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Parametric Analysis of a Passive Cyclic
Control Device for Helicopters

Hiroyuki Kumagai

The University of Kansas Center for Research Inc.
2291 Irving Hill Dr. - Campus West
Lawrence, KS 66045

Summary

A parametric study of a passive device which provides a cyclic
longitudinal control moment for a helicopter rotor was performed. It
utilizes a rotor blade tip which is structurally decoupled from the blade
inboard section. This rotor configuration is generally called the Free-Tip
Rotor.

A two dimensional numerical model was used to review the Constant
Lift Tip Rotor, a predecessor of the current configuration, and then the
same model was applied to the Passive Cvclic Control Device. The Constant
Lift Tip was proven to have the ability to suppress the vibratory lift
loading on the tip around the azimuth and to eliminate a significant
negative lift peak on the advancing tip. The Passive Cyclic Control Device
showed a once-per-revolution lift oscillation with a large amplitude, while
minimizing the higher harmonic terms of the lift oscillation. This once-
per-revolution oscillation results in the cyclic moment to trim the rotor
longitudinally.

A rotor performance analysis was performed by a three dimensional
numerical model. It indicated that the vortices shed from the junction bet-
ween the tip and the inboard section has a strong influence on the tip, and
it may severely limit the tip performance.

It was also shown that the Free-Tip allows the inboard section to
have a larger twist, which results in a better performance.




1. Introduction

The rotor blade tip has a strong influence on the overall rotor perfor-
mance and the load characteristics. Therefore, an improvement on the tip
aerodynamics is expected to result in a large improvement in total rotor
performance. ~

A basic configuration of the Free-Tip Rotor consists of a conventional
blade inboard section and a tip section of 10 percent radius whose pitch-
ing motion is decoupled from the inboard section. There is a passive
pitch control device built into the inboard section of the blade, adjacent
to the tip section. This control device (controller) generates a constant
pitch-up moment, and the pitch angle of the tip is determined by a mo-
ment balance between this control moment and other external moments,
such as aerodynamic moment, moment due to lift and aerodynamic center
offset from the tip pitch axis, etc. The Free-Tip Rotor concept is shown
schematically in Figure 1-1. More detailed description is given in Reference
1.

There are two applications of the Free-Tip Rotor and they can be
classified as follows.

1.1. Free-Tip Rotor I (FTR I).

If there is a large offset between tip pitch axis and the aerodynamic
center, it results in a large negative c,,, around the pitch axis.
This large negative c,,, enables the tip to respond to the perturba-
tions.

The resulting tip pitch motion generates a relatively uniform lift dis-
tribution around the azimuth. This will improve the lift over drag ratio,
L/D of the helicopter by eliminating the negative lift at the tip on the ad-
vancing side. It also helps to reduce the drag associated with compressibility
on the advancing side as the resulting angle of attack has a small positive




Figure 1-1 Free-Tip Rotor Schematics
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value compared with a large negative angle of attack on a conventional
tip.
Since the amplitude of the lift oscillation on the tip is also

suppressed, the Free-Tip should also improve rotor vibration characteris-
tics.

In the case of Free-Tip Rotor I concept, which is also called
Constant Lift Tip Rotor, the control moment, externally applied by
the controller is constant and independent on the blade azimuth loca-
tion.

1.2. Free-Tip Rotor II (FTR II).

A basic concept of the Free-Tip Rotor I is the utilization of the
Free-Tip as a passive cyclic control device for longitudinal trim. For this
purpose, a once-per-revolution cyclic pitch motion must be induced on
the tip section. This can be done by a pitch control mechanism which
generates a control moment as a function of local dynamic pressures.
Such a mechanism will add a complexity to the system. However, it is
still possible to use the pitch control mechanism with a constant control
moment, designed for the FTR I, for this application if an additional
external pitch-down moment with a once-per-revolution variation is also
applied to the tip. The sum of these moments induces a once-per-
revolution pitch oscillation on the tip. Such a periodic external pitch-
down moment can be created by a large negative pitching moment of
the airfoil, or the drag acting on the tip with a negative dihedral. Since
the aerodynamic pitching moment and drag are both functions of local
dynamic pressure, the resulting pitching moment will have a once-per
revolution variation. This configuration is called Passive Cyclic Control
Device. .




