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ABSTRACT

This paper presents key findings from an analytical in-
vestigation carried out to identify technologies critical
to the feasibility of advanced rotorcraft proprotors. The
focus was on high speed tiltrotors, exhibiting both high
cruise propulsive efficiency and helicopter-like hover
efficiency, providing a low-risk design capability for ad-
vanced rotorcraft by the year 2000.

It was concluded that 400 knot proprotors are feasible
with existing aerodynamics and structure technology.

- Blade planform sweep would be needed for operation
at and above 400 knots. Blade designs for operation
below 380 knots should be possible without significant
sweep. The results of the study also imply that thick-
ness effects at the root are as much of a design issue
as transonic effects at the tip. Hub configurations and
interactional aerodynamic effects have a significant im-
pact on the vibratory characteristics of high speed pro-
protors, and will require the use of carefully validated
multi-disciplinary methods of analysis. Noise criteria will
also have to be introduced as explicit design objec-
tives in future tradeoff studies.

SYMBOLS
A rotor disc area, ft2
c airfoil or blade chord, ft

Cd sectional drag coefficient
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Ci
Cp
Cr
D

KMACH

Mpp

r(orx)

sectional lift coefficient

rotor power coefficient

rotor thrust coefficient

drag force, Ib

flapwise, or chordwise blade stiffness
rotor figure of merit, in hover
torsional stiffness

propeller incidence angle, with respect to free
stream, degrees

scaling factor, used in Figure 4

lift force, Ib

Mach number

drag divergence Mach number
spanwise position along blade, ft
torque, fi-lb

rotor radius, ft

maximum thickness of airfoil section, ft

rotor or propeller thrust, Ib



Up perpendicular component of wing / fuselage
interference velocity at computation point on a
blade, defined in the rotor disc coordinate
system, ft/sec

Ur radial component of interference velocity

Ur tangential component of interference velocity
Vi local induced velocity component, ft/sec

Vo local free-stream wind component, ft/sec

VR resultant velocity, used in Figure 5

V1 blade tip speed (QR), f/sec

Voo remote wind or flight velocity, f/sec

o angle of attack, degrees

€ local twist angle, degrees
n propulsive efficiency

0 blade pitch angle, degrees

075r collective pitch angle, referenced to the 0.75R
blade station

A blade sweep angle (generally quarter-chord
sweep), degrees

T8 rotor advance ratio, VVT
p. air density, slugs/t3

oT1,0 rotor thrust-weighted solidity

¢ local flow angle, degrees

v blade azimuth angle, degrees

Q rotational velocity, rad/sec
BACKGROUND

The current and continuing interest in civil tiltrotor air-
craft results from a combination of technology ad-
vances and the ever increasing congestion at airports
serving large metropolitan areas. This congestion
cannot be relieved by just building new airports be-
cause it has become very difficult to find suitable land
within a practical distance from major urban centers.
Tiltrotors, combining the takeoff and landing versatility
of helicopters and the speed of fixed wing aircraft, hold
an answer to growing high-speed inter-city transporta-

tion needs without the real estate investment of con-
ventional airports. A recent civil tiltrotor missions and

applications study sponsored by NASA/FAAT demon-
strated conclusively that a market exists for a commer-
cial passenger tiltrotor. At the same time, NASA-
funded studies of advanced high-speed rotorcraft?
concluded that an advanced tiltrotor (or tiltwing) in the
450 knot speed range is feasible for future civil and
military missions.

Affordability is the key issue. Affordability means
higher cruise speeds to reduce maintenance costs per
trip, high reliability, and high availability, with the sim-
plest design implementation. Qur total experience
with tiltrotors is encouraging, but relatively limited. The
XV-15 was the pathfinder. The V-22 has demon-
strated the practicality of the concept for highly de-
manding Marine and Navy missions. Now we need to
design for the speed, efficiency and reliability required
by the cost-driven civil market, for the smooth, quiet
ride required by the passengers, and for the low noise
required by the public.

High speed and high performance propellers have
been demonstrated on fixed wing aircraft, but it is not
clear to what extent the propeller experience is appli-
cable to large diameter and low disc-loading proprotors
with hover, axial flight and transition flight require-
ments. In order to quantify the key elements of the
problem, NASA sponsored a study to look into some
of the design features and limitations of large propro-
tors for high-speed tiltrotor applicalionsa. This study,
completed in August 1993, covered design, aerody-
namics, noise and aeroelastics issues, but was not
meant to yield fully optimized proprotor configurations.
its objective was to examine and quantify key trends
and effects which will have to be better understood be-
fore optimal tiltrotor aircraft designs can be defined.
The focus was to provide low-risk design capabilities
for high speed civil tiltrotors by the year 2000.

This paper draws on the NASA study?, but it is limited
to proprotor performance in hover and cruise, interac-
tional aerodynamics, blade transonic effects and elastic
deflection effects based on preliminary blade structural
properties.

INTRODUCTION

Before discussing the details of how the design of
high speed proprotors can be addressed, it would be
useful to describe some of the key aerodynamic phe-
nomena involved.

Elow Environment - The flow environment of a prop-ro-
tor blade in high speed flight is illustrated in Figure 1
for an assumed 400 knot flight speed with a 600 ft/sec
rotational tip speed. The flight and rotational velocities
are added vectorially to illustrate how the local relative



wind direction changes between the root and the tip of
the blade.

At the root, the local flow is nearly perpendicular to the
disc plane because close to the center of rotation the
tangential velocity component is very small compared
to the flight velocity. The local Mach number close to
the root is M = 0.67, which provides quite a challenge
since compressibility would dictate a relatively thin root
airfoil section (t/c < 0.15), while structural requirements
would call for thick sections (t/c > 0.2).

The twist of high-speed proprotor blades is almost en-
tirely dictated by the cruise design point. Since the
whole blade operates in a high Mach Number, high dy-
namic pressure flow field, it is imperative that each
blade radial station be carefully aligned with the local
flow. Small angles of attack along the entire span of
the blade are dictated by the need to avoid high com-
pressibility drag penalties. At high cruise speeds, the
local Mach numbers arising from the combination of ro-
tational and flight velocities do eventually exceed the
drag divergence capabilities of the airfoils employed
along the blades. Figure 1 also illustrates quite
clearly the fact that at the root of the blades the lift is
nearly parallel to the disc plane, so that very little of the
lift contributes to the thrust, and most of it is in the
torque direction (although with a very short moment
arm). Only further outboard does the local lift vector
ct;antribule a more significant component to the rotor
thrust.
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Figure 1 - Local flow environment over high speed
proprotor blades

Tip sweep, of course, reduces the effective Mach
number encountered by the blade's tip sections, but
the introduction of tip sweep must take into account
the fact that three-dimensional effects near the blade
tip also reduce the effective local Mach number. The
accurate assessment of compressibility effects close to
the tip of high speed proprotor blades is a very difficult
aerodynamic challenge.

