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Loads and stability calculations for a proposed unmanned tilt rotor aircraft are presented. Blade loads are
calculated using the comprehensive analysis CAMRAD Il and the multibody dynamics analysis DYMORE ||
for helicopter, airplane, transition, and maneuvering flight. Gust loadings are investigated for some of the
maneuvers. Good agreement of bending loads is seen between the two analyses, particularly in airplane mode.
Torsion moments differ substantially between the two analyses with the smallest difference in airplane mode.
Rotor-wing stability is examined using DYMORE II. A parametric study of wing beam mode damping with
varying rotor and wing properties for semi-span and full-span models is presented. No instabilities are observed
for the parameters examined. Beam mode damping is found to be particularly sensitive to blade precone angle,
wing torsion stiffness, and pylon conversion actuator stiffness. Reduced fuselage roll inertia due to fuel burn
is found to increase beam mode damping. Correlations of isolated rotor lag frequencies and damping ratios
between the two analyses also compare favorably.

Introduction Comprehensive, multibody-based analyses of rotorcraft
enable the modeling and simulation of the rotor system to a
. . . high level of detail such that complex mechanics and nonlin-
Recent!y, there has b een increased Investment in adV"?‘”‘e%a effects associated with the control system geometry and
simulation and modeling for rotorcraft. The high cost of win ﬁlon conversion assembly can be considered. Kinematics of

tunnel and flight test experiments and the decreased availa b components can have a strong effect on the stability of the
ity of experimental facilities have prompted the use of compy;

tati . . . ('j)tor system.

ational alternatives. Systematic use of these analytical mod-

els currently supplements and may eventually supplant experi- In this paper, a rotor and wing for a proposed tilt-rotor air-
mental verifications. In particular, parameter variations whichraft are examined using the comprehensive analysis CAM-
are expensive or difficult to implement on a physical modeRAD Il (Ref. 1) and the multibody dynamics analysis DY-
can readily be examined in simulation. MORE Il (Ref. 2). Both analyses have been applied to the

) ) analysis of tilt rotors in the past (Refs. 3,4). The data pre-
Though computational tools are not yet approaching thsnteq in the paper are the result of calculations performed in

fidelity required to replace wind tunnel or flight tests, in theg,pnort of the vehicle design. Some limited results were pre-
design phase, before hardware is fabricated, comprehens.{){gus|y reported by Shen, Florost al (Ref. 5). A rendering

analysis and simulation are the only tools available to guidss the aircraft is shown in Figure 1 and vehicle properties are
and assess the proposed design. Even if test data are aVGi\I/'en in Table 1.

able, simulation tools can be employed to explain unexpected

results or provide valuable insight into the physics behind test The analytical models were developed in parallel so that
data. A large array of analytical sensors not possible onthe geometry, mass, and stiffness properties of the rotor
physical model can be deployed in simulation to provide fingiatch. Although some different modeling choices were made,
details for the researcher. the two models were intended to match as closely as possi-

Presented at the American Helicopter Society 62nd AnnubLe' Initially, concurrent loads and stability calculations from
Forum, Phoenix, AZ, May 911, 2006. Copyright 2006 by Both analyses were planned. Because of time and budget con-
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Fig. 1. Artist rendering of proposed tilt rotor aircraft.

Table 1. Tilt rotor aircraft physical properties. Fig. 2. Schematic of three-blade gimbaled hub.

Gross Weight 2000 Ib
Maximum Speed 270 kts
Wingspan 22 3 ft be analyzed and the response and loads of the others are as-
Fuselage Length 16.4 ft sumed to be the same. A gimbaled rotor system couples the
Rotor Configuration Gimbal three blades through the gimbal, so such an assumption is not
Number of Blades 3 valid. Rather, the response of the three blades together must
Rotor Diameter 9.4 ft be considered. The blades were modeled as elastic beams
Airplane Rotor Speed 1284 RPM joined together at the hub. The hub was considered rigid, with
Helicopter Rotor Speed 1605 RPM joints for the rotation and gimbal motion.

A recurring challenge in comprehensive analysis is the

choice of the appropriate level of analysis detail. Modern
calculations were performed using DYMORE with only a fewmultibody dynamics-based analyses allow for detailed swash-
stability calculations in CAMRAD II. However, some loads plate models that are increasingly common in rotor analyses.
and stability cases were compared between the analysesFigr the current work, the swashplate control system was mod-

verify that they produce consistent results. eled. The pitch horns and the swashplate itself were modeled
as rigid bodies, and the flexibility of the control system was
Analytical Models accounted for with pitch link axial stiffness.

