1) hingeless versus gimbaled hub, 2) hinge-
data in torsion still show a high scatter, although the Prony analysisless versus gimbal-locked hub, and 3) straight versus swept-tip
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