Nominal, sweep-reduced and tip-effect reduced Mach
number levels are illustrated in Figure 2. The LeNard

approximation4 of tip Mach number relief effects,
applicable primarily to the drag, has been used quite
successfully in conjunction with lifting-line models of
rotor blades and has been introduced in all Boeing
Helicopters rotor analysis codes. Other empirical
corrections have been introduced in the codes to ac-
count for 3-D effects on the lift. As discussed in a later
section, the modeling of tip flows has been investi-
gated by rotor CFD methods. The relative placement
of the airfoil drag divergence Mach number boundaries
and of the local operating Mach number conditions, at
450 knots, are illustrated in Figure 3 for two modern
airfoils (VR-12 and VR-15).
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Figure 2 - Blade tip Mach Number environment
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Figure 3 - Operational lift coefficient relative to the drag
divergence boundary

Power Consumption - In cruise, the proprotor power

consists of three components: propulsive or useful



power, profile power, and induced power loss. In axial
flight, the rotor power coefficient can be expressed as

CP = KMachCPprofile + HCT + CT2/2.

Figure 4 shows the power required to generate one
pound of thrust over a range of cruise speeds com-
puted for 25,000 ft standard-day atmospheric condi-
tions. The magnitude of the different contributions to
the total power is also shown. The propulsive, or “use-
ful" component, puCr, is the largest contribution and it
represents the power needed to produce the thrust
required for a given forward speed. At high cruise
speeds the axial induced velocity is low because of the
low cruise thrust requirements and low disc loading
(typically 10 to 20 percent of the hover disc loading).
For instance, in the speed range between 300 and
400 knots, the average axial induced velocity is less
than 2 ft/sec. Hence, the induced power, given by
C12/2y, is small and becomes even smaller as the ad-
vance ratio increases. The profile power losses, given
by kMachCPprofile, are due to blade drag and increase
with speed dpue compressibility drag rise. kmach is the
compressibility drag rise factor and is a function of
blade section airfoil characteristics. Since the required
propulsive power can be assumed to be fixed for a
given cruise speed, and the induced power is small, it
becomes obvious that the efficiency of high-speed
proprotors can be improved primarily by minimizing
profile power losses.
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Figure 4 - Proprotor Propulsive Power Required,
Profile Losses and Induced Losses

Figure 5 shows the velocity and force vectors for a
typical blade section in axial flight. Although the in-

duced velocity is small compared to either the local ro-
tational speed or the flight speed, its orientation rela-
tive to the resultant velocity causes an induced angle
of attack which may not be negligible in the context of
proprotor operation at high speeds. For instance, in
400 knot flight, the local induced angle along the
blade, oj, could be almost 1°. At high flight Mach num-
bers, a change in local angle of attack of that order of
magnitude could severely penalize a proprotor in terms
of compressibility drag rise. The total in-plane force
that produces rotor torque is due to components of
the sectional lift and drag forces. At 400 knot cruise
speed, with 600 ft/sec tip speed, the inflow angle is
close to 50° at the tip and 80° at the root. At these
large inflow angles the lift contribution to the in-plane
drag force (r-dL-sin ¢) can be large. Therefore, when
designing blades for high speed proprotors, it is im-
portant to distribute the blade loading so that the lift-
dependent torque and the torque due to blade drag
are both minimized. As described later, while the opti-
mum planforms for the hover and cruise flight condi-
tions are very different, the final blade geometry must
be compromised in favor of cruise.

Section Thrust, dT Chord Plane

A

Section Lift, dL

Section Torque, dQ
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Local RotationVelocity

Section Drag, dD

Figure 5 - Blade Section Velocity and Force Vector
Diagram

From a profile drag point of view, an optimal high-
speed rotor design requires airfoils with good Mach
Number penetration to allow operation within the sec-
tions' drag divergence boundaries. Achieving this, it
turns out, is not a simple task. The airfoil section re-
quirements are driven by the outer 25% of the blade,
operating beyond a Mach number of 0.8. The con-
ventional helicopter rotor wisdom of designing for
minimum induced power with the airfoil sections oper-
ating near maximum L/D simply does not apply here.
One of the objectives of this study was to define the
parameters necessary to achieve the "ideal" high
speed performance, and to apply them, on a prelimi-
nary basis, to a practical rotor design.



Aircraft Sizing Considerations - Aircraft size and gross
weight are sensitive to the design airspeed. A trend
curve of tiltrotor gross weight versus design airspeed is
shown in Figure 6 for a 25,000 ft cruise altitude. The
configuration is an unswept wing with a horizontal tail.
The wing thickness ratio was reduced to avoid drag di-
vergence at the higher airspeeds, but the thin wing as-
sumptions resulted in severe weight penalties to meet
the wing stiffness requirements necessary to satisfy
aerodynamic performance and whirl flutter stability
constraints. Proprotor cruise efficiency also drops off
beyond about 430 knots, adding to the growth in air-
craft weight with design speed. The High-Speed Ro-
torcraft Study? solved the "thin wing" problems by em-
ploying canards and 30° of forward sweep on the
wings, for a 450 knot design speed. However, as illus-
trated in Figure 6, for conventional tiltrotor configu-
rations very substantial gross weight penalties can be
expected for design speeds beyond 420 knots.
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Figure 6 - Effect of design speed and wing loading on
gross weight

However, many reasons remain to continue pursuing
design studies at high airspeeds. High speed means
shorter trip times, which should result in reduced oper-
ating costs per trip, giving the operator a greater profit
margin, or allowing lower ticket prices. Productivity,
defined as payload times airspeed divided by empty
weight, is another way of quantifying speed benefits.
Figure 7 clearly shows the increase in turboprop air-
speed capability, leading to the 360 knot SAAB 2000
soon to be in service. The high speed turboprops
have shown continued productivity improvements.
The peak in the curve of productivity versus design air-
speed has not yet been reached. Rather, the peak
has been pushed to higher airspeeds through tech-
nology developments. This in itself is a compelling
reason to continue studying and developing high-
speed tiltrotor concepts. Having identified the tech-
nology needs, innovative designs and improved mate-
rials will tum concepts into capabilities.
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Figure 7- Effect of design speed on productivity

Design Conditions - The design conditions set forth at
the start of the present study are summarized in Table
I. The magnitude of the quantities called for are based
on the results from NASA High-Speed Rotorcraft
Study?2, but tempered by the desire to avoid the
technical challenge of designing swept wings.

