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Rotor design changes intended toimprove tiltrotor whirl-flutter stability margins Were analyzed. A baselineanalytical model 
similar to the XV-15 (23% thick wing) Was established, and then a 15% thick wing Was designed to he representative of 
a high-speed tiltrotor. While the thinner wing has lower drag, it also has lower stiffness, reducing whirl-flutter stability. 
The rotor blade design was modified to increase the stability speed margin for the thin-wing design. Small rearward offsets 
of the aerodynamic-center locus with respect to the blade elastic axis created, large increases in the stability boundary. 
The effect was strongest for offsets a t  the outboard part of the blade, where an  offset of the aerodynamic center by 10% 
of tip chord improved the stability margin by over 100 knots. Forward offsets of the blade center of gravity had similar 
but less pronounced effects. Equivalent results were seen for swept-tip blades. Combinations of tip sweep, control-system 
stiffness,and delta-three werealsoinvestigated. Alimited investigationofbladeloadsin helicopter and airplaneconfiguration 
indicated that proper choice of parametric variations can avoid excessive increases in rotor loads. 

Notation 

blade section aerodynamic center, positive afI of EA 
blade chordwise center of gravity, positive forward of EA 
thrust coefficient, divided by solidity 
elastic axis 
blade quarter chord, positive aft of EA 
rotor radius 
wing thickness-to-chord ratio 
change in blade chordwise QC or CG position 
kinematic pitch-flap coupling ratio 
advance ratio (flight speed divided by tip speed) 

Introduction 

Coupled winglrotor whirl-mode aeroelastic instability is the major 
barrier to increasing tiltrotor speeds. Increased power, thrust, and rotor 
efficiency are of no avail unless the whirl-mode stability boundary can 
be improved. With current technology, very stiff, thick wings of lim- 
ited aspect ratio are essential to meet the stability requirements, which 
severely limits cruise efficiency and maximum speed. Reference 1 gives 
a brief history of tiltrotor aeroelastic stability research and its application 
to tiltrotor design and flight test. 

Numerous approaches to improving the whirl-mode airspeed bound- 
ary have been investigated, including tailored stiffness wings (Refs. 2-5). 
active stability augmentation (Ref. 6). variable geometry rotors (Ref. 7). 
highly swept tips (Ref. 8). and at one extreme, folding rotors (Ref. 9). 
The research reported herein took an alternative approach of adjusting 

of swept blades, hence the research was extended to include variations 
in blade sweep. Theeffects of control system stiffness and delta-three on 
stability were also studied in conjunction with sweep. The consequences 
for blade loads were briefly assessed. The XV-15 rotor was the baseline. 

Srinivas, Cbopra, and Nixon (Ref. 8 )  also examined the effects of 
blade sweep on whirl flutter for a rotor similar to the XV-15. The present 
research was conducted independently of that reported in Ref. 8, and 
used a different analytical method. Reference 8 studied the effects of tip 
anhedral (droop) and taper, but not control stiffness or delta-three. Other 
differences are discussed in context, below. 

Analytical Model 

A CAMRAD I1 model of a notional tiltrotor was developed to serve 
as a baseline for parametric variations of rotor design parameters. The 
new model was based closely on an existingmodel of the XV-15, chosen 
because it is well-proven for stability analysis and thoroughly under- 
stood by the authors. See Refs. 10 and I1 for correlation of CAMRAD 
predictions with measured stability and loads. 

Figure 1 illustrates the XV-15 with pertinent dimensional data; the 
moderate aspect ratio of the thick wing is clearly evident. (Detailed spec- 
ifications are given in Ref. 12; see also Ref. I.) The model used here was 
altered in several ways from the actualXV-15, including adifferent wing, 
a simplified drive train, and deletion of wing aerodynamic damping. The 
changes are discussed further below. 