2. List of Symbols
a

a, by

ba(t)

be(t)

¢

C(t)

Ce

(ft/sec)

first harmonic coefficients of £(¢)

sonic velocity
(Ib/f1)

(Ib ft sec/ft)
(Ib ft sec/ft)

aerodynamic damping coefficient
mechanical damping coeflicient
chord length (ft)

a sum of by(t) and bo(t) (Ib ft/sec/ft)

sectional lift curve slope

lift curve slope of three dimensional Free-Tip

moment coefficient around 25 ¢ chord

variation of moment coefficient around 13 % chord
due to angle of attack

power coefficient
thrust coefficient

sectional drag on the Free-Tip (/)

inner and outer diameters of the helical screw

(/1)
inplane H-force (/b)

moment of inertia of the Free-Tip per unit span

(slug ft2/ft)




a sum of kg¢(t) and kq(t) (Ib ft/f1)
aerodynamic spring coefficient  (ib ft/ft)
mechanical spring coefficient ({b ft/ft)

longitudinal cyclic moment generated by Free-Tip

(I6 ft/ft)

contribution of first harmonic lift component on
the Free-Tip to the longitudinal cyclic moment

(Ib ft/ 1)

forward and aft moment arms contributing to
feathering moment (ft)

span of the Free-Tip (ft)

sectional lift distribution on the Free-Tip around
the azimuth (Ib/ft)

first barmonic component of sectional lift variation
on the Free-Tip around the azimuth  (/b/ft)

Mach number

a sum of external moment (lb ft/ft)
moment due to drag and dihedral ((b)
moment due to friction (Ib ft/ft)
feathering moment (Ib ft/ft)

forward and aft masses contributing to feathering
moment (slug/ft)




Utsp

)’

aQHELIX
Qshaft
Bo

ﬂlc

ﬂls
Ac

Acd

Acm,

dynamic pressure (lb/ft?)

radius of rotor  (ft)

radial location of the Free-Tip c. g. (ft)
thrust (/b))

helicopter forward flight speed (kts)
nondiminsional flow velocity at the tip

e} (Ib)
inplane Y-force (side force) ((b)
sectional angle of attack (rad.)

helical screw angle (rad.)

rotor angle of attack, positive rearward (deg.)
coning angle (deg.)

longitudinal flapping in shaft axis (deg.)
lateral flapping in shaft axis (deg.)

nondimensional chordwise distance between Free-
Tip pitch axis and aerodynamic center of the Free-
Tip

sectional drag coefficient increment for Reymnolds
number effect compensation

sectional moment coefficient increment due to tab
deflection
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dihedral angle of the Free-Tip (rad.)

pitch angle of Free-Tip measured from the tip path
plane (rad.)

collective pitch control input measured at 75 %
spanwise blade station (deg.)

lateral cyclic pitch control input (deg.)
longitudinal cyclic pitch control input (deg.)
blade twist, positive up  (deg.)

rotor advance ratio

friction coefficient

nondimensional induced velocity component normal
to the airfoil chord line

air density  (slug/ft?)
rotor solidity

inflow angle (rad.)
azimuthal angle (deg.)

angular velocity of rotor




3. Two Dimensional Analysis of FTR 1

3.1. Numerical Model Description.

A computer program AZIMUTH was originally developed at NASA-
Ames Research Center to model the tip response of the Free-Tip
Rotor. This section describes a parametric study of the FTR I tip
response characteristics, performed by the AZIMUTH. Prior to the
parametric study, the program was modified to extend its original
capabilities.

This numerical model focuses on the motion of the tip itself and the
resulting aerodynamic forces from the tip motion. It does not include the
rotor inboard section.

Other assumptions included in the numerical model are presented
below.

1. Induced velocity is modeled in terms of a prescribed wake. Three
types of prescribed wakes were used in the analysis, one being based on
the uniform downwash, the other based on the nonuniform downwash,
and the third also based on the nonuniform downwash but with
strong higher harmonic terms. These wakes, which were prescribed
in terms of inflow angle distributions, were obtained from various
numerical models of a rotor with a conventional tip, and therefore
do not reflect the aerodynamic loading on the free-tip. Also, they
do not include any vortices shed from the junction of the tip and
inboard section of the blade. These downwash distributions are
presented in Figure 3-1 as inflow angle distributions.They include the
wake induced velocity and the velocity induced by blade motions.

2.  All aerodynamic parameters are based omn the two dimensional
blade element theory. However, the effect of planform geometry,




INFLOW ANGLE ¢, deg

-10
12
-14
-16
-18

Figure 3-1 Inflow Angle Distribution.

NONUNIFORM
DOWNWASH (b)

- / \
KN /I \ \ /
- l& \ \ /
7 \N_7 e
— UNIFORM 4 -
i DOWNWASH \ /
[
L \ l
i NONUNIFORM /\ '
DOWNWASH (a) /
1 1 1 1 B 1 1 i 1 1 i S |
0 60 120 180 240 300 360

AZIMUTH ANGLE ¢, deg

10




particularly, the effect of sweep, was accounted for in terms
of a shift of the eflective aerodynamic center.  Although the
numerical model was formulated as a two dimensional model, the
actual aerodynamic data such as lift curve slope, were taken
from the semi-span wind tunnel data. This enables the numeri-
cal model to make a more realistic simulation of the tip mo-
tion.