DESIGN CONDITIONS

Baseline 40 passenger civil tlitrotor
(CTR-22D, 4 abreast seating, circular fuselage)

Cruise design speed: 400 KTAS at
25,000 ft altitude
Hover disc loading: 20 psf at
SLASA +15°C
Wing Loading: "100 psf
Maximum L/D: 13.5 at 200
knots, SLS
Crulse L/D: 10.2 at 400 knots,
25,000 ft
Rotor cruise thrust: 2200 Ib per
rotor
Rotor diameter: 37.1 ft

Table | - Summary of initial design conditions




The blade characteristics and rotor performance pa-
rameters to be defined are:

o Number of blades

o Rotor solidity

o Chord distribution

o Airfoil distribution

o Twist distribution

o Tip sweep angle distribution
o Blade tip speed

o Hover Cy/or

o Hover Figure of Merit

o Cruise propulsive efficiency

BOTOR ANALYSIS CODES

The B-085:6.7 analysis was used almost exclusively
during the definition of the design space and during
the more detailed hover and cruise tradeoff investiga-
tion presented up to this point. For the hover calcula-
tions, the sectional characteristics of the airfoils em-
ployed over the root end of the blades were corrected
on the basis of available test evidence® to approximate
stall delay effects. B-08 results were compared with
test data and also with the results of the CAMRAD-JA®
and the TECH-0110.11 codes. While restricted to the
limitations of local momentum theory, B-08 results
compared quite favorably with the CAMRAD-JA and
TECH-01 comprehensive codes. @ CAMRAD-JA,
TECH-01, VSAERO2 and the FPR13.14 codes were
also used beyond the initial design investigation when
the phenomena being addressed extended beyond
the modeling capabilities of B-08. Specifically:

o TECH-01 was employed to address the effect of
elastic deflections of the blades, to introduce non-ax-
isymmetric phenomena, to assess wing/fuselage inter-
action effects, and to provide a link between compre-
hensive rotor analysis and blade CFD calculations.

o CAMRAD/JA. Since it is generally available in Gov-
ernment research centers and throughout industry,
CAMRAD-JA was used to establish a basis for compar-
ison with the B-08 and TECH-01 calculations. It was
also used to estimate whirl flutter stability and conver-
sion loads, which are documented in Reference 3, but
are beyond the scope of the present paper.

o VSAERO was used to calculate wing and fuselage
interference velocities, subsequently introduced into
TECH-01.

o FPR and a preliminary axial version of FPR were
used to quantify three-dimensional, transonic tip relief
effects. The FPR results were used to define empirical
corrections for use with the lifting-line model of the
blades used in TECH-01, as presented later in this pa-

per. Reference 3 describes the approach and compu-
tations in detail .

INITIAL HOVER/CRUISE PERFORMANCE
IBADE STUDY

As a first step, a trade analysis was conducted to de-
termine general hover and cruise performance trends
for unswept rotors, on the basis of the requirements
and design constraints specified in Table |. The pa-
rameters reviewed in this initial assessment of design
requirements included rotor solidity, tip speed, blade
airfoils, twist, and chord distributions. On the basis of
the results obtained, a baseline unswept blade was
defined representing a starting point for further analy-
sis, and leading to the development of designs better
balanced in terms of compromises between hover and
cruise.

Number of Blades - V-22 experience and previous
civil tiltrotor design studies? have shown that, from the
point of view of civil market applications, acceptable
noise levels may be achievable with four blade propro-
tors limited to a hover tip speed of 700 ft/sec.

Solidity and Tip Speed - Although the design of a
high-speed proprotor is driven by cruise performance
objectives, thrust margin considerations must be in-
cluded for hover and for maneuver at low-speed flight
conditions. The thrust-weighted solidity of high-speed
proprotor blades is therefore primarily determined by
hover C.IJch requirements. This imposes chordwise

distribution constraints on the planform. Since the
hover disk loading (T/A) of the rotor is specified, rotor
solidity can be assumed to vary with hover tip speed
by the relationship:

Or = CThov / (CTIGT)hov

(/8)/ { pv,2 (C{/s)),  }

The hover C:.I.IoT of the rotor was selected on the basis

of existing tiltrotor design trends. Figure 8 compares
the disc loading and corresponding C./c.. at the
maximum gross weight hover conditions for the XV-15
(metal and Advanced Technology Blades!5) and the
V-2218, suggesting a preliminary design C /o, of
0.135 for the present study.

The hover tip speeds considered in the trend analysis
were 650, 700, 750 fps. The cruise tip speed was
chosen to be 100 fps less than in hover, resulting in
corresponding cruise tip speeds of 550, 600, and 650
ft/sec. This was done to keep the cruise-to-hover
RPM ratio in line with those of present generation



titrotors. In general, it is desirable to minimize the
change in tip speed between hover and cruise in order
to keep drive system weights to a minimum. As
determined from the above relationship, the solidities
corresponding to the three target tip speeds are
therefore, 0.150, 0.134, and 0.117, respectively.
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Figure 8 - Selection of design Hover C /o,

Chord Distribution - For the initial trade study, only lin-
early tapered planforms were considered. For each
solidity, taper ratios (tip chord / root chord) of 1:1, 2:3,
and 1:3 were considered. The 3 solidities combined
with the 3 taper ratios resulted in a total of 9 planform
variations.

Twist Distribution - For the initial trade study, the twist
distributions of the blades were assumed to be entirely
defined by cruise inflow requirements. Separate twist
distributions were therefore defined for each of the
three tip speeds. Local twist adjustments were intro-
duced later in the study.

Aidoil Distribution - The XN-18, VR-12 and VR-15 air-
foils were used throughout the present study. Details
of the airfoils, including contour information and sec-
tional characteristics are presented in Reference 3.

The VR-12 and VR-15 airfoils (respectively (10.6%
and 8% thick), were used without trailing-edge tabs for
this application. They are suitable for high-speed
cruise because of their high drag divergence Mach
number characteristics (the zero-lift drag divergence
Mach number for the VR-12 is Mppo = 0.803, and
0.835 for the VR-15). In hover they are relatively lim-
ited in lift because of their low camber level
(specifically, at M = 0.6 their maximum lift capability is
close to Clmax = 1.0, but the low-profile-drag range is

limited to C| < 0.6). Higher lift capabilities could be ob-

tained by increasing camber, but this would penalize
Mach number penetration and introduce higher sec-
tional pitching moments. On helicopter rotor blades,

the sectional pitching moments have a major effect on’

blade torsional deflections and control loads. Until the

design requirements for tiltrotor blades are better un-
derstood, the pitching moment constraints should not
be significantly relaxed.