Airframe 

the chordwise positions of the rotor blade aerodynamic center and center Considerable effort was put into creating a thin, high-speed wing 
of gravity, effected by offsetting the airfoil quarter chord or structural 

design that could be rigorously compared to the actual XV-15 wing. The 
mass with respect to the elastic axis. The results implied the desirability new wing bas the same planform as the XV-15 wing, but with a thickness- 

Manuscript received January 2WO: accepted Januaty 2001. 
to-chord ratio ( r / c )  of l5%, a value typical of current commuter aircraft, 
instead of 23%.Airframedrag was arbitrarily reduced by 25% to simulate 
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The rotor parametric variations were distributed among four radial 
segments, numbered 1 to 4 from root to tip as shown in Fig. 2. For 
simplicity, stepwise offsets were analyzed first. The AC was offset aft 
in five increments of 5% of tip chord. (Local chord was not used, lest 
the inboard taper confound the results by creating an effective forward 
sweep along part of segment #I.) 

The AC shifts were effected by shifting the airfoil aft with respect 
to the pitch axis, which in this model is the same as the blade elastic 
axis (EA). The airfoil was referenced to the quarter chord (QC). Figure 2 
shows an example 10% QC aft offset at the tip segment. 

The CG was offset forward in increments of 5% tip chord to match 
the magnitudes of the QC offsets. The maximum offset was therefore 
25% chord, which placed the CG at the leading edge. The two types of 
offset were analyzed separately. There were thus five discrete values of 
two parameters each, at four separate radial segments, making a matrix 
of 40 variations in addition to the baseline. 

The stepped modifications were not intended to represent producible 
rotors, but toreveal theeffects of the design parameters on stability. More 
realistic swept-tip blades were subsequently analyzed, as discussed later 
in this paper. 

Stability Predictions 

Adding up the cases discussed above, there are 11 airspeeds for both 
trim criteria (zero power and limited power), applied to each of the 40 
parametric variations, plus the thick- and thin-wing XV-15 models with 
the unmodified rotor, for a total of 924 cases. It is practical to present 
only a general overall summary and a few specific examples. 

Baseline checks 

Figures 3 and 4 compare the CAMRAD I1 predictions for thick- and 
thin-wing XV-I5 whirl modes, plotted as frequency and damping versus 
airspeed for each of the wing modes. The intersections of the individual 
damping curves with the zero-damping axis define the stability bound- 
aries for each mode; the overall whirl-flutter boundary is that of the least 
stable mode. 

There are six wing modes to be examined: beamwise bending, chord- 
wise bending, and torsion, each in symmetric (Figs. 3(a) and 4(a)) and 
antisymmetric (Figs. 3(b) and4(b)) forms. Themode labels are somewhat 
arbitrary because the mode shapes rarely show pure bending, torsion, 
or chordwise deflections. This is especially true for the antisymmetric 
chord and torsion modes. Moreover, the blade collective lag mode cou- 
ples strongly with the wing modes at high speeds. The essential point is 
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Fig. 3h. Antisymmetric whirl-mode frequency versus airspeed for 
the thick- and thin-wing models. 
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Fig. 4a. Symmetric whirl-mode damping versus airspeed for the 
thick- and thin-wing models. 
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Fig. 4h. Antisymmetric whirl-mode damping versus airspeed for the 
thick- and thin-wing models. 

that all unstable modes are predicted with sufficient accuracy to reveal 
the effects of modifications to the rotor. 

Figure 4 clearly shows that symmetric chord and antisymmetric beam 
are the limiting modes for both the thick- and thin-wing models. It also 
shows that reducing the wing thickness greatly reduced the symmetric --",,, 

2 cl~ord, ifintisyn~n~c~ric hean]. and a ~ ~ l i ~ y n i ~ n c l r ~ c  chord (lamping. 'i'llu sln- 
150 200 250 300 350 400 hllll\ houn(lnrvoithcth~n-w~ne mndcl was b;lrclv 275 knots. n reduction - Knots of 60 knots below that of the original, thick wing. The key point is that 

Fig. 3a. Symmetric whirl-mode frequency versus airspeed for the the instability airspeed was greatly reduced without changing the basic 
thick- and thin-wing models. nature of the limiting modes. 
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At 400 knots, the tip Mach number is 0.82, placing the tip airfoil 
section inside the transonic regime. The blade section lift curve slope 
is decreasing at that point, which improves stability. This effect can be 
clearly seen in Fig. 4 for symmetric chord (Fig. 4(a)) and antisymmetric 
beam and torsion (Fig. 4(b)). 