3. Although the compressibility compensation is included, it lacks a
detailed description of the transonic phenomena associated with a
shock wave. This compensation is strictly an approximation, which
utilizes Prantl-Glauert similarity rule and polynomial approximation

functions for ¢¢_ , cq and cy,.

4. Aerodynamic damping is the only unsteady eflect that was included
in the analysis. Unsteady-Quasi-Vortex-Lattice-Method was used to
estimate the aerodynamic damping term. It was based on a fixed wing
approximation with a sinusoidal oscillation, whose reduced frequency,
k is approximately 0.22 (Reference 2).

5. The center of gravity of the tip is assumed to be on the pitch
axis. This, by design, minimizes the moment of inertia of the

tip.

Pitch angle of the tip is modeled as a dynamic response of a
torsional vibration system around the pitch axis. Its equation of motion
is;

d2
a!t2

where

11

+C(t) +K(t)9—M() 3.1)



6 = tip pitch angle measured from the tip path plane.
J = moment of inertia of the tip
C(t) = a sum of aerodynamic and mechanical damping rate

= ba(t) + bs(?)

K(t) = a sum of aerodynamic and mechanical spring rate

= ka(t) + ks(2)

M(t) = a sum of external moment

The external moment M(t) includes the control moment, airfoil pitching
moment, feathering moment and the moment due to friction.

The aerodynamic spring rate per unit span length, k. is defined
as;

ko = C¢  qclc (3.2)
where ¢, is the sectional lift curve slope, ¢, local dynamic pres-
sure, ¢, chord length and Ac is the offset of the effective aerodynamic
center from the pitch axis. The values for c,, and Ac were

determined experimentally by a semi-span low subsonic wind tunnel
test.

Tip pitch angle, 6, is defined in terms of angle of attack, a and
inflow angle, ¢ which is prescribed in terms of Fourier coefficients D, and
F,.

f=a—¢ (3.3)
10
¢ = ¢o + E [Dy, sin(nQ1t) + F, cos(nflt)] (3.4)
n==1
where, {1 is the angular velocity of the blade.

Substituting above expressions into equation (3.1) and rearrang-
ing,

12




d?a ba + by da ka + ko
at2 "2' T v M
d“¢ | ba +badd | ko + ko 0 , My Je f
dt? + J dt + J ¢+ J + J + J + J (3.5)

where

go = a constant control moment
M, = aerodynamic moment
Crm qC2 (3.6)

M;. = feathering moment
= —0%(m; 3 + m£2)sin 6 (3.7)
M; = moment due to friction
dg
= mMPRy 2 (3.8)

|41

where, my, m,, €5, €, are masses and moment arms which con-
tribute to the feathering moment and m is the mass of the free tip,
' is the equivalent friction coefficient and R is the radius of the
rotor.

In equation (3.5) the initial conditions are unknown. Therefore, ar-
bitrary starting values were assigned to o and 4. Then the equation was
solved by the Runge-Kutta method. Since the initial conditions given ini-
tially are merely a guess, the Runge-Kutta method was iterated for each
rotor revolution until a converged solution was obtained. The method
converged very quickly and the solution was obtained in the second itera-
tion.

This version of AZIMUTH program was superseded by a new ver-
sion developed for FTR 1I analysis. The new version of AZIMUTH is called
FTR2 and it is described in section 4.

For the ‘analysis of hovering mode, a half sine wave was prescribed
for the inflow angle to simulate an air jet. All parameters were the same as
those in the analysis of the forward flight mode. The inflow angle is given

13



by the following equation;

: — & T o
d) = ¢peak SID(—%?:%ﬂ) when 5_(_ ¢S -E’)_
(3.9)
¢ =0 otherwise
where
d’peak = a (3.10)

A special version of AZIMUTH program, HOVER was developed for
the analysis and its program listing is available on request.

3.2. Aerodynamic Parameters.

The following rotor parameters were selected for the analysis.

Radius = 28.0 ft
Average Chord = 1.3667 ft for a rectangular tip
= 1.2657 ft for a swept-tapered tip
Average Tip Speed = 650.0 ft/sec.
Forward Flight Speed = 325.25 ft/sec.
Advance Ratio = 0.5

For feathering moment,

my == 0.0445 slug/ ft
mg = 0.0445 slug/ ft
¢; = 0.0205 ft
la = 0.2297 ft

Two planforms, rectangular and swept-tapered, were used and they
are shown in Figure 3-2. In both cases, the center of gravity of

14




Figure 3-2 Free-Tip Planform
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the tip and the pitch axis were assumed to be at 13 % chord loca-
tion.