In the present study, an 18% thick root-end section
was employed on the assumption that it may be struc-
turally inappropriate to use thinner sections at the root.
With the present blade radius of 18.55 ft, and a root
chord between 3 and 4 feet, the 10.6% thick VR-12
section, applied at the root, would yield a root thick-
ness of 3 to 5 inches. The same root chords, with an
18 percent thick airfoil section, would result in root
thicknesses of 7 to 9 inches. While the XN-18 airfoil
has high maximum lift capabilities at low Mach numbers,
its drag divergence Mach number characteristics are
relatively modest, with a zero-lift drag divergence value
Mppo = 0.715. This may be adequate for the 400 knot
cruise speed application since, with a 600 ft/sec tip
speed, the root-end Mach number of the resultant flow
is close to 0.68. A section thicker than 18%, however,
would probably operate beyond the drag divergence
boundary, unless the root end of the blade could be
swept (forward, as already done on some high perfor-
mance propellers)
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Figure 9 - Critena for airfoil placement in cruise

The XN-18, VR-12 and VR-15 airfoils were distributed
along the blades to minimize compressibility drag rise
in cruise. Since the sectional drag divergence Mach
number, MDD' is a function of lift, which is not known a-

priori, the spanwise location of the airfoils was initially
determined by matching the local resultant Mach
number with (MH+ 0.01) at CI = 0.10, a representative

average lift coefficient for the thrust levels required in
high speed cruise. Because of the small profile drag
penalty involved, a Mach number margin AMpp=0.01

was added to allow a slight penetration beyond drag
divergence. Figure 9 shows the Mach number
environment along a blade for 400 knot cruise flight
with tip speeds of 550, 600 and 650 ft/sec. The Mach



number level corresponding to (MDD + 0.01) at
C|=0.10 is shown for each of the airfoils. Since the

Mach number increases with tip speed, the primary
airfoil sections (VR-12 and VR-15) are placed further
inboard as the tip speed increases.

Initial Performance Assessment - Nine blades were de-
fined, representing three variations in taper ratio {1.0,
0.67, 0.33} and three levels of solidity {0.155, 0.134,
0.117). A solidity was determined for each of three
hover/cruise tip speed combinations: 650/550,
700/600, and 750/650 ft/sec. A summary of the solid-
ity and taper-ratio trade study is given in Figure 10.
The bottom of Figure 11 shows the solidity values for
the final hover and cruise tip speeds considered. The
top plots, displaying Figure of Merit and cruise effi-
ciency as a function of taper ratio, effectively summa-
rize the feasible design space of a 400 knot proprotor
as determined by preliminary groundrules and con-
straints. The most significant constraints are due to (a)
the Mach number environment, set by ambient condi-
tion, tip speed and inflow, and (b) the blade loading.

These initial results show that, from among the nine ro-
tors considered, the configuration with a 2/3 linear ta-
per (thrust-weighted solidity, o. = 0.134), 700 f/sec
hover {ip speed, and 600 fi/sec cruise tip speed, rep-
resents the best hover/cruise compromise. This con-
figuration was, therefore, selected as the starting point
for further improvement, to include the introduction of
planform sweep. The hover Figure of Merit for this
baseline rotor is 0.82. Its cruise propulsive efficiency
is 77 percent.

INITIAL DESIGN OF A 400 KNOT SWEPT BLADE

The overall procedure for blade sweep design is sum-
marized in Figure 11. The procedure consists of the
following main elements:

(a) Select a baseline unswept and untapered blade
from the results of initial trade studies;

(b) Refine the chord, twist and airfoil distributions to
define the "best” blade loading at the design cruise
condition;

(c) Determine the drag divergence Mach number
boundary corresponding to the lift distribution of the
candidate "best" blade, and deduce the blade sweep
distribution needed to alleviate drag rise due to com-
pressibility.

Initial Unswept Blade - Based on the results of the pre-
liminary trade study, an initial baseline unswept blade
was selected as the starting point for swept blade

4 BLADES, 37.1 FT DIAMETER

LINEAR TAPER
2 —
7! 3
0.1 1.0
ROOT TIP
0.86
1 HOVER PERFORMANCE c /o =0.135
| 084 SEALEVEL/ISA + 15 degC T
w : Y.
= 082 ™w
3 h 850
C .0.7‘—: ; i
] 780
0.76 ——
() 0.2 0.4 08 0.8 1 12

CRUISE PERFORMANCE
THRUST = 2200 LB
25,000 FT / STD-DAY

CRUISE PROPULSIVEEFFICIENCY
n

T

-
- =

Ll L T l L] LI ' Ll Ll 1 L Ll | B L
0 0.2 04 0.8 0.8 12

TAPER RATIO ( TIP CHORD / ROOT CHORD )

__ 800
7°°. HOVER
g AV =100 FP8
& 4
E”"_ CRUISE
500 1T
0.1 011 012 013 014 015 016
Ot

Figure 10 - Hover-Cruise feasible design space.
Results of initial solidity and taper ratio study

design. This configuration had a thrust-weighted
solidity of 0.134, a taper ratio of 2/3, and a hover and
cruise tip speeds of 700 and 600 fi/sec, respectively.
Its hover Figure of Merit was 0.82, and its cruise
efficiency, n = 0.77 at cruise design conditions. The
objective was to examine realistic design alternatives
which would improve upon the initial hover and cruise
performance characteristics.

o Airoll Distribution. It must be emphasized that the
severity of compressibility effects on drag depends on
the level of lift loading, which will later determine the



amount of sweep required. The placement of the air-
foils over the baseline unswept blade had to be pro-
gressively revised to yield a smooth lift distribution.
Eliminating spanwise fluctuations in the blade loading |
also eliminated unwanted excursions beyond the drag
divergence boundary, My, and resulted in smoother

definitions of blade sweep angles.
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Figure 11 - Procedure for initial swept blade design

o Twist Distribution. For an unswept blade, an "aero-
dynamic twist" distribution (i.e., the twist of the "zero-lift
plane”) can be derived from the inflow distribution at
the cruise design condition. The "geometric twist” dis-
tribution is then obtained by rotating the airfoil sections
so that each airfoil's zero-lift plane is aligned with the
local inflow velocity:

€=0p+ tan'1{ (e + v/(r/R) }.

The hover-and cruise-optimized twist distributions for
the initial baseline planform are shown in Figure 12.