Summary of parametric variations for stepped offsets 

Figures 5 and 6 summarize the changes to the overall stability bound- 
ary caused by the variations in blade QC and CG, modeled as stepped 
offsets. For the analyses discussed in this section, only one type of off- 
set was applied at a time, and at only one radial segment at a time. The 
thin-wing airframe model was used in all cases. 

The limiting airspeed was interpolated to the nearest 5 knots for each 
value of offset in Figs. 5 and 6. The lower limit of each plot is 275 knots, 
the stability boundary forthe thin-wing model with the unmodified rotor. 
The stability boundary of the modified rotor never dropped below this 
speed. The upper limit of 400 knots is the maximum speed analyzed. 

Eleven of the 40 QC and CG variations increased the instability air- 
speed by 60 knots or more, which fully recovered the stability boundary 
of the original, thick-wing XV-I5 model. 

It is immediately apparent that QC offsets are much more effective 
than CG offsets: usually at least twice as much so (compare Fig. 5 to 
Fig. 6). Offsets at the tip are more effective than at the root for both types 
of offset. 

The dotted lines in Pig. 6 represent the stability boundaries of the 
antisymmetric beam mode. Aerodynamic damping was neglected in the 
stability analyses. It would have increased the damping of the symmetric 
beam mode more than the other modes, so that all values would have 
shifted upwards, but by unequal amounts. The stability trends would 

Blade segment 

Fig. 5. Whirl-mode stability boundaries for quarter-chord offsets, 
thin-wing model. 

Blade segment 

Fig. 6. Whirl-modestability boundaries for center-of-gravity offsets, 
thin-wing model. Dotted bars are antisymmetric mode limits. 

then more closely follow tbe dottecl bars in Fig. 6. The extended stability 
boundaries forsegment#4 inFig. 6 aregenerally similar to the boundaries 
of segment #2 in Fig. 5, which reveals that both types of offset have 
similar effects on stability, aside from the greater overall effectiveness of 
QC offsets. 

The effects of QC offsets were more pronounced than expected. The 
400-knot limit of this study prevented a complete evaluation of the ulti- 
mate effectiveness of QC offsets at very high speeds, but exploitation of 
large stability improvements would require a reoptimized rotor. A 400- 
knot-class proprotor would have different airfoils, twist and planform, 
and would therefore be expected to show different sensitivities to the 
parametric variations considered here. 

The sensitivity of modal stability to the amount of QC and CG offset 
is revealed in more detail when the data are plotted for a single blade 
segment and fixed airspeed. Figures 7 and 8 present damping versus 
QC and CG offsets, respectively, for blade segment #4 at 350 knots. 
The outermost blade segment was chosen because the effects are most 
pronounced for that radial location. An airspeed of 350 knots was chosen 
because it is high enough to be strongly sensitive to both types of offset, 
vet not so high as to confound the results with transonic airfoil effects. 

Comparing Fig. 7 to Fig. 8, any given amount of quarter-chord off- 
set was much more effective than the same amount of center-of-gravity 
offset, hut only for offsets less than about 10% of tip chord. Increasing 
the QC offset had almost no effect beyond 15%, while CG offset was 
effective to the limit of the analysis, although beginning to he slightly 
less so at 25% offset. For both types of offset, the wing modes most 
strongly affected were symmetric chord and antisymmetric beam. These 
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Fig. 7. Variation of damping with quarter-chord offset for blade seg- 
ment #4 a t  350 knots. 
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Fig. 8. Variation of damping with center-of-gravity offset for blade 
segment #4 a t  350 knots. 
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are the critical modes because they are the least stable at zero offset. At a 
large enough value of either QC or CG offset, the damping of these two 
modes becomes greater than the damping of the symmetric beam mode, 
which is not strongly affected by either QC or CG offsets. However, this 
analysis included no wing aerodynamic damping, which would raise the 
damping of the symmetric beam mode more than any other mode. 

