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ABSTRACT
A family of generic hingeless hub distributed tiltrotor configurations was modeled in RCAS and studied for whirl
flutter. Also modeled was a baseline conventional configuration for comparison. A sensitivity study was carried out
using the baseline model to provide a fundamental understanding. Wing torsion and rotor flap stiffness significantly
impacted the instability speed. Reducing wing beam stiffness stabilized the system due to lower participation of wing
torsion motion in this mode. Various distributed tiltrotor configurations were analyzed. Adding a same-size rotor to
40% wing span only slightly decreased the instability speed. On the other hand, utilizing two small rotors with half the
disk area greatly stabilized the system. Placing these rotors at the wing tip in a coaxial configuration is also beneficial,
but not as much as distributing them over the wing. Hence, eVTOL configurations appear to exhibit better stability
characteristics than traditional tiltrotor aircraft; however, analysis for a real aircraft is necessary. Impact of rotor-rotor
and rotor-wing aerodynamic interactions was studied using Viscous Vortex Particle Method (VVPM). Predictions
show that the effect of rotor wake on the wing may be important if wing beam is the unstable mode.

NOTATION

b span, ft
c chord, ft
EA axial stiffness, lbf
EIbeam beam stiffness, lbf·ft2

EIchord chord stiffness, lbf·ft2

GJ torsion stiffness, lbf·ft2

kmy radius of gyration in chord direction, ft
kmz radius of gyration in thickness direction, ft
r radial position, ft
R blade radius, ft
θ75 collective, deg
V speed, knots
x span position, ft

Presented at 49th European Rotorcraft Forum, Bückeburg, Ger-
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INTRODUCTION

Tiltrotor aircraft may encounter whirl flutter at high cruise
speeds in airplane mode. Typically, thick and stiff wings
are used to push the stability boundary, which has a sig-
nificant impact on parasitic drag. This is one of the major
barriers to achieving higher speeds with rotary-wing air-
craft.

Whirl flutter has been of interest to rotorcraft engineers for
more than 60 years. Various model- and full-scale tests
have been conducted, starting with the full-scale XV-3 air-
craft in 1957 (Ref. 1). Some of the notable wind tunnel
tests are full-scale Bell Model 300 (XV-15 rotor; gimballed
hub; Refs. 2, 3), Wing and Rotor Aeroelastic Test Sys-
tem (WRATS; U.S. Army/NASA/Bell; 1/5 Froude-scaled
V-22; gimballed hub; Ref. 4), full-scale Boeing Model 222
(soft in-plane hingeless hub; Ref. 5), TiltRotor Aeroelas-
tic Stability Testbed (TRAST; U.S. Army; gimballed and
hingeless hubs; Ref. 6), Maryland Tiltrotor Rig (MTR;
University of Maryland; gimballed and hingeless hubs;
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Ref. 7), and Advanced Testbed for TILtrotor Aeroelastics
(ATTILA; Netherlands Aerospace Centre; gimballed hub;
Ref. 8). TRAST, MTR, and ATTILA are active test pro-
grams. In addition to the test efforts, important analytical
work has also been carried out. These are listed reverse-
chronologically as Refs. 9–28.

Although significant progress has been made, maximum
cruise speed of modern tiltrotor aircraft is still near
300 knots. Moreover, test and analysis efforts have focused
primarily on the conventional tiltrotor configuration of the
V-22 (Fig. 1), which has a single rotor mounted at the wing
tip on either side of the fuselage. Due to recent develop-
ments in battery and electric motor technology, many new
configurations have started to emerge. These are named
as eVTOL (electric Vertical Take-Off and Landing) air-
craft and they typically rely on distributed electric propul-
sion for safety through redundancy. Most of the designs
employ multiple rotors/propellers mounted on the wings.
After vertical take-off, much like a conventional tiltrotor
aircraft, some or all of the rotors tilt and airplane mode
flight is achieved. Some of the notable designs are Joby
S4 (Fig. 2a; Ref. 29), Kitty Hawk Heaviside 2 (Fig. 2b),
Archer Midnight (Fig. 2c; Ref. 30), Wisk Generation 6
(Fig. 2d; Ref. 31), Airbus Vahana (Fig. 2e), and Vertical
Aerospace VX4 (Fig. 2f).