. ) o ) In reality, the majority of control system compliance is of-
The rotor being analyzed is a 3-bladed, stiff inplane, gimbalegh, found in pitch horn bending, and axial deformation of the
rotor. A schematic of the hub is shown in Figure 2. Each bladgitchy |ink is relatively small. While this distinction may be
is connected to the hub through a erxure_wh|ch is sqfter Ifportant for the blade and hub designer, it is not typically
bending than the surrounding structure. Pitch control is progjevant for calculation of blade loads. There is sometimes
ylded py a torque tube surroupdmg t.he fle_xure anq a feathqh-e tendency to over-model fine linkages and parts because
ing spindle. Inside the feathering spindle is a tension-torsigpe analysis has the ability to do so. Such an approach can
strap designed to carry the Iarge axial Ioaqls from centrifug@laq to a very complex model with little improvement in ac-
forces, but be soft in both bending and torsion. curacy. A pitch horn, for example is often short and stubby

The CAMRAD Il model used in the loads analysis was ar@nd would not be appropriately modeled with the beam ele-
isolated rotor model, while elastic semi- and full-span model@ents available in either CAMRAD Il or DYMORE. In the
were developed for stability analysis in DYMORE II. Wherecurrent work, the control system compliance was calculated
the wing and pylon dimensions were needed, a rigid wing wakith a detailed finite element model and lumped together as
added to the CAMRAD Il model. The rotor models, whilePitch link stiffness for the rotorcraft analyses. This is a com-
not identical, were developed from the same drawings arfBOn practice.
property data. Modal reduction was used for the blades in
CAMRAD lI, where the entire DYMORE Il model was used
in the analysis. The CAMRAD Il and DYMORE Il models
are shown in Figures 3 and 4, respectively.

One improvement multibody dynamics-based analysis
provides over traditional rotorcraft analyses is the capability
for dual load paths. The most common example is the pitch
link providing a second load path to the blade. Additional

A common modeling assumption in comprehensive rotdoad paths can be modeled in the case of multiple structure
analyses is that the blades are identical so only one blade mdssigns, such as strap packs.
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Fig. 4. DYMORE Il rotor model.

tip mass for each blade was accounted for in the distributed
properties. Other rotor parts, such as the swashplate and pitch

Fig. 3. CAMRAD Il rotor model shown with rigid wing ~ horn were modeled as rigid.

and pylon. A consequence of using multibody dynamics analyses is
that traditional quantities used by engineers and scientists are
not as straightforward as in traditional rotorcraft analyses. In
In the current work, two load paths to the blade are modsarticular, collective pitch was traditionally straightforward.
eled, the primary load path through the flexure, and the path a multibody dynamics analysis with a swashplate model,
through the pitch horn. The blade root as designed, shoveollective pitch is adjusted by linear translation of the swash-
in Figure 2, had multiple load paths in addition to the pitctplate. For a helicopter, a linear relationship between swash-
control. These are within the blade root itself and include thplate translation and blade collective pitch angle can be estab-
pitch case, feathering spindle, and tension-torsion strap to fiished. For a tilt rotor, however, where the collective pitch
act torsion, bending, and axial loads, respectively. These threavel is on the order of sixty degrees, the relationship be-
concentric structures are connected together at the outboantken the swashplate motion and the pitch bearing rotation
end of the pitch spindle. is not necessarily linear. This is especially true in high speed
It is possible to consider the separate structures, but tk?('arplane mode f_hght, where the swash_plate_ IS hear _the _end of
. . . : itS travel. For this reason, the tewullective pitchused in this
model is only improved if the properties of each structure are o . . .
L : aper is interchangeable witlllective settingnd represents
known accurately and the individual motions of the parts hae . ; . .
) a linearized quantity related to swashplate motion. It is close
a measurable effect on the system. Otherwise, the compIe[x- . .
. L , 0, but not exactly the same as the collective rotations of the
ity of the model is increased to no benefit. In both models. :
. . . . . pitch bearings.
the concentric parts were combined into a single beam witha
discrete pitch bearing. In the CAMRAD Il model, the pitch  For the DYMORE Il model, the rotor was attached to a
bearing was located at the outer end of the pitch spindle, whifixed wing to form a semi-span model. A full span model,
in the DYMORE Il model it was in the center of the spindle.with a mirrored second rotor and full-span wing, was also de-
The axial stiffness of the tension-torsion strap, the bendingeloped. The pylon conversion actuator was modeled as a
stiffness of the pitch spindle, and the torsion stiffness of thiéexible joint, which consists of a set of concentrated springs
torque tube were incorporated into the single structure. Th&nd dampers.

assumption is valid to the extent each structure is stiff with .
respect to the load it is intended to react and soft compared ﬁo Although often applied 10 the same problems, CAMRAD

the others. A pitch bearing spring was also included to mod%land DYMORE Il are very different analyses in their hlstlory,
the small torsion stiffness of the tension-torsion strap. ormulation, and solution procedures. CAMRAD Il provides

both harmonic analysis and time integration of equations of
The outer blade was modeled as an elastic beam with amotion, where DYMORE Il is a strictly time domain anal-
propriate distributed mass and stiffness properties. Additiongkis. Both analyses, however, are more mathematically rig-
discrete masses were also introduced at the root of each blamteus than classical analyses and each has its strengths and
to account for the mass and inertia of the hub and gimbal. weaknesses that can make one more suitable than the other
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Table 2. Qualitative descriptions of blade loads cases. i
Helicopter Mode z
Steady Gust o8l
Max Speed, 80 deg Nacelle X -
Max Speed, 90 deg Nacelle X o i
Hover, Max Gross X X 3 -
Vertical Ascent, Max Gross X X E 06
Vertical Ascent, Min Gross X X S |
Transition E i
Steady Gust a 041
Normal Conversion Corridor X o i
UpperConversion Corridor X X :
Airplane Mode 021
Steady Gust i
Maximum Speed X X o Ny
CruiseSpeed X %2 0 02 04 06 08 1 1.2
Loiter Speed X Time, sec
Maneuvers . ) ) ) .
Steady Gust Elg. 5. Non-dimensional gust profile used in loads calcula-
Symmetric Pull-up X X tions.
Rolling Pull-up X X

Theseas well as representative forward flight cases in both

airplane mode and helicopter mode are presented.
for a particular problem. Both are readily applied to loads and

stability analysis. For steady state loads, CAMRAD Il calculates periodic

response using a harmonic balance method. An iterative pro-
cedure is used to calculate trim settings. In DYMORE, an

Loads Analysis autopilot feature is used to reach a steady-state trim solution
as the equations are integrated in time.