Antisymmetrictorsion wasstronglyinfluencedby CGoffsets, butonly 
slightly so by QCoffsets. Antisymmetricchord was very sensitive to both 
offsets, and was the only mode that decreased significantly with either 
type of offset. Because the damping of both of these modes is already 
high at zero offset, the variations shown here are of little consequence. 

Antisymmetric chord damping shows the peculiar behavior of a large 
increase for a small amount of offset, then a decrease with increasing 
offset; the effect is stronger for CG offsets (Fig. 8) than for QC offsets 
(Fig. 7). This is apparently caused by a strong interaction between wing 
and rotor modes, such that a small offset of either type significantly 
separates the modes, resulting in a large change in damping. Once the 
modes are separated, further changes in offset have much less effect. The 
reader is reminded that mode labels are somewhat arbitrary because of 
these and other coupling effects. The mtor modes have higher damping 
than the whirl modes and accordingly are not shown in the figures. 

The damping curves appear to be converging to a common value of 
about 5% critical damping, at least for QC offsets. This is roughly the 
same value as for a rigid, gimbaled rotor (not shown). If the rotor did not 
dynamically couple with the wing at all, the wing (and nacelles) would 

~ ~ 

still have aflutter boundary. A tentativeconclusion is that at largeenough 
values ofQCoffset, the rotor is fully stabilizedand the flutterboundary is 
determinedbvthe wine. Further increases to the offset would be ex~ected - 
to have little effect. 

The speculation above is only weakly supported by Fig. 8, but CG 
offsets would be expected to cause different modal couplings, hence 
different overall levels of stability. 

Combined offsets 

Because of complex modal couplings plus the nonlinear sensitivity of 
damping to offset (Figs. 7 and 8). it cannot be assumed that QC and CG 
offsets will be compatible. Figures 9 and 10 illustrate combined offsets, 
where one type of offset is held at a fixed value while the other is varied. 

- Sym, chord 
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CG offset, %tip chord 

Fig. 10. Variation of damping with C G  offset while Q C  offset is held 
fixed for blade segment #4 a t  350 knots. 

with zero CG offset are also shown. With a 15% CG offset, the damping 
is significantly increased for low values of QC offset, and the nonlinear 
sensitivity of damping to changes in offset is still evident, as is conver- 
gence to a value just under 5% damping. However, the overall sensitivity 
to QC offset is much reduced. 

Figure 10 shows the effects of varying CG offset while the QC offset 
is held at 10% chord. Damping curves for CG variations with zero QC 
offset are also shown. Again, the damping is increased much more at 
low values of CG offset than at high values. The overall damping is 
consistently increased for combined offsets and appears to be converging 
towards a value slightly under 5%. 

The common result is that QC and CG offsets can be combined for 
an increase in damping, but their effects do not add linearly. Fortunately, 
most of the reduction in sensitivity to offset occurs after the system is 
stable, so the asymptotic behavior presents no problems. 

Swept-tip blades 

Figures 9 and I0 together imply that swept tips would increase whirl- 
modestability. Aft sweep wouldmovetheCG in anunfavorabledirection, 
but the greater sensitivity of damping to QC offset would cause a net 
increase in stability. Sweep would also maximize the amount of offset at 