The basic aerodynamic characteristics of these tips were obtained
by a semi-span wind tunnel test in the Ames 7- by 10-foot Wind Tunnel.
Figures 3-3 and 3-4 shows the lift and moment around 25 % and 13
% chord as functions of angle of attack for the two planforms. The
airfoil used in the test was Boeing Vertol V23010-1.58. The discussion
on this airfoil will be given in section 4. The offset of the effective
aerodynamic center from the pitch axis, Ac, was computed from ¢p, .
by the equation;

Cma 13

Ac = (3.11)
CL‘

‘where

cL, = lift curve slope

3.3. Results.

3.3.1. Forward Flight

In forward flight, the behavior of the Free-Tip is basically a tor-
sional vibration of the mass (the tip) around its pitch axis with non-
constant damping and spring rate. Since the pitch angle of the tip is
determined by the response characteristic of this vibration, the result-
ing lift loading around the azimuth is very different from a conven-
tional tip, which has a prescribed pitch angle. A typical lift dis-
tribution of the Free-Tip, together with the lift on a conventional
tip are presented in Figure 3-5. The lift distribution on a Free-Tip
was computed for the swept, tapered tip with nonuniform downwash
(a) and airfoil pitching moment being ¢,,, = —0.01. The ability
of the Free-Tip configuration to suppress the oscillatory lift is evi-
dent.

16




Figure 3-3 Aerodynamic Characteristics of Rectangular Tip.
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Figure 3-4 Aerodynamic Characteristics of Swept, Tapered Tip.
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Figure 3-5 A Typical Lift Distribution on a Free-Tip and a Conventional Tip.
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The performance criteria used in this parametric study were,
primarily, peak-to-peak amplitude of the lift oscillation, with the mean lift
level as a secondary factor.

Figures 3-6 and 3-7 show the peak-to-peak lift amplitude for both the
rectangular and the swept, tapered planforms with three levels of moment
inertia and control moment.

It was shown that the resulting lift oscillations were relatively
insensitive to the level of moment of inertia. The moment of in-
ertia used in this analysis was the “effective moment of inertia”,
which includes the tip, the shaft of the pitch axis and a contribu-
tion from the controller mechanism which generates the control mo-
ment. A typical effective moment of inertia for a unit span length is
0.03 slug ft?/ft.

The rectangular planform generated comnsiderably higher peak-to-
peak lift than the swept tapered configuration for the same mean lift
level. The major reason for this was the low aerodynamic spring rate
that caused a low undamped natural frequency and resulted in a sys-
tem whose response to the angle of attack variation is slow. The
response can be improved by increased aerodynamic spring rate by
shifting the aerodynamic center downstream, creating a larger offset from
the pitch axis. This can be done by sweeping back the tip plan-
form.

The aerodynamic spring, created by the aerodynamic moment and
the lift offset, is proportional to the square of the local flow velocity
and the aerodynamic damping is considered to be proportional to the
local flow velocity. Therefore, it is impossible to achieve an optimal
response at all azimuth location. In fact, the unsteady lifting surface
theory (Reference 2) predicted that the aerodynamic damping alone is
large enough to make the system slightly underdamped in the advancing
side and heavily overdamped on the retreating side. This makes adding a
mechanical damper to adjust the damping characteristics impractical. Tt
also implies that any damping which is inherent in the mechanical system
should be eliminated as much as possible. If, however, the lift oscillations on

20
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Figure 3-6 Peak-to-Peak Lift for Rectangular Tip.
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lift peak—to—peak, Ib/ft

Figure 3-7 Peak-to-Peak Lift for Swept, Tapered Tip.
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the advancing side become large and dominant, then adding a mechanical
damper to achieve the critical damping on the advancing side may be
attractive.

Because of the above stated overdamping situation on the retreat-
ing side, the tip is unable to increase its pitch angle fast enough to
respond to the rapidly decreasing dynamic pressure, ¢, prior to the
azimuth location of ¥y = 270° and fails to respond to the dynamic
pressure build-up beyond ¥ = 270°. This results in a low lift load-
ing around ¥ = 240° and a high lift loading around ¥ = 300°.
This phenomenon may be called g-efflect and is shown in Figure 3-
5. Usually the peak-to-peak lift due to the g-effect overshadows the
lift peaks on the advancing side due to the underdamped oscilla-
tion.

The amount of control moment determines the mean lift loading.
However, if an excessive control moment is applied to the tip, it brings
the tip pitch angle to a high value around ¥ = 270°%, so that it takes a
longer time for a tip to respond to the dynamic pressure build-up after
passing ¢ = 270°. As a result, the peak-to-peak lift becomes larger as
the control moment becomes higher. This phenomenon becomes more
significant on the rectangular tip because it has a lower aerodynamic
spring.