The loads cases examined in the current work were provided DYMORE has no assumptions about periodic motion, so
by the Korea Aerospace Research Institute (KARI), the malgusts can be directly applied in DYMORE in its normal op-
ers of the aircraft. They represent a sampling of both normatation. In addition to the periodic response and trim task,
and peak loads the rotor should experience during operatiaDAMRAD |l features a separate transient analysis task that
Load cases for helicopter mode, transition, and airplane modene integrates the equations of motion similar to DYMORE.
were analyzed. Blade loads were calculated for steady sta#er the gust cases, where the rotor motion is not periodic, this
and maneuvering flight in smooth air and with gusts. A sumiransient task must be used in CAMRAD Il. The gust profile
mary of the cases is given in Table 2. is shown in Figure 5. For all of the load cases involving gusts,
he gust had a 1-second duration, although the magnitude of

Early in the design process, loads were calculated wi he gust was different depending on flight condition.

both CAMRAD Il and DYMORE Il for comparison. As the
design progressed and changes were made to dimensions andCAMRAD |l has several options for calculating blade
elastic properties of the vehicle, the stability and loads taskgads. For the current study, loads were calculated with the
were divided. While the loads for the final design are mogiefault method, based on force summation. Internal and ex-
valuable to the vehicle designers and structural engineers, thieynal forces are integrated along the span to produce blade
are not necessarily of general academic interest. The eal®yads. Conversely, DYMORE Il calculates blade loads using
loads calculations, however, represent a comparison of moalcurvature method, where the blade displacements are calcu-
els developed from the same starting information by two diftated from the blade deflections and stiffness properties.
ferent analysts using two different analyses.

Taking into consideration radial distribution of loading, theHelicopter Mode
cases listed in Table 2 represent a large amount of potential
loads data not readily distilled into a few plots. So only a smalThe first test case is high speed forward flight in helicopter
sampling of illustrative results are presented in this paper. Theode. To obtain the flight condition, the airspeed was fixed to
critical cases for loads were found to be transition betweed®? kts and the rotor was trimmed to a specified thrust and flap-
airplane and helicopter modes and the transient maneuvepig. Trimming to thrust circumvents the issue of collective



pitch vs. collective pitch bearing rotation described abovesertical shift, so what appears to be a radial shift may instead
The shaft angle was set near 90 deg to incorporate both a ®@ a magnitude discrepancy.

deg nacelle angle plus a correction for the vehicle attitude. . .
9 glep The DYMORE lI-predicted moment is larger at 90% than

The mean and half peak-to-peak blade loads are showntime CAMRAD Il prediction at 80% and remains larger in-
Figure 6. The correlation in the mean bending loads is quiteoard until 0.4R. This might be an artifact of the curvature
good. The flap bending moments, shown in Figure 6a, matechethod for calculating loads. From 0.2R-0.4R, there is a
very closely except for the midspan, where CAMRAD Il pre-significant deviation between the two predications, where the
dicts a larger positive moment than DYMORE Il. The mearCAMRAD Il prediction is significantly larger than that from
lagwise bending loads (Figure 6b), also match very closely e®YMORE II. Inboard of 0.2R the predictions come together
cept for approximately 30% radius, where again CAMRADagain. The lag bending moments in Figure 7e agree well over
Il predicts a larger moment. The half peak-to-peak bendintpe entire radius. Finally, the torsion moments (Figure 7f) are
loads, shown in Figure 6d and e, are very close over the entisenall in magnitude, only 1-2 ft-Ib, but agree very well inboard
span. of 0.5R and reasonably well outboard.

The torsion moments, shown in Figure 6¢ and 6f, do not Loads were also calculated in airplane mode at the max-
match as well. There is approximately a factor of two difimum speed of 270 kts. For the maximum speed case, the
ference in the mean moment and a factor of three in the o®ads were calculated in smooth air and with a 50 ft/sec verti-
cillatory moment. The shape of the curves is very similaal gust. For the gust, a 2.5 second record was simulated with
however. Note that the pitch bearing was placed at 18% réie gust occurring between 1 and 2 seconds. The half peak-
dius in the CAMRAD Il model and approximately 14% in theto-peak loads are calculated from the extremes of the entire
DYMORE Il model. These correspond to the outboard end.5-second record.
and center of the pitch spindle (see Figure 2). That is the rea- . . N
son for the step crrl)angespin the(torsiongmomént at those radial The ben_dmg and torspn_ loads are shown in Figure 8. The
stations in the plots. The loads are calculated in the bla 8tor was trimmed to specific flapping angles that were small,

principal axes, not the hub plane. In many of the results, the é"t not zero. So there are nonzero oscillatory loads in the

are step changes in bending and torsion moments becaus?S r&poth_aw case, but they are dwarfed l_)y the half pgak-to-pe_ak
the pitch bearing. oads with the gust. The mean and oscillatory bending loads in

both flap and lag practically lie on top of each other except for
the difference in the radial location of the pitch bearing. The
Airplane Mode torsion moments with the gust differ by approximately 30%
at most and show the same characteristic trend as the previous