As in Figs. 7 ~ n d  8, offset.; wcre applied lu tile uutennorl bldde seglnerit the tip for n slight impruvcment uver :I stepped uff\et. :lnd wulild n~akr. 
2nd ctah~litv wsccnlc~~lalcd at 150 knots. 0 1 i l \  the leact ctahlc mo(lepare lor more pmclicnl hla~le conslructlon. Notc t h n t  hladc swccp i i  derivcd 

shown. 
Figure 9 shows the effects of varying QC offset while the CG offset 

is held at 15% chord. For comparison, damping curves for QC variations 
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Fig. 9. Variation of damping with Q C  offset while CG offset is held 
fixed for blade segment #4 a t  350 knots. 

from different considerations than apply to classic swept wings. 
Figure 2 shows two blades with swept tips. The first has 5.34 deg of 

sweep over the outer 20% of blade radius, which gives the same offset 
moment as a 10%-chord offset. That is, the product of the local offset 
and the incremental chord, integrated over the outermost blade segment, 
is the same for both a 10% stepped offset and a 5.34-deg swept blade. 
The second swept blade has 10 deg of sweep over the outer 20% radius, 
the maximum analyzed in this study. 

For the stability analyses discussed herein, sweep was modeled by 
sweeping the elastic axis (EA) and quarter-chord (QC) line, either to- 
gether or separately, as explained below. In CAMRAD II, structural and 
aerodynamic parameters are referenced to the elastic axis and quarter- 
chord line, respectively, so they are automatically swept with the EA and 
QC (Ref. 13). Sweep was always initiated at 0.8R (blade segment #4 in 
Fig. 2); the outer20% of the blade was, in effect, rotated aft by the amount 
of sweep. Damping was calculated at 2-deg increments of sweep. 

Figures 11 and 12 show the variation indamping with sweep forblades 
with aerodynamic sweep only and with equal aerodynamic and structural 
sweep. The first is not a practical blade; indeed, at high values of sweep, 
it cannot physically exist because the center of gravity and elastic axis 
are both ahead of the leading edge at the tip. Nevertheless, the purely 
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Fig. 11. Variation of damping with Q C  sweep a t  350 knots; the struc- 
ture is not swept. 
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Fig. 12. Variation of damping with full sweep at 350 knots. 
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Fig. 13. Variation of damping with sweep a t  350 knots; the structural 
sweep is one-half the aerodynamic sweep. 

theoretical results are instructive because they clearly show that sweep is 
equivalent to a stepped offset: the damping curves in Figs. 7 and I I are 
very similar. 

Figure 12 shows the predicted damping for a blade with a fully swept 
tip. This hlade is far more practical than that of Fig. I I ,  hut the aft sweep 
of the CG greatly reduces the increase in damping. There is still a net 
improvement to stability. 

Figure 13 shows results for a blade with its elastic axis and center of 
eravitv sweot one-half as much as the auarter chord. Althoueh unconven- 

too far inboard. Thedamping of the least stable modes is much improved 
over that of Fig. 12; at high values of sweep, it is almost as good as that 
for blades with only aerodynamic sweep (Fig. I I). 

It should be emphasized that all analyses reported here are based on 
the original XV-I5 steel blades, for which the manufacturability of any 
modifcationis highly problematical. A swept tip would bemorepractical 
to implement with a modem, composite structure. Because the particular 
designs considered here have no likelihood of being constructed, and 
because the results shown in Fig. I3  are more than adequate to illustrate 
the benefits of the concept, no further optimization of the blade design 
was undertaken. A blade with 10-dee aerodvnamic and 5-dee structural - 
sweep waschosenforfurtherstudy,asdiscussed in thefollowingsections. 

Control-system stiffness 

The stiffness of the control system has a strong effect on aeroelastic 
stability, as shown in Fig. 14 for the baseline rotor. The baseline pitch 
stiffness seen by theblade ismultiplied by astiffnessfactor, against which 
damping is plotted. (The baseline value is 22,400 ft-lblrad.) CAMRAD I1 
allows the pitch links to be analytically locked, yielding the equivalent 
of infinite stiffness. Infinite stiffness vields damoine values neeliaiblv . - - .  
different from a stiffness factor of 100, so the stiffness scale in Fig. 14 is 
truncated at that value. For clarity, the scale is logarithmic to expand the 
damping curves at low values of stiffness while simultaneously revealing 
the asymptotic behavior at high values. Damping was calculated at 350 
knots for the thin wine. consistent with Fies. 7-13. ". - 