Figure 1: Bell Boeing V-22 Osprey

Despite the recent developments, the literature on whirl
flutter investigation for these new configurations is lim-
ited to Refs. 32–34. Although some in-house analysis may
have been performed by the designers with the knowledge
gained kept proprietary, eVTOL whirl flutter characteris-
tics are not widely understood. This paper aims to address
this gap by studying airplane mode stability of various dis-
tributed tiltrotor configurations. A family of generic hinge-
less configurations was systematically modeled in RCAS
(Rotorcraft Comprehensive Analysis System; Refs. 35,36).

Sensitivity of stability to wing and rotor stiffness was in-
vestigated. Impact of rotor-rotor and rotor-wing aerody-
namic interactions was studied using Viscous Vortex Par-
ticle Method (VVPM; Ref. 37). The objective is to guide
future designers by using a generic tiltrotor model. Sim-
plicity was one of the key objectives to ease reproduction
of results by future researchers.

MATHEMATICAL MODEL

The first step of the current work was to create a generic
hingeless tiltrotor model. Aeroelastic properties of dis-
tributed tiltrotor configurations are not available in the pub-
lic domain, which presented a challenge for modeling a re-
alistic aircraft that shows pertinent stability behavior. On
the other hand, academia and government publish details
of their test rigs to support technology development. The
Maryland Tiltrotor Rig was an excellent starting point for
this generic model because of the availability of the prop-
erties and wind tunnel test data, which provided validation
data for the analysis (Ref. 38). The models built in this
work are not geometrically similar to MTR, but the same
airfoils were used for the rotor and wing together with a
similar pylon mass. The stiffness of the rotor blades were
also scaled from MTR.

Four hingeless configurations were developed, each a semi-
span model of the right wing/pylon. Configuration 1 (base-
line; Fig. 3a) utilizes a 4-ft radius rotor mounted at the
wing tip. This represents a conventional tiltrotor aircraft.
Configuration 2 (Fig. 3b) has 2×4-ft radius rotors—one at
the wing tip and the other at 40% span. This was built to
study the impact of an additional rotor. Configuration 3 is
similar to Configuration 2, except the rotors are smaller.
These were scaled down to 2.83-ft radius to operate at
the same disk loading as the full-size rotor of Configura-
tion 1 (scaling factor is

√
0.5 = 0.707 for half the disk

area assuming aircraft drag is the same). Dynamic Mach
scaling laws were used to preserve the tip Mach number
and non-dimensional rotor frequencies. Pylon mass was
also reduced considering the lower power requirements of
a smaller rotor. Configuration 4 (Fig. 3d) uses the same
small rotors as Configuration 3—except this time both the
rotors are placed at the wing tip. Co- and counter-rotating
cases were analyzed for Configurations 2–4 to study the
impact of gyroscopic moments. All the rotors turn counter-
clockwise for the co-rotating cases whereas the second ro-
tor (placed at 40% span for Configurations 2 and 3 and at
wing trailing edge for Configuration 4) turns clockwise for
the counter-rotating cases.
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(a) Joby S4 (b) Kitty Hawk Heaviside 2

(c) Archer Midnight (d) Wisk Generation 6

(e) Airbus Vahana (f) Vertical Aerospace VX4

Figure 2: Notable eVTOL configurations

Each rotor blade was modeled with 20 nonlinear beam el-
ements and 18 aerodynamic segments. A pitch bearing
was modeled at 5%R which was actuated for pitch con-
trol. Uniform inflow was used for all calculations except
the aerodynamic interactions study. Linear unsteady terms
were included. C81 airfoil tables were used for VR-7 air-
foil (Ref. 12). Gravity was neglected as it is not significant.
Principal characteristics of the baseline 4-ft and small 2.83-
ft radius rotors are given in Table 1. Blade sectional prop-
erties are given in Table 2. The values for the small rotor

are given in parenthesis where they differ from the base-
line. Fanplots for the baseline and small rotors are given
in Figs. 4a and 4b. The rotors exhibit the same natural fre-
quencies at their corresponding operating rotor speeds due
to the dynamic Mach scaling. Torsion mode is not visible
on the fan plots as the stiffness was kept high for simplicity.