The first, most obvious compromise would be to em-
ploy the cruise twist distribution in both hover and
cruise. Figures 13a and 13b present the Figures
of Merit and cruise efficiencies of two rotors with blades
that differ only in twist. It can be readily observed that
while the rotor with the hover-optimized twist incurs a
severe cruise performance penalty at all levels of cruise
thrust, both rotors perform equally well in hover at and
around the hover design thrust condition. Selecting
the cruise-optimized distribution as the candidate twist
for the baseline unswept blade is, therefore, a justifi-
able option.

TWIST ANGLE OF SECTION ZERO-LIFT LINE
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Figure 12 - Optimum twist distributions for hover and
cruise
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Chord Distribution Compromises - The chord distribu-

tion of the baseline unswept blade was refined using
the planform determination procedure of Reference 7.
This procedure computes the planform of an unswept
blade for which the radial distribution of optimum lift
coefficient has been prescribed. The Betz condition
for minimum induced loss on propellers in axial flight
dictates that the wake displacement velocity be radially
constant. The displacement velocity of the vortex
wake, Vo ™ vllcos¢, is the speed with which the helical

wake travels downstream relative to the surrounding
air. The blade loading for minimum induced losses
varies radially with Vo and can be iteratively solved for

to meet a required thrust coefficient. Once the opti-
mum blade loading cloptcm has been computed, the

spanwise variation in chord, ¢/R, can be determined
from the known c|°Pi distribution.

For low-speed conditions, C,o { may be chosen to be
the maximum lift coefficient, Cjmax; the resulting plan-
form allows maximum lift to be achieved while operating
with minimum induced losses. For high speed, there is
no "optimum lift" requirement. The loading is low com-



pared to the blade's thrust capabilties, and the blade
airfoil sections operate at very low lift coefficient levels.
Restricting the sectional lift excursions to low levels,
C, ¢« 0.1, would ensure that a section's drag diver-
gence Mach number, Mpp, is as high as possible.

Viip = 700 fps, SL/I5A+15C

0.9
UNSWEPT BLADE (A-U)
HOVER
OPTIMIZED TWIST _
0.8 LWy
= /
i 4 c
= / (_T) =0.135
5 0.74 ¢ / DESIGN
E 0.7 \
2 / CRUISE
o OPTIMIZED TWIST
0.6
/
I
!
0.5 - : .
0.02 0.08 0.10 0.14 0.18
cr/o
(a) - Hover
400 KTAS, Vtip = 800 fps, 25000 ft /STD
1.0
UNSWEPT BLADE (A-U)
CAUISE
OPTIMIZED TWIST
5 0.8- \ //
=
w -
3] / ——_
& e g
W 0.8 //"' B~ hoven
z - OPTIMIZED TWIST
- e
= e
o) DESIGN
& 0.4 THRUST = 2200 LB
0.2 ; - -
800 1600 2400 3200 4000
ROTOR THAUST (LB)
(b) - Cruise

Figure 13 - Hover and cruise performance with hover
and cruise optimized twist
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It was stated earlier that at high-speed cruise condi-
tions the induced power is small, so that blade
optimization need not be directed towards the mini-
mization of induced losses. However, since the de-
sign has to include good hover performance, for which
the induced power losses are significant, some
compromises in the planform have to be defined at
hover conditions.

During iteration on chord to meet design thrust
loading, the lift-to-drag ratio was scaled to account for
Reynolds number effects on sectional drag. Tip loss
effects were- also included, and this caused the plan-
forms to be significantly tapered down in chord near
the tip. Figure 14 shows chord distributions defined
for best hover and best cruise performance: an
inversely tapered planform is best for cruise, while a
highly tapered planform is better suited for hover. It
can also be observed that, due to the low disk loading
in cruise (cruise T/A = 2.0 Ib/it2, hover T/A = 20 Ib/ft2),
the required cruise solidity (U’T = 0.1010) is much

smaller than needed for hover (o = 0.139).

Solution for Minimum Induced and Profile Power

BLADE RADIUS = 18.55 FT, 4 BLADES

X OPTIMUM FOR HOVER
“mnsr. Cp=0.018 (T7A=20 pal, Vip=T00 tps)

ay=01 OPTIMUM FOR CRUISE

(25,000 Wstd, T=2200 b, Viip=800 Ips)
4 o= 0.1010
B /
HOVER/CRUISE ~~.. _ P e

0.0 0.1 0.2 0.3 0.4 05 06 07 08 09 1.0
RADIAL BTATION (r/R)

CHORD (FEET)

Figure 14 - Chord distribution for optimum hover and
cruise performance

The chord distributions required for optimum hover
and optimum cruise performance appear to be truly in-
compatible of each other. In the absence of formal
methods of optimization between the hover and cruise
requirements, intermediate unswept planforms had to
be defined. A "compromise” planform, with the re-
quired thrust-weighted solidity of 0.134, is also shown
in Figure 14.

Definition of Tip Sweep Schedules - The loading dis-
tributions and Mach number environments of baseline
unswept blades were compared to the drag diver-
gence Mach number capability of the sections em-
ployed. The drag divergence boundary was relieved
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by a small Mach number increment (Mp,+0.01), as ex-

plained earlier. Local sweep was introduced so that
the normal component of the resultant flow relative to
the blade 1/4 chord line would not exceed
(Mpp+0.01). The procedure was incorporated into an

inverse solution program to expedite the definition of
candidate configurations.

Einal Configurations - Figure 15 summarizes the final
swept and unswept planform candidates for 400 knot
cruise flight considered in the NASA study. They are
identified as blades A, B and C, with qualifiers U or S to
indicate whether the tips were unswept or swept. The
thrust-weighted solidities of all three blades were main-
tained at 0.134 in order keep the hover Cy/or at 0.135.
On all blades the airfoil distribution has been
kept constant, as described in Table Il, and
therefore, all blades have the same twist o meet
the 400 knot cruise condition.

Performance Comparisons - Only key comparisons of
blade characteristics will be presented to highlight the
main conclusions of the study.

Figure 17 compares the blade loading of unswept
A-U and swept A-S blades. It can be observed that
sweep effectively redistributes the lift loading, shifting
it closer inboard. The effectiveness of sweep in sup-
pressing compressibility drag rise is evident in the ra-
dial drag distribution, where it is seen that the profile
drag outboard of the swept region is considerably
reduced.

Radial

Station (VR) Airdoil o
0.10 XN-18 0.18
0.20 XN-18 0.18
0.40 VR-12 0.106
0.80 VR-15 0.08
1.0 VR-15 0.08

Note: All airfoil contours interpolated linearly between

given blade stations.