Two cases are presented for airplane mode flight, a cruise cfSUItS-
dition, 216 kts, and a high speed flight condition, 270 kts. The
cruise condition is the initial condition for the transient ma- " :
. . . Transition Flight
neuvers described below. Like the helicopter mode calcula- 9
tions, the airspeed was specified and the rotor was trimmed
specified thrust and flapping. Trimming to thrust is especiall

important in airplane mode, where there is a large amount

‘Fr)ansition flight was modeled in steady state. A schedule
§f nacelle angle, airspeed, thrust, and flapping was provided
axial flow and the rotor is lightly loaded. Very small incre- Where each load case was a combl_natlon of a!rspeed anq na-
ments in collective pitch have a dramatic effect on rotor thrus?elle angle. The CAMRAD Il analysis was _conflgured to trim
the rotor to the specified thrust and flapping. For the upper
Loads in cruise flight are shown in Figure 7. The mearonversion corridor, a 30 ft/sec gust loading was also speci-
loads compare well for both flap and lag bending, Figure 7fed. A gust of the same profile was applied from 1-2 seconds
and b. The mean torsion moments (Figure 7c) do not agree @fsa 2.5-second interval like the airplane mode calculations.
well as the flap and lag bending moments, but the predictior@nly the magnitude was different.
differ by approximately 50% rather than 100% as seen in Fig-
ure 6¢. The nearly axisymmetric loading resulted in the beﬁto
correlation for torsion moments in the study to be exhibited i
the airplane mode cases.

The largest loads were observed for nacelle angles in the
—75 deg range. Loads for the 60 deg nacelle angle are
shown in Figure 9. The forward speed is 121 kts. For a 60
deg nacelle angle, the rotor is between an edgewise condition
The oscillatory flap and lag bending loads do not match eénd an axisymmetric condition. For all of the bending mo-
closely as the mean loads, but nonetheless agree well. Timent calculations, CAMRAD Il predicts larger moments than
half peak-to-peak flap moments (Figure 7d) have a similddYMORE Il. The mean lagwise moments, Figure 9b, agree
trend except for what appears to be a radial offset betwedetter than the flapwise moments, Figure 9a. For both anal-
0.4R and 0.8R. It is not clear what might cause momentgses, the gust produces little change in the mean loads. The
to differ radially between the two analyses. The moderatelgscillatory moments in both flap and lag (Figure 9d and e)
sloped lines can be brought together by either horizontal @how similar radial trends but differ in magnitude by 50% to
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100%. Like the helicopter mode results, both the mean ar = 100
oscillatorytorsion moments differ by a factor of two or three.

50

Transient Maneuver

e

ment, ft-lb
o

dynamics analysis was supplied, which specified the displac._g
ments, velocities, and accelerations of the linear and angul § -100 |-
degrees of freedom of the vehicle center of gravity. Blad®
loads in collision avoidance maneuvers similar to those us¢.2 5,
in the present study can be found in Reference 6.

Flapwise

For the CAMRAD Il analysis, the rotor was attached tc — -200 |- ~&— Effect of Gust
a rigid base which was connected to actuators to mimic tt
flight path. The rotor was offset spanwise and longitudinall! 55
from the base on a rigid wing so it was located properly rele
tive to the vehicle c.g. The DYMORE Il analysis was config-
ured in a similar fashion.

1 1
0 2 4_ 6 8 10
Time, sec

Fig. 10. Time history of CAMRAD Il flap bending mo-
To ensure consistency between the trim and maneuver canents at 0.4R for a symmetric pull-up maneuver in air-
ditions in CAMRAD I, the rotor was first trimmed using the plane mode with and without gust loading.
same wind tunnel trim procedure as the steady load cases. The
velocity of the oncoming wind was set to the forward speed

at the start of the maneuver. Rather than suddenly remoyezx(RAD |11 are shown in Figures 10-12. The acceleration
the wind and instantaneously start the vehicle motion, the OBortion of the maneuver is from 1-6 seconds, and the vehicle
coming wind was retained for the duration of the maneuvejs essentially steady for the remainder of the interval. This
The effects of this wind were then subtracted from the vehis evident in all three plots. The loads are most severe at the
cle motion. The airspeed schedule was uniformly reduced Byeginning and end of the maneuver because of the initial ac-
the initial airspeed, and the displacement was reduced by thgjeration from steady state and some overshoot beyond the
initial airspeed multiplied by time. This provided for a veryang state. The maneuver as specified does not end in steady
smooth transition between the trim and transient phases of thgg| flight. The vehicle is in a steep climb at the end of the
analysis. maneuver, so the moments at 10 seconds do not and should

Only the collective pitch input changed during each maP©t maich those from 0-1 seconds.

neuver, CyC“C pitCh was held fixed. The collective pitCh fol- The p|ots show the magnitude of load that can be produced
lowed a predetermined schedule like the vehicle degrees |9f a maneuver. The half peak-to-peak flapping loads (Figure
freedom. The pitch change was also applied as a perturbatiam) in steady state are on the order of 50 ft-Ib, but peak at
The steady state collective setting specified for trim calculateghout 200 ft-Ib during the maneuver. Lagwise bending and

by the flight dynamics analysis was removed from the collegorsion loads (Figures 11 and 12) are also increased signifi-
tive schedule and the resulting deviation added to the steaghintly over steady state.