The wing was modeled with 10 nonlinear beam elements
and 20 aerodynamic segments. Uniform cross-sectional
properties were used. Each pylon was modeled as a rigid
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(a) Configuration 1 (baseline)

(b) Configuration 2

(c) Configuration 3

(d) Configuration 4

Figure 3: Configurations analyzed

bar. Uniform inflow was used for all predictions except
the aerodynamic interactions study. C81 airfoil tables were
used for NACA0018 airfoil (Ref. 12). Principal character-
istics of the wing/pylon are given in Table 3. The values
in parenthesis are for Configurations 3 and 4 as the pylon
inertia is scaled down due to the lower power requirements
of the smaller rotors. The pylon length and c.g. are relative
to wing quarter chord. The frequencies are for Configura-
tion 1 without the rotor mass (only wing and pylon). Note
that although the dimensions are comparable to a real eV-
TOL aircraft, a structural analysis was not carried out for
the components. The wing/pylon frequencies are typical of
a conventional tiltrotor aircraft.

BASELINE STABILITY

First, a trim solution was obtained for freewheeling condi-
tion. Freewheeling results in similar collective as powered
flight which influences flap-lag coupling. The trim variable
for a given rotor and tunnel speed is the collective angle
and the trim target is zero torque at the rotor hub. Figure 5
shows freewheeling collective predictions with respect to
flight speed. Sea level atmospheric conditions were used.
A high collective is required for high-speed axial flight.
Note that collective does not change between the config-
urations due to the Mach scaling.

After trim, coupled system equations were linearized for
the stability solution. Constant coefficient approach was
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(a) Baseline rotor (4-ft radius)
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(b) Small rotor (2.83-ft radius)

Figure 4: Fanplots for baseline and small rotors (vacuum, θ75 = 0◦)

Table 1: Principal characteristics of the baseline and small
rotors (in parenthesis)

Number of blades 5
Radius 4 ft (2.83 ft)
Chord 0.444 ft (0.314 ft)
Aspect ratio 9
Solidity 0.177
Rotor speed 800 rpm (1131.4 rpm)
Cruise tip Mach number 0.3
Precone 2°
Hub Hingeless
First flap frequency 1.20/rev
First lag frequency 2.49/rev
Twist -37°
Airfoil VR-7 (tab=0°)
Root cutout 10%R
Structural damping 1%

used as it is appropriate for axial flight. Using the system
mass, damping, and stiffness matrices, eigenvalues were
obtained by RCAS, which result in frequency and damping
values for the coupled system. This is also called eigen-
analysis. Rotor speed perturbations were not allowed due
to the assumed electric drive. The assumption is that the
electric motor can control the rotor speed sufficiently. Fig-
ure 6 shows frequency and damping predictions with re-
spect to flight speed for Configuration 1 (baseline). Only
the primary modes are shown. The naming convention
shows the dominant motion for coupled modes. Regres-
sive lag mode is the second regressive mode (ζ −2) due to
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Figure 5: Change of freewheeling collective
with respect to flight speed

5 blades. Wing beam mode frequency shows a slight de-
crease with speed, chord frequency is constant, and torsion
frequency first decreases and then stays constant at higher
speeds. On the other hand, rotor regressive flap frequency
changes and interacts with wing beam, chord and torsion
modes at different speeds. Interaction with the wing beam
mode occurs around 150 knots (Fig. 6a) which results in
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Table 2: Blade sectional properties of the baseline and small rotors (in parenthesis)

r/R Mass, slug/ft EIbeam, lbf·ft2 EIchord, lbf·ft2 GJ, lbf·ft2 EA, lbf kmy, ft kmz, ft
0.000 0.02 (0.01) 109 109 105 (25000) 109 0.04444 (0.03142) 0
0.050 0.02 (0.01) 109 109 105 (25000) 109 0.04444 (0.03142) 0
0.051 0.02 (0.01) 800 (200) 16000 (4000) 105 (25000) 109 0.04444 (0.03142) 0
0.350 0.02 (0.01) 800 (200) 16000 (4000) 105 (25000) 109 0.04444 (0.03142) 0
0.351 0.02 (0.01) 700 (175) 16000 (4000) 105 (25000) 109 0.04444 (0.03142) 0
1.000 0.02 (0.01) 700 (175) 16000 (4000) 105 (25000) 109 0.04444 (0.03142) 0