Table Il - Airfoil distribution over A, B and C blades
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Figure 15 - Candidate blade design planforms

The main characteristics of swept blade configurations
A-S and B-S are compared in Figure 16. The swept
B-S and unswept B-U blades have the same solidity as
the A-blades, but incorporate a linearly tapered plan-
form with 2/3 taper ratio inboard of 0.85R to avoid ex-
cessive root chord. The third set of planform variations
considered, the "C-blades”, have the same airfoil, twist
and sweep distributions as the B-blades, but differ in
planform. The swept C-S and the unswept C-U blades
have an inverse non-linear taper from the root to the
0.75 radial station, and then taper down to 6 inches at
the tip. The inverse taper planform was chosen based
only upon the cruise-optimum chord distribution given
in Figure 15, and has been compromised for hover.

1
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Figure 16 - Definition of A-S and B-S blade
characteristics
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Figure 17 - Comparison of unswept and swept blade
loading in cruise.

Figure 18 compares the 400 knot cruise blade load-
ing of swept tip blades A-S and B-S. The distributions
of lit and drag loads are nearly identical, indicating that
cruise performance should be similar.

Figures 19, (a) and (b), compare the hover and
cruise performance of swept A-S, unswept A-U, and
swept B-S blades. A-U represents the unswept base-
line level of performance. All three rotors have thrust
weighted solidity ot = 0.134. The swept A-S blade
has a 2.6 percent higher cruise efficiency compared to
the baseline unswept blade A-U configuration. The
swept blade B-S, which is a planform variant of A-S, re-
sults in only a 1.6 percent improvement in cruise effi-
ciency relative to blade A-S. The hover performance of
the swept blades A-S and B-S are not significantly af-
fected by blade sweep, and the maximum Figure of
Merit of the swept and unswept blades remains at the
level of A-U.

For swept blades, A-S, B-S, and C-S, hover and cruise

performance comparisons are presented in Flgures
20, (a) and (b) respectively. Rotor C-S produces the
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Figure 18 - Blade loading comparison for swept blade
configurations A-S and B-S

largest improvement in cruise performance with an ef-
ficiency approaching 82 % for the design cruise condi-
tion, a 2.5 % improvement over configuration B-S.
Blades A-S and B-S yield comparable cruise efficiency
improvements, both performing at about 80 percent
efficiency at the design cruise thrust. The hover per-
formance of all three swept blades is comparable, with
a Figure of Merit exceeding 0.80 at the hover design
CTJoT. The hover blade loading of the three blades is

illustrated Figure 21. It is apparent that, in hover,
the inverse taper of blade C-S promotes stall in the root
region. :

JHREE-DIMENSIONAL TIP FLOW ENVIRONMENT

The TECH-01 and CAMRAD/JA rotor analysis codes
are called "comprehensive™ because they combine on
a practical level aerodynamics, dynamics and rotor trim
procedures which allow the user to model in one com-
putation rotor blade airloads, motions and elastic de-
flections.
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In the absence of adequate test evidence, trends on
the effect of airfoil and blade planform variation at tran-
sonic tip Mach numbers have been obtained by means
of rotor CFD codes, specifically the FPR13.14 code,
and a preliminary axial-flow modification of FPR.

FPR and an axial modification of FPR were used to:

1) Evaluate 3-D lift curve slope trends, for use in
TECH-01 through the Levacic approximations, and

2) Assess airload differences between straight and
swept blade tips.

Configuration: Rectangular tip helicopter blade
Analysis: FPR
edgewise [light, 90 deg. azimuth, M,,,=0.85

FPR Assumpllon:
My, 4n®0.02, W, .4°0.08
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Figure 21 - Comparison of swept blade lift and drag
loading in hover, for blade configurations
A-S,B-SandC-S

Aerodynamically, the comprehensive codes model the
rotor blades by lifting line theory, replacing the three-
dimensional blade with computation points distributed
along a single line. The lifting line models are not ade-
quate near the tip of blades. Two main tip relief models
have been introduced in TECH-01. The first, by
LeNard4, corrects the profile drag. The second model
is an empirical approximation of local changes in the
sectional lift-curve slope close to the tip of rotor blades.
It was formulated for use with lifting line theory, and it is
currently used only at transonic conditions
(approximately for M > 0.6). This lift-curve slope cor-
rection was derived from blade pressure measure-
ments in hover by Caradonna and Tung'7, and is re-
ferred to as the Levacic correction. Details are de-
scribed in Reference 3.
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Figure 22 - FPR estimate of the local lift curve slope for
a rectangular blade planform in edgewise
fiow

A way of using FPR in evaluating 3-D tip effects in
terms of the local lift curve slope changes is illustrated
in Flgure 22. In the example shown, the blade had a
rectangular planform and a thin tip airfoil (6% section)
held constant from the 0.75R station to the tip. The
FPR solution was n the helicopter mode, for an un-
twisted blade, with symmetrical airfoils at the ¥ = 90°
position. Two pitch angles were evaluated: e.g., 0°
and 0.5°, with tip speed and advance ratio set for a
given tip Mach number. At the 0° pitch level FPR
would verify that the model produces zero lift. The lift-
ing solution provided local blade pitch sensitivities,
(dCyde), which were corrected to actual lift curve slope



values (dCyda) by approximating induced velocity cor-
rections from a simple trailed wake model. Also shown
in Figure 23 is a line with a fit of FPR results by the
Levacic equations, and a two-dimensional lift curve
slope trend. Away from the tip, the lift curve slope from
FPR exceeds the Prandtl-Glauert trend, but there is
evidence such overprediction is typical of all current
CFD codes, and it does not detract from the useful-
ness of the results.

Configuration: Straight VR-15 tiltrotor blade
Analysis: FPR(Axial) & TECH-01 (results adjusted)
Vaer1a:"300 kits., 0=57. degrees, M,,, n.,."0.77
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Figure 23- Comparison of Axial-FPR and TECH-01 lift
distributions for an untapered tiltrotor blade
planform in axial flight at 300 knots.

Figure 23 compares FPR and TECH-01 results from
axial flight calculations carried out with a rectangular
blade planform and airfoils representative of high
speed tiltrotor blades. The twist was set to provide
zero lift along the blade at a reference pitch angle (i.e.,
the zero-lift plane of the blade was lined up with the lo-
cal inflow angle, ¢). The TECH-01 normal force coeffi-
cient distribution includes the Levacic correction and
is close to the FPR results; however, the TECH-01
values were scaled by a factor of 1.2 to account for the
overprediction by CFD methods described earlier.
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This overprediction is not critical in the assessment of
the Levacic correction (which models the ratio of 2-D to
3-D lift curve slope values as a function of blade geom-
etry and flight conditions) but it poses some questions
about the validity of calculations coupling rotor CFD
and comprehensive rotor analysis codes. For the pur-
poses of the present study, the Levacic approximation
was considered adequate for both straight and swept
tip blades.