state collective determined by CAMRAD Il and DYMORE II. ) ) )
The loads cases were run both in smooth air and with

In CAMRAD I, the solution procedures for trim and tran-the most severe blade loads punctuated by a vertical gust.
sient analysis are different, so there is a small discrepanThe loads with the gust, shown in red, are identical to those
between the periodic response and the steady state responiiiout the gust except for the interval from 4.5-5.5 seconds
produced by time integration. The discrepancy must damphere the gust is applied. The gust has the effect of increas-
out when the transient task is started. Because of the stepg the half peak-to-peak flapping moments by nearly a factor
taken to ensure compatibility between the trim and transienf two and increasing the steady level as well. The effects on
solutions, the transient task reached steady state within a f¢agwise bending and torsion are not so dramatic, but increases
rotor revolutions. on the order of 50% are still observed.

Two maneuvers were considered, a symmetric pull-up and Comparisons of the blade loads calculations from CAM-
a rolling pull-up. Only data from the symmetric pull-up isRAD Il and DYMORE Il are shown in Figure 13. The mean
provided here. For this maneuver, the acceleration is only end 1/rev harmonics of flap and lag bending moments are
the vertical direction, whereas the rolling pull-up has a muckhown with and without the gust loading. The mean and 1/rev
more complex flight path. Loads at 40% radius calculated bsine harmonic of flap bending moments, shown in Figure 13a
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Fig. 11. Time history of CAMRAD Il lag bending mo-
ments at 0.4R for a symmetric pull-up maneuver in air-
plane mode with and without gust loading.
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Fig. 12. Time history of CAMRAD Il torsion moments at
0.4Rfor a symmetric pull-up maneuver in airplane mode
with and without gust loading.

and b, match very closely between CAMRAD Il and DY-
MORE II. The 1/rev cosine flapping moment correlation (Fig-
ure 13c) is good, but the peak moment around 5 seconds into
the maneuver differs both with and without the added gust.
Overall, however, the three plots demonstrate very good cor-
relation in both magnitude and phase.

The trends for the lag bending moments (Figures 13d—f)
are similar. The mean lag moment (Figure 13d) is approxi-
mately constant throughout the maneuver, and the addition of
the gust does not introduce any substantial deviation. Like the
flap bending moments, the 1/rev sine and cosine components
agree very well, with the 1/rev sine component showing better
agreement than the 1/rev cosine.

Stability Analysis

The rotor stability was also evaluated using CAMRAD |l
and DYMORE II. Like loads calculations, the stability cal-
culations are performed differently between the two analyses.
Damping was calculated in DYMORE in much the same way
as it would be calculated in a wind tunnel test. The rotor was
trimmed to a steady-state condition, then the wing was per-
turbed to produce motion in the mode of interest. For exam-
ple, to measure damping of the wing beam mode, the wing tip
was deflected vertically and released. The free decay of the
response was calculated, and damping was calculated from
the resulting time history.

For the DYMORE Il results, damping ratios were calcu-
lated using Prony’s method, which was shown to be similar to
Floquet theory (Ref. 7). An internal comparison between cal-
culations using Prony’s method and the more common mov-
ing block method was conducted, and they were found to give
the same damping.

Although this “virtual experiment” could be duplicated us-
ing CAMRAD I, a different approach was taken to analyze
the system stability. In addition to its time integration and
harmonic analysis capabilities, CAMRAD II can also calcu-
late linearized eigenvalues. Once a trim condition is reached,
the equations are linearized about the trim state and the fre-
guencies and damping are calculated from the system eigen-
values.

The eigenvalue analysis has the limitation that the results
are linearized, and it is sometimes difficult to identify modes.
But it has the important benefit of producing the frequency
and damping information for a large number of modes simul-
taneously. The analyst does not need to speculate on what the
critical mode might be because damping for all of the modes is
provided. Therefore it is a good complement to the DYMORE
analysis, where each mode has to be perturbed individually to
get a clean damping measurement.
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Fig. 13. Comparison of blade load harmonics at 0.4R from CAMRAD Il and DYMORE Il during symmetric pull-up
maneuver, airplane mode, 1284 RPM.



Isolated Rotor Stability

Most of the stability analysis was conducted using DYMORE
II, but some calculations were made using CAMRAD II. In
order to increase confidence that both analyses would give t
same answer, some isolated rotor stability calculations we
compared between the two analyses. CAMRAD Il was nc
used for any rotor-wing stability calculations, so the analyse
could only be compared using isolated rotor models. Noty
that, like loads calculations, getting tlsameanswer from
both analyses does not necessarily imply ¢baectanswer,
but does give confidence in the similarity of the models. Th3
inputs may not represent all of the critical physics of the as®
built rotor system, but at least the consistency of the inpu
can be determined.

>
o
=
d.)