Table 3: Principal characteristics of wing and pylon

(Semi) span 10 ft
Chord 1.333 ft
Aspect ratio 7.5
Mass 0.2 slug/ft
EIbeam 65×104 lbf·ft2
EIchord 17×105 lbf·ft2
GJ 68×103 lbf·ft2
kmy 0.3333 ft
First beam frequency 4.31 Hz
First chord frequency 7.06 Hz
First torsion frequency 14.23 Hz
Airfoil NACA 0018
Pylon length 0.8 ft
Pylon c.g. 0.4 ft
Pylon mass 2.18 slug (1.09 slug)
Pylon pitch/yaw
moment of inertia 0.75 slug·ft2 (0.375 slug·ft2)

a sudden decrease in wing beam damping (Fig. 6b). The
instability speed is 135 knots. Note that this is not a pre-
diction for a real aircraft. The instability speed was inten-
tionally kept low in this model in order to study the trends
and make comparisons; it should not be evaluated in an ab-
solute sense.

SENSITIVITY STUDY

A sensitivity study was carried out using Configuration 1 to
provide a fundamental understanding of the physical phe-
nomena. Wing beam, chord, and torsion stiffness and rotor
flap and lag stiffness were varied, and the impact on stabil-
ity was studied. Figure 7 shows the impact of wing beam
stiffness on stability. The stiffness was changed by 25% to
amplify its effect. Beam frequency shifts along with some
small change in the torsion frequency (Fig. 7a). This is be-
cause beam and torsion motions are coupled due to high
pylon mass and pylon c.g. offset. The interesting behavior
here is that beam mode is more stable when the stiffness
is lower (Fig. 7b). This is due to the change in the par-
ticipation of beam and torsion motions in this mode. Fig-
ure 8 shows torsion participation in the beam mode shape.

The magnitude is arbitrary and normalized for a 1-ft beam
tip displacement. When the stiffness is increased, there is
less beam displacement for the same torsion deformation,
which means more torsion for the same beam displace-
ment. This beam up—pitch up coupling destabilizes the
system. Hence, designers must take care and consider cou-
plings when stiffening the wing to avoid whirl flutter.

Figure 9 shows the impact of wing chord stiffness on sta-
bility. Only chord frequency changes. The chord mode is
more stable when the stiffness is lower, but torsion damp-
ing decreases. This is again due to a change in how the mo-
tions are coupled, this time through gyroscopic moments.
The stability behavior does not change; only shifts are ob-
served in the damping values.

Figure 10 shows the impact of wing torsion stiffness on
stability. As expected, a shift in the torsion frequency is
observed. Beam damping decreases when the torsion stiff-
ness is lower. The instability speed is reduced by 40 knots
due to a 25% reduction in stiffness. On the other hand,
a 25% increase stabilizes the beam mode and completely
eliminates the instability up to 250+ knots. This is again
due to the coupling of beam and torsion motions. It can be
concluded that wing torsion motion is an important driver
of whirl flutter. Therefore, torsion stiffness has a significant
impact on the instability speed.

Figure 11 shows the combined impact of wing beam, chord,
and torsion stiffness on stability. This is a more realis-
tic change than changing the stiffness in individual direc-
tions. Damping for beam mode decreases and the instabil-
ity speed reduces by 20 knots with a 25% decrease in stiff-
ness. No significant change is observed for chord damping.
Torsion damping reduces significantly at high speeds when
the wing is softer.