Figure 24 - Comparison of Axial-FPR Mach number
contours for straight B-U and swept B-S
planforms in 400 knot flight. Upper
surfaces.

Figure 24 compares constant Mach number con-
tours over the upper surfaces of straight configuration
B-U and swept configuration B-S in 400 knot axial
flight. Only the outer 30% of span is shown. The flow
solutions were obtained by means of axial-FPR, with
significant help from Army AFDD personnel. The FPR
results for the two planforms appear to be qualitatively
correct, and have yielded tip relief trends which were
incorporated in the Levacic correction. Closer
examination shows that the swept tip did not appear to
benefit of any of the Mach number relief expected from
tip sweep, although no de-localization was observed
for either tip. This may be due to the fact that, since
the FPR calculations were to provide only tip relief
trends, no attempt was made to match more exact trim
conditions. It is also possible that the twist of the
swept configuration could be further optimized, and
there is experimental and analytical evidence showing
that simple superposition methods fail in properly
combining tip chord taper and tip sweep aerodynamic
trends18.19 A better understanding of tip sweep ef-
fects will require the review of more test evidence, and
more systematic CFD calculations, tasks well beyond
the scope of the NASA study®.



AXIAL-FLOW ANALYSIS OF SELECTED
CONFIGURATIONS (TECH-01)

While the B-08 analysis, used to define the final con-
figurations of Figure 16, did not employ the 3-D lift-
curve slope corrections described in the previous sec-
tion, it did, however, use the Prandtl tip loss factor,
which is conditionally satisfactory for most preliminary
design purposes. Complete 3-D tip relief corrections
were employed in the TECH-01 calculations.

TECH-01 calculations for the swept tip, B-S planform
configuration and its unswept counterpart, B-U, were
used to pursue the investigation of a few key propro-
tor design issues. Two questions will be addressed in
this section:

1) What is the effect of elastic blade deflections on
performance and airoads ?

2) How will the straight and swept blades perform
below and beyond the 400 knot design condition?
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Figure 25 a - Blade properties for straight and swept
blades (continued)
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Some assumptions were necessary before introducing
elastic effects into the TECH-01 calculations. First, it
was assumed that the blades are rigidly attached to the
hub, as in conventional propellers. This was done
while recognizing that a gimbaled hub arrangement
would have to be used in an actual design. The sec-
ond assumption had to do with blade structural proper-
ties.

The structural propenrties used in the present investi-
gation were scaled from known tiltrotor configurations
and from available preliminary design information.
They only represent a starting point. The assumed
structural characteristics of the straight (B-U) and swept
(B-S) blade tips are summarized in Flgures 25a, b.

The effect of blade elastic deflections on proprotor
performance is illustrated in Figures 26, 27 and 28.
Figure 26 summarizes the proprotor thrust levels as-
sumed for the various flight speeds, at the 25,000 ft al-
titude for which the calculations were carried out. Fig-
ure 27 compares the performance of the straight and
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Figure 25 b - Blade properties for straight and swept
blades (concluded)



swept blades, both rigid and elastically deformable, in
terms of proprotor efficiency. The effect of elastic de-
flections on performance was shown to be generally
negligible,

this study. Elastic effects appear to penalize the per-
formance of the swept tip blades at flight speeds be-
yond 400 knots, but, overall, the performance of the
swept blades is always above the level of the straight
blades. Figure 28 also shows that at 370 knots the
unswept blades have the same efficiency as the swept
tip blades at 400 knots. Reducing the thickness of the
tip airfoil from 8% to 7% would increase its drag diver-
gence Mach number by approximately AMpp = 0.01,
and could, potentially, improve the cruise speed of the
unswept tip blades to nearly 380 knots.
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Figure 26 - Required proprotor thrust levels for
flight speeds between 300 knots and
420 knots at 25,000 ft altitude

Figure 28 summarizes the steady elastic twist de-
flections experienced by the straight and swept tip
blades between 300 and 420 knots. Again, these re-
sults should be considered preliminary. The swept tip
blades experience larger elastic twist deflections than
the straight blades because of the lift contribution of
the swept portion of the planform to the total blade
torsional moment. On swept tip configuration B-S, the
steady elastic twist change varies from 0.85° at 300
knots to 1.07° at 400 knots. The straight blades, B-U,
experience negligible steady twist deflections at 300
knots and 0.5° at 400 knots. Beyond 400 knots the
elastic twist can be expected to grow rapidly with in-
creasing flight speed, and, as compressibility effects
become significant, the torsional deflection of the
straight blades may even exceed the deflection on the
swept blades (as observed on helicopter rotors). It
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should be noted, however, that in TECH-01 the tip air-
loading and the aerodynamic moments are almost to-
tally dependent on 3-D empirical corrections. These
corrections are approximately known for the 400 knot
condition, but have not been verified for speeds be-
yond 400 knots.
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Figure 27 - Effect of elastic deflections on

proprotor efficiency at flight speeds
between 300 and 420 knots
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INTERACTIONAL AERODYNAMIC EFFECTS

In purely axial flight there are no azimuthal variations in
blade airloads and flow field properties, and no in-plane
loads are produced. However, when the flow is per-
turbed by interference velocities or by changes in pitch
and yaw, azimuthally varying blade airloads and net in-
plane hub forces are generated.

The effect of wing and fuselage interference velocities
on rotor performance and vibratory airloads was esti-
mated by means of VSAERO12 flow field velocities in-
troduced into the TECH-0119.11 rotor analysis. With-
out interference velocities, TECH-01 models isolated
rotors, namely rotors meeting a uniform free-stream ve-
locity distribution. The isolated rotor in uniform flow
does not display any vibratory forces, other than neg-
ligible fluctuations due to gravity (since in the airplane
mode the disc plane is perpendicular to the earth's sur-
face during level flight). Large vibratory airloads, how-
ever, may be experienced in the presence of wing and
body flow interference. The magnitude of the interfer-
ence effects is a function of wing loading and can be
expected to be more significant at high incidence an-
gles. The effect of flow interference on performance
and airloads was investigated for both structurally rigid
blades and elastic blades. Limited flow interference
calculations were also carried out to assess hub ef-
fects. As predictable, it was found that allowing blade
motions in the flapping and lead-lag directions signifi-
cantly reduces hub forces and moments. Hub design
issues will have to be addressed in future studies.
Most of the calculations in Reference 3 were intended
to quantify the magnitude of the flow effects involved,
and were carried out assuming hingeless hubs.