Figure 14 shows that about half of the maximum increase in damping 
is obtained with a pitch stiffness factor of two, and further increases in 
stiffness yield progressively diminishing increases in damping. A stiff- 
ness factor of two was used in selected analyses below. The V-22 has 
roughly three times the scaled pitch stiffness of the XV-15, so afactor of 
two is reasonable and no further optimization was undertaken. 

Figure 15 shows the results of combiningtip sweep with an increased- 
stiffness control system. As in Fig. 13, the aerodynamic sweep was twice 
the structural sweep. The asymptotic behavior of damping with sweep 
reduces the effect of increased control stiffness (compare Fig. 15 with 
Fig. 13); at high enough values of sweep, the increase in damping is 
negligible. However, the system becomes stable at alowervalueof sweep: 
about 5 deg instead of 7 deg, a useful improvement. 

The trends of damping with airspeed are shown in Fig. 16 for com- 
bined tip sweep and increased control system stiffness. The rotor is the 
sameas that analvzed forFie. 15 atmanimumsweeo. Foreaseofcomoar- u 

ison, the format is the same as Figs. 3 and 4. Note that all whirl modes, 
including the symmetric beam mode, show little variation in damping 
with airspeed; the winghotor system is now completely stable. 

...... ........ , ' 
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---Sym. torsion.....Asy . torslon 

10 100 
Pitch stiffness factor 

Fig. 14. Variation in dampine with d t c h  stiffnessfactor for the base- - , .  - . - 
tional, such a blade would be feasible as long as the sweep did not start line XV-15 rotor at 350 knots. 
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Fig. 15. Variation of damping with sweep a t  twice the haseline pitch 
stiffness at 350 knots; the structural sweep is one-half the QC sweep. 
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Fig. 16a. Symmetric whirl-mode damping versus airspeed at twice 
the haseline pitch stiffness, 10 deg Q C  sweep and 5 deg structural 
sweep. 
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Fig. 16b. Antisymmetric whirl-mode damping versus airspeed at 
twice the baseline pitch stiffness, 10 deg QC sweep and 5 deg struc- 
tural sweep. 
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So far in this paper, blade modifications have been studied for the 
purpose of extending the XV-15 whirl-flutter boundary for a thin wing. 
Improvements to whirl-mode damping can be exploited for other pur- 
poses, an example of which is discussed in the following paragraphs. 

Delta-three ( S 3 )  is the kinematic coupling between blade napping and 
pitch (Ref. 17). As defined herein, positive S3 causes nose-down pitch- 
ing for upwards blade flapping. This deomses stability for some blade 

150 200 250 300 350 400 
Knots 

modes, typically lag modes. The realization that negative 6 ,  is stabiliz- 
ing was a major conceptual breakthrough necessary for the successful 
development of the XV-15 (Ref. 18). 

Because the effective flapping hinge is at the center of rotation of a 
gimbaled rotor, a literal skewed hinge is not possible on the XV-15, so 
offset pitch horns must be used. Furthermore, it is extremely difficult to 
arrange the pitch horns to achieve small values of S3 without mechani- 
cal interference, especially for rotors with four or more blades. As the 
magnitude of 63 increases, whirl-mode stability rapidly decreases. 

These effects constrain practical design values of 6 ,  to a narrow range 
of negative values. The XV-15 design value of $ is -15 deg (Ref. 12), 
realized by a trailing, offset pitch horn. All values of S3 discussed herein 
are nominal values; the actual value varies slightly as the pitch horn 
moves with changing collective and cyclic control inputs. 