Frequencies and damping ratios over a range of velocitit
in airplane mode were calculated with both analyses. Tt
lowest damped mode was the lag mode, so only that moi
was compared to reduce the number of cases to be runinC
MORE Il. As stated earlier, CAMRAD Il produces a list of

frequencies and damping ratios, but modes must be identified
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using other information, such as isolated blade frequenciesig. 14. Comparison of isolated rotor lag bending frequen-

For the DYMORE calculations, a specific mode is perturbediesfrom CAMRAD Il and DYMORE Il calculations, air-
so the perturbed mode should dominate the resulting time histane mode, 1284 RPM.

tory. Therefore, the modes for the comparison were identified
in DYMORE Il by animating the time history.

The frequency and damping results are shown in Figures
14 and 15. CAMRAD II produces three discrete frequencies
for each mode, a collective frequency and two cyclic frequen-
cies. In DYMORE II, the cyclic frequencies are identical.
Figure 14 shows that both the collective and cyclic frequer
cies predicted by CAMRAD Il are approximately 1 Hz higher
that those predicted by DYMORE II. Aside from that, the fre-
guency trends match very closely.

Damping, shown in Figure 15, also matched very cIoseI)E
The cyclic mode damping calculated from DYMORE isg
bounded by the two cyclic modes from CAMRAD II, and the 2
trend is similar. The damping ratio of the critical mode, coI
lective lag, is only different by approximately 0.1% betweerc
the two analyses, but that 0.1% spans the stability boundaE
at low speed. CAMRAD Il predicts slight negative damplnco
below 150 kts while DYMORE Il predicts a slight positive
damping to 115 kts.

The calculations do not include structural damping, so th
results do not indicate neutral stability at low speed. They ir
dicate that the actual damping is approximately equal to tt
structural damping. Structural damping can be significant d.
pending on construction. For a composite blade, modal struc-
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tural damping is typically assumed to be 1-2% plus addition&iig- 15. Comparison of isolated rotor lag damping from
damping in the bearings, joints, and fasteners that is diffict@AMRAD Il and DYMORE Il calculations, airplane
to quantify analytically. Based on these results, the CAMmode, 1284 RPM.

RAD Il and DYMORE Il models produce very similar fre-

guency and damping results despite the different methods of

calculation.
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The stability of the rotor and wing was assessed using DY —@— 1284 RPM, Without Wing Aerodynamics

. . . 4 H O 1605 RPM, With Wing Aerodynamics ]
MORE semi-span a_nd full-span models. The _mformathl < 1284 RPM, With Wing Aerodynamics
gained from the semi-span model should be equivalent to tl —-A—— 1605 RPM, Without Wing Aerodynamics
symmetric modes of the full-span model. Anti-symmetricg 3l > _
modes have different frequencies which depend on the meE€ o <o
properties of the fuselage. ‘\g

o

A parametric study was conducted where a number of d'g?
sign parameters for both the rotor system and the wing we's.
varied in order to determine their influence on wing bearg 1|
mode damping. Stability was evaluated over the speed ran®
of 75 kts to 330 kts. This range includes the entire opera
ing envelope plus a margin of safety. Transition to helicopte 0
mode should occur at the 1605 RPM, so 75 knots is well bt
low the lowest airspeed where the vehicle should be operatil P ; ; ; ; ; ;
at 1284 RPM. 0 50 100 150 200 250 300 350

Velocity, kts

If an instability occurs, motion should either grow without
bound or reach a limit cycle, presumably with large amplii:ig 16. Comparison of beam mode damping in airplane
tude. For the current configuration, no instabilities were foungnoae 1'284 RPM and 1605 RPM with and without the ef-
for the cases examined. Because the equations of motion Qe . .

o . . o ts of .
time integrated in DYMORE I, any instability in the system eCts of wing aerodynamics
should be revealed, even if the unstable mode is not directly

perturbed. and without wing aerodynamics. The wing aerodynamics add

While the damping of every mode was not specificallyan increment to the beam mode damping that is linear with
tested, the absence of any unbounded response is an impligitspeed. To more clearly see the linearity, the data with and
indication that the rotor and wing model is stable. Howevegyithout wing aerodynamics were subtracted for each airspeed
such a conclusion is not guaranteed, because loading varia-obtain the plot shown in Figure 17. A dashed line from
tions due to maneuvers, gusts, and turbulence that are alwale origin to the first data point was added to show that the
present in flight in real air are not present in analysis. Onljines do intersect the origin. With the exception of the highest
small perturbations due to discretization or round-off erroairspeed, the damping increment is linear with velocity, but
are present. The wing beam mode has been shown to be th@ependent of rotor speed. The wing aerodynamics can be
most critical for whirl flutter stability (Refs. 8—15), so most ofadded by superposition to the parametric results. The baseline
the rotor-wing damping results presented in this work are fdor the parametric study is the red line with circular symbols
beam mode damping. in Figure 16.