While actual wing and fuselage configurations for high
speed tiltrotors remain to be defined, the most signifi-
cant interference effects can be meaningfully investi-
gated by assuming a generic wing-body geometry.
The preliminary wing/body combination used in the
present study, illustrated in Figure 29, has moder-
ately swept-forward wings placed on top of a stream-
lined fuselage. Tail surfaces were not modeled as not
relevant to the rotor interference problem. Figure 30
also shows the placement of the rotor disc planes rela-
tive to the wings and summarizes the sign conventions
of the quantities involved. The VSAERO calculations
were carried out for the wings set at the incidence
necessary for operation at typical flight speeds and
gross weights, assuming that the rotors can always be
oriented so that the disc plane is exactly perpendicular
to the direction of flight. This assumption simplifies the
assessment of the effect of interference velocities at
the rotor disc plane.

Figure 30 shows isometric displays of the radial and

azimuthal variations in normal and tangential interfer-
ence velocities for a 400 knot flight condition. The
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largest fluctuations in interference velocities take place
in the vicinity of the wing's leading edge ("wing up-
wash"). The proprotor wake also induces pressure fluc-
tuations on the wing and on the tail surfaces, but an
assessment of these sources of vibration was outside
of the scope of the present study.

DISK FRONT VIEW
STARBOARD §1DE

Figure 29 - Placement of the rotor and disc planes in
the VSAERO panel model

TECH-01 calculations were carried out at 300 and 400
knot flight speeds for structurally rigid and elastically
deformable blades, for both straight and swept tip con-
figurations. Hingeless and articulated hubs were
examined. In all cases, the calculations first addressed
the isolated rotor conditions and then were repeated
with the interference velocities as described in Figure
30. Filgure 31 compares the radial and azimuthal
variation in thrust loading for swept tip blades, without
and with interference velocities, at a 400 knot flight
condition. The blades were rigid and were attached to
a rigid hub. Being rigid, no significant differences in
interference effects were observed between the



TANGENTIAL

Figure 30 - Radial and azimuthal variation of wing and
fuselage interference velocities at the rotor
disc plane, at 400 knots

straight and swept tip blades. Subsequent calculations
involving elastically deformable blades only showed a
higher harmonic content in the blade loading, while the
magnitude of the vibratory airloads did not appreciably
change from the rigid blade baseline. The validity of
the calculations involving elastic deflections is a func-
tion of the assumed structural properties, something
that needs to be addressed in future studies. Quite
predictably, the introduction of blade flapping had the
effect of reducing the magnitude of the vibratory air-
loads, confirming the importance of hub definition early
in the design cycle.

Non-Axjal Flow Conditions - Vibratory airloads of the
magnitude shown in Figure 32 would probably be un-
acceptable, and they are due to just interference ve-
locities. Figure 32 shows the effect of 1° and 2° de-
viations from pure axial flow conditions at 400 knots,
without interference velocities. The compounded ef-
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Rigid Blades on Hingeless Rotor Hub

Ve = 400knots, Vr = 600 fps, T = 2,200 Ib

THRUST LOADING

(Ib/in)

Wing and Fuselage Interference

Figure 31 - VSAERO and TECH-01 estimated effect of
wing-fuselage interference on blade thrust
loading time history at 400 knots.

fect of non-axial flow and wing-fuselage interference
was not addressed at this time, but it can be expected
to be even more significant in terms of the vibratory
airloads produced. For the future, however, we ex-
pect that high vibratory airoads can and will be relieved
by advanced hub and blade designs. All the elements
of the necessary methodologies are already at hand,
but they certainly need to be validated. Although only
exploratory in nature, these calculations underscored
the importance of comprehensive predictive methods
to support the design of advanced proprotor blades.
They also underscored the need for detailed test evi-
dence to validate all aspects of the analytical models
involved.



Elastic Blades on Hingeless Rotor Hub
Ve = 400 knots, Vr= 600 fps, T = 2,200 Ib
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Figure 32 - TECH-01 prediction of the effect of prop-
rotor incidence angle on the radial and
azimuthal variation in thrust loading at 400
knots

CONCLUSIONS

o The conventional helicopter rotor wisdom of design-
ing for minimum induced power with the airfoil sections
operating near maximum L/D does not apply in high
speed tiltrotor blade design.

o Aerodynamically efficient blade planforms with tip
chord taper and sweep over no more than 30% of the
blade span are feasible for flight speeds up to 400
knots.

o For flight speeds below 380 knots it should be pos-

sible to adequately reduce compressibility effects
without tip sweep by reducing tip airfoil thickness.
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o The performance of high speed tiltrotor blades may
be as significantly influenced by root-end thickness as
it is by tip phenomena. High speed tiltrotor blade struc-
tural requirements will have to be defined in better de-
tail before the impact of root end thickness effects, and
possible root-end sweep, can be quantified.

o The estimated elastic blade deflections during high
speed flight were small, and were achieved without
unusually demanding blade stiffness requirements.
Manufacturing tolerances and blade-to-blade discrep-
ancies remain a concem.

o Aerodynamic interference and non-axial flow
conditions are a potential source of large vibratory air-
loads. These effects will have to be addressed by hub
design.

o The rotor CFD methods employed in the present
study yielded useful trends, but grid modeling
difficulties precluded more extensive computations.
User-friendly grid generations methods are a high

priority.

o Better empirical models for tip relief effects are
needed for practical design studies. CFD can be ex-
pected to provide useful trends, but these will have to
be validated experimentally.

BECOMMENDATIONS

o Investigate thinner inboard airfoils and inboard
forward sweep to help to meet blade structural re-
quirements without penalizing aerodynamic perfor-
mance.

o Examine the feasibilty of reducing tip sweep
requirements through the use of thinner tip airfoils.

o In the present investigation the design variables
were examined one at a time, independently of each
other. Future, more rigorous, optimization will have to
address combinations of twist, chord and airfoil
changes.

o Quantify proprotor performance improvements
possible by local twist variations. Include elastic twist
considerations in the blade design criteria.

o Cany out systematic calculations by means of rotor
CFD methods (e.g., FPR), to define an improved
empirical model of 3-D tip relief suitable for high speed
proprotor applications.

o Hub design will have to be introduced early in the
overall design cycle. The impact of improved hub
designs remains to be investigated.



o More systematic calculations will have to be carried
out to quantify the effect of combined non-axial flow
conditions and wing / body interference effects. While
current methods can model interference effects, test
data are needed for validation.

0 At the earliest possible opportunity a proprotor
model should be built and a wind tunnel test
conducted to provide quantitative evidence for the
most critical performance, blade load, noise and
vibration issues.
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