An increased control moment can also bring the airfoil close
to the stall condition, which cannot be predicted by the AZIMUTH
program.

As it is indicated in Figure 3-5, for this particular configuration,
the minimum lift occurs on the advancing side due to the oscil-
latory motions. This part of the lift can be increased by the air-
foil pitching moment coeficient ¢,,,, because the aerodynamic mo-
ment is proportional to the local dynamic pressure, which becomes
maximum at ¥ = 90° and minimum at ¥ = 270°, Thus be-
cause of cp,,, a cyclic pitch is developed to increase the lift on
the advancing side without any appreciable impact on the retreating
side.

23



For example, Figure 3-8 shows an identical configuration which yields
the lift distribution in Figure 3-5, but the pitching moment coefficient of
the airfoil around the 25 % chord was changed from —0.01 to +0.01.
The positive pitching moment coefficient brings up the mean lift level
without deteriorating, if not improving, the peak-to-peak lift characteristics.
On the other hand, Figure 3-9 shows the situation in which the tip is
carrying a large lift on the advancing side. This lift peak can be brought
down by reducing the airfoil pitching moment. In other words, the
lift level on the advancing side can be fine-tuned by the airfoil pitching
moment.

Mechanical friction is also a key element in the behavior of the
Free-Tip because it can inhibit the tip to respond to flow perturbations
and cause a considerable oscillation in the resultant lift. This is shown in
Figure 3-10. If the Free-Tip is supported by a pitch mechanism involving
a surface contact perpendicular to the centrifugal force vector acting on
the tip, the Free-Tip performance will be severly degraded because the
friction coefficient for the surface contact averages at 0.03 to 0.04. Note
that the peak-to-peak lift, £,, ~ 800 (/b/ft) at u' = 0.04 corresponds
to the peak-to-peak lift of a conventional tip (Figure 3-5). Boeing Vertol
performed a wind tunnel test of FTR I utilizing a controller involving such
a surface contact in 1981. (This controller configuration will be shown in
section 4.) The results showed that the large friction can inhibit the tip
from responding to the disturbances (Reference 3). Thus, friction must be
minimized.

The tip response to the three effective inflow models are shown in
Figures 3-11 through 3-13. The basic characteristic of the lift response
seems to be the same for all three models. The only significant difference
is the higher harmonic lift oscillations between ¥ = 0° and ¥ = 120°,
which is a characteristic of the nonuniform downwash (b), shown in Figure
3-1.

The Free-Tip system involves two kinds of spring. One is
aerodynamic and the other is mechanical which can be artificially added
to the system. It has been shown that a large aerodynamic spring, which
can be achieved by sweeping back the tip, is desirable for a better response.

24
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Figure 3-8 Effect of Airfoil Pitching Moment Coefficient.
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Figure 3-9 General Trend of Airfoil Pitching Moment Coefficient Effect.
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Figure 3-10 Effect of Friction
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Figure 3-11 Lift Distribution on the Swept, Tapered Tip with Nonuniform Downwash (a).
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Figure 3-12 Lift Distribution on the Swept, Tapered Tip with Uniform Downwash.
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Figure 3-13 Lift Distribution on the Swept, Tapered Tip with Nonuniform Downwash (b).

700 ¢
esz o=
$00.0~
4cc o

20¢ 5~ \,'\ | //\\///\\\‘ ' : /\ I
j j \// \\/‘-\\\X’_’// |
165 0 : . . : )

1ift (/1)

-108.0-

-200 ¢ : ; ; — B
200 t < wooo 18..2 2:0 ¢ atl D 7 ¢ accc 3ac e 1Yo
oloes.:

| ;‘m;':.. ¥ o

OF PUCH QUALITY

30




The mechanical spring also has a large impact on the tip response. Its effect
on the amplitude of the lift oscillation is presented in Figures 3-14 and 3-
15. These figures show that the mechanical spring with excessive spring
rate will degrade the tip performance. However, the system can tolerate
a small mechanical spring rate which may be inherent in the design of a
controller.

In fact, a mechanical spring with a low spring rate and a large
pretwist can replace the constant moment controller. The moment
from the spring stays relatively constant in the range of the tip mo-
tion, since the tip motion is restricted in approximately 4+10°, which
is much smaller than the pretwist. Figure 3-16 shows the peak-to-
peak lift on the Free-Tip controlled by a mechanicai spring with various
spring rate/pretwist combinations. The spring rate and pretwist were
adjusted so that their combination always yields 40 ft [b/ft moment
when the tip pitch angle is zero relative to the blade inboard sec-
tion.