Previous work on tilt rotor aeroelasticity also provides DYMORE does not use modal reduction, so modal struc-
guidance for where to find the critical conditions. The crittural damping cannot be added directly to the model. Damp-
ical flight condition for whirl flutter has been shown to be theng must be added as part of the distributed properties and its
windmilling condition. So many of the results presented hereffect on damping of modes is not intuitive. Therefore, struc-
are for a windmilling rotor. To trim the rotor in a windmilling tural damping was set to zero for the stability calculations.
condition, the airspeed and rotor speed were set and the cAly assumed structural damping can be added by superposi-
lective pitch was adjusted to obtain zero torque on the driviéon.

shaft, The first parameter to be varied was the lagwise bending

Wing aerodynamics were not included in the semi-spastiffness of the rotor blades. Note that the stiffness changes
parametric study. Beam mode damping due to wing aerodindicated are only for the blade flexure (see Figure 2), not the
namics is a function of airspeed only and can be separatedtire blade. Changing the flexure stiffness changes the first
from dynamics of the rotor system. The purpose of the cuelastic chordwise mode, but has a comparatively minor effect
rent work is to assess the stability of a proposed rotor and wiran higher modes. It also restricts the change to inplane mo-
design, so it was beneficial to remove the offset provided byon, that is, in the hub coordinate system, whereas changes to
wing aerodynamics to obtain a clearer picture of the parametie entire blade would shift frequencies differently depending
ric effects. on collective pitch.

To illustrate, Figure 16 shows the beam mode damping at The result is shown in Figure 18. The beam mode stability
the airplane mode and helicopter mode rotor speeds both withlargely insensitive to lag stiffness. A large excursion in lag
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Fig. 17. Beam mode damping from wing aerodynamics in

airplane mode. Velocity, kts

Fig. 18. Variation of wing beam damping with blade lag-

stiffness, where the stiffness is only 25% of the baseline, onK‘/Ise bending stiffness, airplane mode, 1284 RPM.
produces a small change in damping. Halving the stiffness,

which could arguably also be called a large excursion, has

only a minor effect on damping. Increasing the lag stiffness

does not produce any significant increase in stability.

The second parameter was non-structural tip weight. The
baseline configuration has some tip weight included in the
running mass. For the parametric study, the tip weight we 5

I
inc_reased in addition_ to the baseli_ne valu_e. Additional tif 5| O Baseline _
weight has the combined effect of increasing the rotor ma: o Tip Weight = 0.5 Ib
and inertia, and reducing its Lock number. The results ai 4| & Iip aeigzhl lbI -
shown in Figure 19. The tip weights uniformly destabilize the‘_u asl : T;g WZ;gh: ; 2-:) b i
rotor at low speed, but stabilize it at high speed. The 1.515 ™

and 2.0 Ib damping lines are nearly identical, suggesting thg 3k -
larger tip weights would have little effect.

3 o
.25 -
A parameter that had a sizable impact on damping was tl_g’
blade precone angle. The baseline precone was 2 deg. Vai2 2| o H

tions from 0 to 4 deg are shown in Figure 20. There is little efg
fect below 200 kts, but at high speed, the beam damping vari
significantly. At the maximum speed of 330 kts it ranges fron 1| -
less than 0.5% critical with 4 deg precone to nearly 3.5% wit

no precone. The fan-like distribution of damping where thi  0-5
spreading of points increases with airspeed suggests that ae 0 ] ] ] ] 1 1
dynamic effects play the dominant role relative to inertial ef 0 50 100 150 200 250 300 350
fects of changing the blade geometry. Velocity, kts

The first fixed-system parameter to be changed was €y 19 |nfluence of added blade tip weight on wing beam
beamwise bending stiffness. Unlike the blade lag S“ﬁ”esaamping airplane mode, 1284 RPM.

the beamwise bending stiffness was modified by scaling the
bending stiffness along the entire wing span. The effects of
increasing and decreasing stiffness are shown in Figure 21.
The effects are greatest at low speed, where the influence of

15 -1
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cone,airplane mode, 1284 RPM.

Fig. 21. Variation of wing beam damping with wing beam-

L wise bending stiffness, airplane mode, 1284 RPM.
aerodynamics is smaller. As stated above, below 150 kts, the

aircraft should be in conversion to helicopter mode, so for
practical purposes, this region is not of interest. At high and
low speed, the trend is for increasing damping with increasing
stiffness. At 200 kts, the half stiffness damping is higher than
the baseline, but is approximately the same or lower for the
other data points. A single outlying point is probably caused

by numerical error rather than a physical phenomenon. 5 T T T T T T

The variation in damping with the wing chordwise stiff- 4.5 |-| —@— Baseline -
ness is shown in Figure 22. There is virtually no sensitiv 00— El_c=0.50 Baseline
. . . . . 4| &  Elc=075 .
ity to chordwise stiffness evident over the entire speed rang X El c=125
Even a 50% increase or decrease in stiffness does not prodiz 35|| —w— Elc=1.50 -
a noticeable change in damping over the entire speed ran.g
Chordwise wing bending produces axial motion of the hub. |5 3| .
is largely decoupled from inplane hub motion, at least in tha? 25| |
first chordwise mode. The collective blade flapping produceg“v '
by axial hub motion is heavily damped, so there is little effeca. 2| -
on rotor-wing stability. %

o 15} -

The effect of wing torsion stiffness is shown in Figure
23. Unlike chordwise bending stiffness, torsion stiffness he T 7]
a measurable effect on beam damping at high speed. Beca 45| -
of the chordwise offset of the hub with respect to the wing
torsion produces pylon pitch motion and inplane (that is, i~ 0y 5'0 1(',0 1;0 2(',0 2éo 3(',0 350
the rotor plane) motion of the hub. The inplane hub motiol Velocity, kts

couples with the blade lag mode and affects the stability ot

the rotor-wing system. Like rotor precone, there is little effecf;ig_ 22. Variation of wing beam damping with wing chord-
below 200 kts. Above 200 kts, reductions in torsion stiffnesg;ise bending stiffness, airplane mode, 1284 RPM.
reduce the beamwise damping. The reduction is modest for a