Figure 12 shows the impact of rotor flap stiffness on stabil-
ity. The flap frequency of the baseline model is 1.2/rev.
Cases with 1.1/rev (53% reduction in flap stiffness for
5%R–35%R) and 1.3/rev (88% increase in flap stiffness for
5%R–35%R) were also studied. Regressive flap frequency
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Figure 6: Stability of Configuration 1 (baseline)
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Figure 7: Impact of wing beam stiffness on stability of Configuration 1 (baseline)

changes along with some change in the regressive lag fre-
quency. This is due to the rotor flap-lag coupling that oc-
curs for highly twisted blades or at high collective angles
(Fig. 5). Wing beam and torsion damping are much lower
when the flap frequency is 1.1/rev. The instability speed re-

duces by 60 knots. For the 1.3/rev flap frequency case, the
instability disappears until around 235 knots (a 100-knots
improvement). This shows that flap frequency is another
major driving factor behind whirl flutter.
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Figure 8: Torsion participation (positive pitch up) in beam mode shape for a 1-ft beam tip displacement

Figure 13 shows the impact of rotor lag stiffness. The
baseline lag frequency is 2.49/rev. Frequencies of 1.66/rev
(69% reduction in lag stiffness for 5%R–35%R) and
3.24/rev (275% increase in lag stiffness for 5%R–35%R)
were studied. Wing torsion frequency and damping are af-
fected due to coupling of wing and rotor motions. How-
ever, wing beam damping and the instability behavior ap-
pear to be relatively unaffected even with the large changes
in stiffness. The instability speed for the 1.66/rev case is
125 knots, only 10 knots lower than the baseline.

STABILITY OF DISTRIBUTED
TILTROTOR CONFIGURATIONS

Stability of various distributed tiltrotor configurations was
analyzed and compared with Configuration 1 (baseline)
which represents a traditional tiltrotor. Figure 14 compares
the stability roots of Configurations 1 and 2. The only dif-
ference between them is the addition of the second rotor at
40% wing span, hence it is a useful comparison to provide
a physical understanding. A second regressive flap mode
appears due to the additional rotor. A reduction in the wing
frequencies is observed due to the additional inertia. Tor-
sion frequency is affected the most. Chord damping de-
creases if the rotors are co-rotating and slightly increases if
they are counter-rotating. However, torsion damping re-
duces by more than 1% when the rotors counter-rotate.
This is due to the change in the direction of gyroscopic mo-

ment. The damping trend does not change. Beam damp-
ing decreases with flight speed for both cases, and even
though the interaction speed with the regressive flap mode
is the same, the instability speed reduces from 135 knots
to 115 knots (a 20-knots reduction) due to higher destabi-
lizing aerodynamic loads. This is not a significant change
considering the addition of a large rotor to the system.

Figure 15 shows a comparison between Configurations 1
and 3 which have similar thrust capability (same disk load-
ing). The frequencies are normalized with the rotor speed
of each configuration. Torsion frequency increases due to
the distributed rotor/pylon mass (higher non-dimensional
frequency despite the higher rotation speed). The regres-
sive flap mode still interacts with the beam mode, but no
reduction in the beam damping is observed. The instability
disappears until 250+ knots where chord mode is expected
to become unstable. Chord and torsion damping are lower
at low speeds for Configuration 3, but this behavior is re-
versed at high speeds. No important difference is observed
between co- and counter-rotating cases.

Figure 16 compares Configurations 1 and 4. Configuration
4 is special because the wing beam-torsion coupling disap-
pears. This is because the net pylon c.g. is on the wing
elastic axis. Similar to Configuration 3, the beam mode
is stabilized. However, torsion damping decreases signifi-
cantly and becomes critical at high speeds. The instability
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Figure 9: Impact of wing chord stiffness on stability of Configuration 1 (baseline)
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Figure 10: Impact of wing torsion stiffness on stability of Configuration 1 (baseline)

disappears until 190 knots (a 55-knots improvement). The
damping behavior is similar to the beam damping of Con-
figuration 1. This shows that even though distributing the
rotors on the wing (Configuration 3) is more stabilizing, a
significant improvement is possible even with small, tip-

mounted rotors compared to a single large rotor at the wing
tip. The takeaway from this study is that eVTOL configu-
rations can be expected to exhibit better stability character-
istics than traditional tiltrotor aircraft, though analysis for
a real aircraft is necessary.
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Figure 11: Combined impact of wing stiffness on stability of Configuration 1 (baseline)
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Figure 12: Impact of rotor flap stiffness on stability of Configuration 1 (baseline)
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Figure 13: Impact of rotor lag stiffness on stability of Configuration 1 (baseline)
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Figure 14: Impact of number of rotors on stability (Configuration 1 versus 2)
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Figure 15: Impact of distributed rotors on stability (Configuration 1 versus 3)
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Figure 16: Impact of tip-mounted rotors on stability (Configuration 1 versus 4)
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IMPACT OF AERODYNAMIC
INTERACTIONS ON STABILITY