3.3.2. Hover

Figure 3-17 shows a lift distribution resulting from a response
of the swept tapered tip to an air jet. This response is the expected
response for this system, a rise in pitch angle with a damped oscillatory
return. Note that the perturbation starts at 1 = 90° and ends at ¢ =
120°.

3.4. Conclusions.

Both of the rectangular and the swept tapered configurations
used in the present study generated less mean lift than a conven-
tional tip. However, they successfully eliminated the negative lift
on the advancing side. They also showed a drastic reduction in
amplitude of lift oscillation (peak-to-peak lift), which is a source of vibra-
tion.

31



Figure 3-14 Effect of Mechanical Spring, Swept, Tapered Tip, ¢y, = —0.01.
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Figure 3-15 Effect of Mechanical Spring, Swept, Tapered Tip, ¢y, = -+0.01.
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1(p--p) (tb/T0)

Figure 3-16 Spring Controller, ¢,,, = 4-0.01.
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LIFT FORCE

Figure 3-17 Tip Response to an Air Jet.
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In general, low inertia, and high aerodynamic spring constant, i.e.,
a large sweep angle, are desirable. In forward flight, one has to define
the optimal and suboptimal regions for damping, namely, whether the
damping should be optimized on the advancing side or on the retreating
side, since it is impossible to achieve the best damping characteristics in all
azimuthal locations. Because a lift peak on the retreating side due to the
g-effect tends to dominate the oscillatory motions on the advancing side,
it is more important to suppress this g-effect by reducing the mechanical
damping than to damp out the oscillatory motions on the advancing
side.

Friction must be also minimized for effective oscillatory lift
suppression.  Small positive aerodynamic pitching moment on the
airfoil is also desirable for a high mean lift level for the present .
configurations.

A mechanical spring with a large spring rate degrades the tip
performance. However, if the combination of small spring rate and
a large pretwist can be obtained, it can replace the constant moment
controller.

36




4. Two Dimensional Analysis of FTR II

4.1. Numerical Model Description.

The numerical model developed for FTR I analysis was used for the
FTR II analysis. Since the dihedral effect must be considered, an additional
term was included in the external moment.

Equation (2.5) is now rewritten as

d?a by +bspda | ko + ke _d2¢ bo +bsdd | ko + ke
w7 gt =@t JME?_;I 7T ¢
90 , Mo fe f . Man

(4.1)

here, My, is the moment due to dihedral, which is defined as

£4ip SIDT
Man =D d

cos f (4.2)

where

D = sectional drag on the tip
et,'p = tip length
I' = dihedral angle, positive down

The program with the above modification supersedes the old version
on AZIMUTH, and now called FTR2, and the program listing is available
on request.
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4.2. Aerodynamic Parameters.

All aerodynamic parameters used in the FTR I analysis remain the
same.

In addition to these parameters, a relatively large pitching moment
increment, Ac,,, Was introduced. It ranges from —0.10 to 0.00. It is as-
sumed that this moment was created with a deflection of a small tab at
the trailing edge of the tip, resulting in a minimum change in lift and drag
characteristics. Therefore, no drag penalty nor lift characteristic change
was applied to the model.

The dihedral was assumed to start at the root end of the tip section
and the dihedral angle, I" ranges from —30° to 0°.

The inflow angle distribution used for this analysis is the nonuniform
downwash (a) shown in Figure 3-1.

4.3. Results.

The performance criterion used in this analysis is the magnitude
of longitudinal cyclic control moment (rolling moment) produced by the
tip. Its contribution to the lateral cyclic control moment (pitching
moment) is also carefully monitored to determine if there is any appreciable
effect. The longitudinal cyclic control moment L was computed as
follows.

2
L= )Ry sintwray (43)

where
{(y) = sectional lift at ¥ (Ib/ ft)
Rtip = radial location of the tip (ft)
Y = azimuth angle (rad.)

Since the first harmonic term of the lift oscillation has the strongest
influence on the overall longitudinal cyclic moment, the contribution from

38




the first harmonic term alone was also computed separately by the following
equation,;

2r
[ = fo (4R sin()dv (4.4)

where
£, ()= a,cosy + b, siny (4.5)

where a, and b; are obtained from the harmonic analysis of the lift dis-
tribution, £(v).

In any case, the analysis shows that the contribution from the
bigher harmonic terms to the longitudinal cyclic control moment is
negligible, since the difference between L and L; is always less than
0.01 % of L. The reason why the difference between L and L; is so
small is that the “ripples” in the lift distribution due to higher har-
monic terms tend to cancel each other when the moment is integrated
over the azimuth angle to yield the total longitudinal cyclic control mo-

ment.

The moment generated by the dihedral and the airfoil pitching moment
is a function of local dynamic pressure, which is a linear function of the tip
velocity squared. Therefore, it contains a second harmonic component as
shown below.