25% reduction in stiffness, more noticeable for a 50% reduc-

tion. Increasing the stiffness above the baseline produces only

a modest increase.
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Fig. 23. Variation of wing beam damping with wing tor-

sion stiffness, airplane mode, 1284 RPM. Velocity, kts

Fig. 24. Variation of wing beam damping with pylon con-
version spring stiffness, airplane mode, 1284 RPM.
Pylon pitch motion is a combination of wing elastic torsion

and compliance in the conversion spring. As the wing torsion

stiffness increased, it eventually becomes rigid relative to the

conversion spring and vice versa. Then the compliant part

produces all of the motion and increases in the stiffness of the

rigid part do not increase damping.

The effect of the pylon spring is shown in Figure 24. Like 5 T T T T T T
wing tprsmn stlf_fness, it ha; a notlcea_lble effect onrotor-wini .| Baseline _
Qamp|ng. Fpr increases in conversion stiffness, the dam .I:l Mast Height = -10%
ing asymptotically approaches a maximum value around 2.5 41 & MastHeight = -5% -
critical. By lowering the conversion spring stiffness, damping —A— Mast Height = +5%
is reduced, particularly at high speed. For the half stiffnes. —V—— MastHeight = +10% T
case, neutral stability is observed at 300 kts. Even at |o°
speed, a small decrease in damping is predicted.
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The last parameter to be examined with the semi-spez [ |
model was mast height. Changing the length of the mast zg
ters the separation of the hub from the wing bending and toa 1.5 |- -
sion axes. This has the effect of increasing the hub motic
due to wing torsion, but also increasing the torsional inerti
of the rotor-wing system. The mast height was only change 45| -
over a small+10% range. The increments shown are petr

centages of the distance from the wing quarter chord to tt 0 5'0 1(',0 1;0 2(',0 2éo 3(',0 350
hub, not the length of a specific piece of hardware. The dit Velocity, kts

tance would include both pylon and rotor components on the

real airframe. As shown in Figure 25, there is little change i'ifig. 25. Variation of wing beam damping with blade rotor
damping with this small variation. The influence does seeMiast height, airplane mode, 1284 RPM.

to increase at high speed, although the spread of damping at

150 kts is nearly as large as that at 300 kts. For practical

purposes, the damping is insensitive to the small variations in

mast height.
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0 off, and to a lesser extent by changes in payload in the main
05 ; ; ; ; ; ; fuselage. To simulate these changes, the roll inertia was var-
o 50 100 150 200 250 300 350 jed from one half to 125% of the baseline inertia. Figure 28
Velocity, kts shows that reducing the roll inertia due to fuel burn improves

the stability, significantly at high speed. An increase in inertia
has a detrimental effect, but it is minor for a 25% increase.
Unlike decreasing inertia from fuel burn, an increase above
the full-fuel gross weight would likely be a payload modifi-
cation near the vehicle cg. The small moment arm implies
an equivalent increase in gross weight, where 25% would be
substantial without further modifications to the rotors and/or
engine.

A full-span model was also developed in DYMORE Il to
examine the stability of both symmetric and anti-symmetric
wing modes. The symmetric wing modes should be identi-

cal to the semi-span modes, while the anti-symmetric modes o . . .
are different in both frequency and damping. There isarigi%oads.anCI stability calculations using the co_mprehens_lve
' analysis CAMRAD Il and the multibody dynamics analysis

body roll mode that produces anti-symmetric wing deflectiorbYMORE Il have been presented, including comparisons of

but this mode has no elastic energy and is not of interest In .
i . . : . Calculations between the two analyses. Based on the results
the current study. The first elastic anti-symmetric mode is thé : .
. . - of the current study, the following conclusions are offered.
mode of interest. The full-span model is shown in Figure 26.

Fig. 27. Comparison of damping ratios of semi-span and
full-span beamwise bending modes with wing aerodynam-
ics at 1284 RPM and 1605 RPM.

Full-Span Model

Conclusions

For the full-span model, wing aerodynamics were included 1 correlation of flap and lag bending moments between
in the stability calculations. A comparison is shown in Fig- CAMRAD Il and DYMORE Il was good particularly in

ure 27. It is clear that for both 1605 and 1284 RPM, the
semi-span and full-span symmetric modes are identical. The
anti-symmetric modes have generally lower damping, but the2.
damping monotonically increases with airspeed.

The only parametric variation considered with the full- 3.
span model was that of fuselage roll inertia. Variations in roll
inertia are often found when fuel stored in the wings is burned

airplane mode.

Torsion moments did not compare well between the two
analyses, with differences ranging from 50% to 200%.

Isolated rotor lag damping calculations were almost ex-
actly the same between the two analyses despite different
methods of calculating damping.
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. . American Helicopter Society, Vol. 37, (1), January 1992.
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tive to blade precone angle, wing torsion stiffness, and'*Nixon, M. W., “Parametric Studies for Tiltrotor Aeroelas-
pylon conversion actuator stiffness. Reduced fuselagi Stability in Highspeed Flight,Journal of the American
roll inertia due to fuel burn was found to increase bearielicopter Society, Vol. 38, (4), October 1993.

mode damping.
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