Figure 17 shows the variation of damping with 6 ,  for the baseline 
XV-15 (thick wing) and unmodified rotor. The airspeed is 300 knots. 
the design maximum. The damping predicted by CAMRAD I1 becomes 
negative between -20 and -25 deg S3.  The actual aircraft must have a 
margin of stability, so the design magnitude of S3 must be less than the 
zero-damping value. Figure 17 indicates that -15 deg is a reasonable 
value, which is consistent with XV-15 experience. 

Damping of the unstable modes varies almost linearly with 8, until it 
approaches thelimiting,stablevalueconsistentwith Figs. 7-15 (although 
maximum antisymmetric beam damping is a bit higher). Damping for 
positive S3 is not shown because certain rotor modes, principally blade 
lag modes coupled with wing modes, are always unstable. 

Figure 18 shows results for a control-system stiffness factor of two. 
The value of 6 ,  for zero damping is extended to almost -35 deg. 
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Delta-3, deg 

Fig. 17. Variation of damping with 63 for the haseline XV-15 and 
unmodified rotor at 300 knots. 
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Fig. 18. Variation of damping with 6, for the haseline XV-15 with 
twice the haseline pitch stiffness at 300 knots. 
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Fig. 19. Variation, of damping with 63 for the baseline XV-15 with 
10 deg QC sweep and 5 deg structural sweep at 300 knots. 
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Fig. 20. Variation of damping with 63 for the baseline XV-15 with 
twice the baseline pitch stiffness, 10 deg QC sweep and 5 deg struc- 
tural sweep a t  300 knots. 

Figure 19 shows results for a rotor with 10 deg aerodynamic sweep 
and 5 deg structural sweep over the outmost 20% hlade radius. This is 
the most extreme sweep plotted in Fig. 13 and is the most effective of 
the practical hlade designs examined here. The airspeed is 300 knots, the 
same as Figs. 17 and 18. The 6, value for neutral stability is extended 
to almost -45 deg. The two least stable modes at -45 deg 6, become 
the most stable modes near -35 deg, then asymptotically approach the 
limiting values seen in the previous plots. 

The final stability analysis combined the increased control-system 
stiffness of Fig. 18 with the swept tip of Fig. 19; the results are shown in 
Fig. 20. Whirl-mode damping is positive for 61 = -45 deg. This value of 
61 was the maximum studied because no further increase is necessary for 
a four-bladed rotor, and because the incremental improvement caused by 
the increased control-system stiffness is very minor compared to Fig. 19. 

Loads Implications 

Two rotor designs were analyzed further to estimate their effects on 
rotor loads. Both designs used the most effective rotor developed during 
this study, with 10-deg aerodynamic sweep. 5-deg structural sweep, and 
twice the baseline control stiffness. Design A had the 15% r/c wing 
with -15-deg S,, and Design B had the 23% l / c  wing with -45-deg %. 
Two flight conditions were analyzed: 

1 )  Airplane mode at 250 knots, 458 rpm (@ =0.70), rotor CT/u = 
0.027. 

Flap Pitch Link 

Fig.2l.Mean rotor loads, normalized tothe baselinerotor, for designs 
A and B. 
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Fig. 22. Oscillatory rotor loads, normalized to the baseline rotor, for 
designs A and R. 

2) Helicopter mode (nacelle angle = 75 deg) at 80 knots, 565 rpm 
( ~ = 0 . 1 8 ) ,  rotor CT/U =0.088. 

The airplanemodecondition waschosen to ensure that the loads were 
calculated within the thin-wing stability boundary (Fig. 4) to provide a 
valid baseline reference. 

Predictions of mean and 112 peak-to-peak oscillatory loads are plotted 
in Figs. 21 and 22. The figures include flap and lag bending moments at 
0.35R and pitch link force, all normalized to the reference (unmodified) 
rotor for the appropriate wing. Helicopter-mode loads are normalized 
to the helicopter reference, and airplane-mode loads are nom~alized to 
the airplane reference. Mean and osci l la to~ loads are plotted separately. 
The results for the example designs are plotted adjacent to each other for 
comparison, and airplane-mode results are plotted adjacent to helicopter- 
mode results for each type of load (lag, flap, and pitch-link loads). (See 
Ref. 15 for loads predictions for stepped-offset blades.) 