Using a nondimensional variable for the tip velocity, referred to the
rotational tip speed ,(}R, it can be shown that

Vtip = 1 + psin(€1t) (4.6)

where, u is the advance ratio and (1 is the angular velocity of the rotor.
Then

\ .
v?ip =1+ 2usin((t) + %[l — cos(202t)) (4.7)

The last term in the above equation represents the second harmonic com-
ponent. Since the advance ratio, 4 is normally less than 1, the second
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harmonic term is always one order smaller than the first harmonic com-
ponent. However, a harmonic analysis of the lift distribution on the tip was
performed to verify its effect.

Figures 4-1 through 4-3 show the resulting lift on a rectangular tip for
various Acp,. A bar chart for the harmonic coefficients is also included
in each figure. They clearly show the potential advantage of Free-Tip
to produce the cyclic control moment. Figures 4-4 though 4-6 show
the lift on a swept, tapered tip for various Acy,, Both configurations
show a large once-per-revolution lift oscillation, which will result in a
longitudinal cyclic moment, as Ac,,, increases. Since the swept, tapered
tip has a larger aerodynamic spring, its amplitude of the lift oscillation
for a given Acp, is smaller than that of the rectangular tip. From
this point of view, the rectangular tip is more favorable for FTR II
configuration because of its higher potential to generate the longitudinal
cyclic moment. Note that the higher harmonic components as well as the
first harmonic cosine term (lateral cyclic control moment) are considerably
smaller than the first harmonic sine component (longitudinal cyclic control
moment).

The amount of longitudinal control moment, { due to Acm, OR
the rectangular tip is presented in Figure 4-7. It shows that the lon-
gitudinal cyclic moment increases almost in a linear fashion with Ac,y,, .
Although high Ac,,, is desirable to generate a high longitudinal cyclic
moment, such a large tab deflection may cause a large drag penalty,
which is being ignored in this analysis. This problem can be solved
easily by the use of a uniform loading type airfoil, such as a super-
critical airfoil. Such airfoils generates a significant negative pitching
moment without a trailing edge tab, and their drag characteristics are
generally better than a conventional airfoil, especially in high subsonic
region.

Effect of dihedral angle on the longitudinal cyclic control moment
is presented in Figure 4-8. It is clear that the dihedral is much less
effective than the airfoil pitching moment. There are two reasons for
the dihedral to be not very effective. First, the drag on the airfoil is
already minimized. Therefore, as a result, the desired pitching moment
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Figure 4-1a Lift Distribution, Rectangular Tip, Ac¢,,, = 0.00.
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Harmonic Coefficlent ib/¥

Figure 4-1b Harmounic Contents.
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Figure 4-2a Lift Distribution, Rectangular Tip, Acp,,
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Figure 4-2b Harmonic Contents.
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Figure 4-3a Lift Distribution, Rectangular Tip, Acyn, = —0.08.
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Marmonic Coefficlents b/ft

Figure 4-3b Harmonic Contents.
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Figure 4-4a Lift Distribution, Swept, Tapered Tip, Ac¢yn, = 0.00.
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Harmonic Coefficlent Ib/ft

Figure 4-4b Harmonic Contents.
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Figure 4-5a Lift Distribution, Swept, Tapered Tip, Ac,,, = —0.04.
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Harmonie Coefficient tb/H

Figure 4-5b Harmonric Contents.
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Figure 4-6a Lift Distribution, Swept, Tapered Tip, Ac¢y,, = —0.08
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Hormonic Coefficient Ib/ft
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Figure 4-6b Harmonic Contents.
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Figure 4-7 Longitudinal Cyclic Control Moment due to Ac,y, .
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Figure 4-8 Longitudinal Cyclic Control Moment due to Dihedral.

.3 e -20.0 ~1e.s
Fup (deg .

54




due to drag is also minimized. High drag configuration is obviously not
desirable. Second, while the drag is being minimized, the only alternative
to obtain the desired pitching moment is to increase the moment arm
by increasing the dihedral angle. However, with a large dihedral angle,
the aerodynamic force on the tip contributes more to the in-plane forces,
namely, H- and Y-forces rather than to the lift (Reference 4). Figure 4-
9 shows the longitudinal cyclic control moment with three different levels
of airfoil pitching moment and control moment imposed in a rectangular
tip. The results on a swept tapered tip are presented in Figure 4-10.
As it is clear from these two figures, the rectangular tip produces a
larger longitudinal cyclic pitch because of its smaller aerodynamic spring
rate. The swept tapered tip seems to respond better to the higher
harmonic components of the disturbances. However, judging from the
harmonic analysis of the resulting lift distribution, it alone is not enough
to justify the use of a swept tip which sacrifices the total longitudinal
cyclic control moment. But a swept tip is still favorable from a stand
point that it reduces the compressibility effect, since the maximum tip
Mach number of the current configuration is in a vicinity of 0.9 (Reference
5).