Aerodynamic interactions between the rotor and the wing
is typically ignored in whirl flutter predictions. The as-
sumption is that the wake is quickly washed away at
high-speed axial flight, therefore the wake interactions
are negligible. However, this has not yet been compre-
hensively examined and reported. Moreover, rotor-rotor
and rotor-wing aerodynamic interactions may be impor-
tant for stability of distributed tiltrotor configurations. At
the very least, the effects need to be documented for fu-
ture researchers/designers. In order to examine the im-
pact of aerodynamic interactions, the Viscous Vortex Par-
ticle Method (VVPM) was used. VVPM solves the in-
compressible Navier-Stokes equation in a vorticity-velocity
form with a grid-free Lagrangian representation.

The predictions reported so far have been obtained without
any aerodynamic interactions. The eigenanalysis method
was used where the system equations are linearized around
a trim state and eigenvalues are calculated by RCAS using
mass, damping, and stiffness matrices. VVPM cannot be
used in conjunction with eigenanalysis because the states
are not defined. Instead, transient perturbation method
had to be used, which is nothing but simulation of a wind
tunnel test. In this method, first, the trim solution is ob-
tained in freewheeling condition just like the eigenanalysis
method. Then, instead of linearization, the system is per-
turbed near the natural frequency of the wing mode of in-
terest. The perturbation can either be due to a mechanical
load or a collective/cyclic input to the rotor (stick-stir). In
this case, a wing tip load (1 lbf for beam and chord modes
and 10 lbf·ft for torsion mode) was used for direct exci-
tation. After the wing starts vibrating at its resonant fre-
quency, the perturbation is stopped and the decay of the
wing root moments is recorded. Then, Prony or Moving-
Block method (Refs. 39, 40) can be used to extract the fre-
quency and damping. This procedure must be repeated for
each mode separately.

It is useful to introduce the changes step by step to build
confidence in the transient perturbation method before
moving on to the VVPM analysis. Figures 17 and 18
show a comparison of eigenanalysis and transient pertur-
bation predictions for Configurations 1 and 3. Only the
counter-rotating case was analyzed for Configuration 3 as
it is more representative of an actual aircraft. Both Prony
and moving-block methods were implemented for the tran-
sient perturbation analysis. Uniform inflow was used as be-
fore. The frequency predictions are the same between the

different methods. Prony and moving-block result in sim-
ilar damping predictions; however, some small differences
exist when compared to the eigenanalysis results. The dif-
ferences appear to be higher at high speeds except for the
wing chord mode. Further investigation is necessary to un-
derstand the causes of these small differences, but for now
the results are close enough to carry out an investigation
using VVPM.

Three sets of stability roots were calculated: 1. VVPM for
the rotor(s), uniform inflow for the wing, 2. VVPM for the
rotor(s); rotor induced inflow for the wing (wing does not
contribute to the vortex field), 3. VVPM for the rotor(s) and
the wing (full aerodynamic interactions). Configurations 1
and 3 were analyzed. A systematic comparison is provided
below.

Figure 19 compares stability roots obtained with uniform
inflow and VVPM for Configuration 1. The wing modes
are separated to different sub-plots for ease of compari-
son. A frequency comparison is not included as no per-
tinent information can be drawn. All the predictions were
obtained using the transient perturbation method coupled
with Prony. Figure 19a shows that the damping behavior of
the beam mode stays the same but shifts to higher speeds.
As the model complexity increases, the instability speed
moves to higher speeds. The change is about 25 knots with
full interactions. This shows that the effect of rotor wake
on the wing may be important for stability if beam is the
unstable mode. Further investigation is required to study
the causes of differences. The chord and torsion damping
reduce at low speeds when VVPM is introduced for the ro-
tor (red dashed lines in Figs. 19b and 19c). The difference
in the chord mode vanishes at high speeds.