All loads analyses included six harmonics of blade motion and 12 
blade modes and were based on the thin-wing airframe model. In air- 
plane mode, the analysis included wingbody interference velocities at 
the rotor. Uniform inflow was assumed because the differences caused 
by blade dynamics are of interest, for which momentum theory is ade- 
quate, especially in airplane mode. Development of a full wake model 
for heliconter flight was not iustified at this staee of the research. which " - 
is focused on flutter, not loads. The objective of the loads analysis was 
to check for large adverse load variations. 

Examination of Fig. 21 shows that neither of the design variations 
had severely adverse effects on mean loads in airplane mode. Mean flap- 
bendingloadswerealmost alwaysreducedcomparedto thebaseline rotor. 

InFig. 22, lag- and flap-bending oscillatory loads were little affected, 
but pitch-link loads were significantly increased in airplane mode for 
both designs. However, the normalization against loads in the same flight 
condition exaggerates the effect. In fact, oscillatory loads were lower in 
airplane mode than in helicopter mode. 
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Although not a comprehensive loads survey, these results are enough 
to show that loads increases should be acceptable. No attempt was made 
toadjustbalance weightsorotherwise tune therotor forloads,so it should 
be possible to reduce the loads below those shown here. The key result 
is that there exist combinations of parameters that give large increases 
in the whirl-mode stability boundary without excessive increases in 
loads. 

Conclusions and Recommendations 

The XV-15 rotor was analyzed with CAMRAD 11 to examine the 
effects on whirl-mode aeroelastic stability of chordwise offsets of the 
rotor blade quarter chord and center of gravity relative to the elastic 
axis. The XV-15 model was modified to have a thinner wing (15% t/c) 
to better reveal the effects of the modifications. Small rearward offsets 
of the quarter-chord created large increases in the stability boundary, in 
some cases by over 100 knots. The effect grew progressively stronger 
as the QC and CG offsets were shifted radially outboard. Forward off- 
sets of the blade center of gravity had similar effects, but the maximum 
improvement seen was limited to 55 knots. For the range of offsets an- 
alyzed, CG offsets had a more linear effect on stability than QC offsets. 
Swept-tip blades showed stability improvements similar to stepped-offset 
designs. 

Properchoice ofparametricvariations can avoidexcessive increases in 
rotor loads. Limited-powertrimprovedslightly less stable than windmill- 
state trim. 

These results can be applied to tiltrotors in several ways, most ob- 
viously to reduce the wing thickness for improved cruise perfonnance 
while retaining adequate whirl-mode stability margins. In the present 
study, the wing thickness-to-chord ratio was reduced from 23% to 15% 
without decreasing the whirl-mode boundary. Thickness could in prin- 
ciple be retained while reducing weight or increasing aspect ratio, as 
appropriate for the performance goals of a particular design. 

OffSets of the blade aerodvnamic center and center of eravitv. or the .. 
equivalent sweep, should be utilized as primary design variables because 
of their powerful effects on whirl-mode stability. 

The improvements to whirl-mode stability could also be used to ex- 
pand the range of delta-three (pitch-flap coupling). A sufficiently large 
increase in delta-three would permit designing four-bladed rotors with 
otherwise conventional gimbaled hubs. 

The present study analyzed a broad range of large offsets. Follow- 
on research should examine smaller increments of the key parameters, 
and should focus on the outboard blade segments, where the effect is 
largest. This would better define optimum values and sensitivities for 
mole realistic design values. It would also be appropriate to examine 
the effects Tor a rotor explicitly designed for very high speeds, with re- 
optimized twist, airfoil sections, taper, etc. The analysis could be usefully 
extended to more radical blade concepts, such as inverse-taper and ex- 
ternal mass booms, and to further examine the interplay between blade 
design parameters and control system stiffness, delta-three, and other 
variables. 
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