Figure 20 performs the same comparison for Configuration
3. Some small changes are observed for beam and torsion
damping. Chord damping is lower at lower speeds but it
appears that no rotor-wing aerodynamic interaction is nec-
essary to capture this effect. This reduction largely disap-
pears at higher speeds. In general, no significant change
is observed in the damping behavior of this configuration,
even though the flow field may be more complicated due to
multiple rotors.

13



0 50 100 150 200 250

V, knots

0.0

0.2

0.4

0.6

0.8

1.0

F
re

q
u

e
n

c
y
, 
/r

e
v

wing

torsion

regressive

flap

wing

chord

wing

beam

regressive

lag

       eigenanalysis

       transient (Prony)

       transient (moving-block)

(a) Frequency

0 50 100 150 200 250

V, knots

-1

0

1

2

3

4

5

6

D
a

m
p

in
g

, 
%

 c
ri

ti
c

a
l

wing

beam

wing

torsion

wing

chord

(b) Damping

Figure 17: Comparison of eigenanalysis and transient perturbation stability roots for Configuration 1 (baseline)
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Figure 18: Comparison of eigenanalysis and transient perturbation stability roots for Configuration 3 (counter-rotating)
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Figure 19: Impact of Viscous Vortex Particle Method on
Stability for Configuration 1 (baseline)
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Figure 20: Impact of Viscous Vortex Particle Method on
Stability for Configuration 3 (counter-rotating)
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CONCLUSIONS

A family of generic hingeless hub distributed tiltrotor con-
figurations was modeled in RCAS and analyzed for whirl
flutter stability. Configurations with a single large rotor at
the wing tip (baseline conventional), two distributed large
rotors, two distributed small rotors, and two tip-mounted
small rotors were analyzed. A sensitivity study was carried
out for the baseline configuration by varying the wing and
rotor stiffness. Rotor-wing and rotor-rotor aerodynamic
interactions were modeled using Viscous Vortex Particle
Method (VVPM). The key conclusions are as follows:

1. The instability speed for the baseline configuration is
135 knots. The instability occurs due to interaction of
regressive flap mode with wing beam mode.

2. Adding a same-size rotor to 40% wing span decreased
the instability speed from 135 knots to 115 knots (a
20-knots reduction). This is not a significant change
considering the addition of a second large rotor.

3. The stability improved significantly when the large ro-
tor at the wing tip was replaced by two small rotors
with half the disk area (same disk loading). The in-
stability behavior changed; wing beam is no longer
the critical mode. The instability speed changed from
135 knots to 250+knots with distributed rotors over
the wing and to 190 knots with tip-mounted rotors
in a coaxial configuration. It appears that eVTOL
configurations can be expected to exhibit better sta-
bility characteristics than traditional tiltrotor aircraft,
though analysis for a real aircraft is necessary.

4. Modeling the rotor-wing aerodynamic interaction pre-
served the damping behavior for the conventional
tiltrotor configuration but shifted the instability speed
to higher values. The change is about 25 knots. It
was shown that effect of rotor wake on the wing may
be important if wing beam is the unstable mode. No
significant change was observed for the distributed ro-
tor configuration except chord damping at low speeds,
which appears to be captured with VVPM on rotors
only. Further investigation is necessary.

5. The sensitivity study for the baseline configuration
shows that wing beam stiffness has a reverse impact
on the instability speed; a higher beam stiffness re-
sults in a less stable system. This is due to participa-
tion of torsion motion in the beam mode. When the
stiffness is increased, torsion participation increases
(beam up—pitch up) which destabilizes the system.

6. Wing torsion and rotor flap stiffness have significant
impact on stability. Increasing the torsion stiffness by
25% completely eliminated the instability until 250+
knots. Moving the rotor flap frequency from 1.2/rev
to 1.3/rev also improved the stability and brought the
instability speed to 235 knots (a 100-knots improve-
ment).
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