Figure 4-11 shows the longitudinal cyclic control moment as a function
of the mechanical friction level. As the friction level goes higher, it tends
to inhibit the tip motion which results in a low longitudinal cyclic control
moment. Also, the higher friction level slows down the tip response,
especially on the retreating side past ¥y = 270° where the aerodynamic
spring rate and aerodynamic pitching moment are small. Therefore, the
tip tends to carry the high lift longer than a low friction configuration.
This will contribute to the nose-down pitching moment (lateral cyclic
control moment). This trend (a decrease in longitudinal cyclic control
moment and an increase in lateral cyclic moment) can be best shown by

the ratio of the harmonic coefficients, , and it is given in Figure 4-12.

1
a1

Effects of mechanical spring is shown to be very similar to that
in the FTR I performance, namely, a spring with an excessive spring
constant will deteriorate the tip movement, which results in small lon-
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Figure 4-9 Longitudinal Cyclic Control Moment, Rectangular Tip.
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Figure 4-10 Longitudinal Cyclic Control Moment, Swept, Tapered Tip.‘
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Longitudinal Cyclir Contro! Momant L(7t 1b)

Figure 4-11 Effect of Friction
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Figure 4-12 Effect on Lateral Cyclic Control Moment.
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gitudinal cyclic control moment. However, the system can tolerate a
small spring constant . This behavior is presented in Figure 4-13.

Since the performance deterioration due to a mechanical spring is very
small as long as the spring rate is low, (k, < 50ft Ib), it is feasible to replace
the constant control moment by a pre-twisted spring with a low spring rate.
Figure 4-14 shows the longitudinal cyclic control moment generated by the
tip with various combination of spring rate and pre-twist angle. The pre-
twist was adjusted so that the spring yields a pitch-up moment of 40ft Ib
at the tip pitch angle, § = 0°. The asterisk in the figure at ky = 0
indicates the longitudinal cyclic control moment with a constant moment
controller.

4.4. Conclusions.

FTR 1 demonstrated a potential to generate a longitudinal cyclic
control moment without the aid of an active control device. Once- per-
revolution oscillation of the free-tip, which results in the longitudinal
cyclic control moment, can be generated easily by the use of an airfoil
with a large negative pitching moment due to its camber or a tab
deflection.

The dihedral angle of the tip was proven to be inefficient to produce
such tip oscillation.

A rectangular tip showed a favorable result over a swept, tapered
tip because of its small aerodynamic spring rate which enables the tip to
have a larger amplitude of once-per-revolution oscillation, resulting in a
larger longitudinal cyclic control moment. However, a swept tip can be
employed to reduce the compressibility effect if the aerodynamic spring
rate was kept small by shifting the tip pitch axis rearward, closer to 25 %
chord line (Reference 5). This configuration is recommended for a further
analysis.

Mechanical spring and friction should be minimized. A simplified con-
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Figure 4-13 Effect of Mechanical Spring.
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Figure 4-14 Simplified Controller.
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troller consists of a torsional spring with small spring rate and a large pre-
twist can replace the constant moment controller, since the system can
tolerate a small spring rate.
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5. Performance Analysis of FTR I

5.1. Numerical Model Description.

A rotor performance prediction program used in this analysis is Boeing
Vertol B-65 program, which is a modified version of B-67. It is a
three dimensional rotor performance analysis program for a single or a
twin rotor system. But it does not account for a fuselage, tail or tail
rotor.

These programs are proprietary programs developed by Boeing Vertol
Company, and detailed information can be obtained from Boeing Vertol
only on request (Reference 6). What follows in this section is a brief
description of the program. The limitations of the program are also
discussed.

5.1.1. Structural Coupling

The program allows blades to be flexible. The structural properties
of the blade are prescribed in terms of mode shapes. One can specify
the only first and second elastic flapwise bending and first elastic tor-
sion. Therefore, the blade is rigid in lagwise bending and chordwise bend-
ing.

5.1.2. Aerodynamics

A basic aerodynamic theory used in the program is the blade element
theory (Reference 7 and 8), which requires the empirical data for each airfoil
section. The data of the airfoil aerodynamic characteristics, namely, c¢, ¢4
and ¢,, as functions of angle of attack and Mach number, are supplied
in a separate data file called “airfoil look-up table”, or simply, “airfoil
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table”. The program allows one to use up to five different airfoils along
the blade. Note that the data contained in the airfoil table represents
steady and two dimensional aerodynamic characteristics. The program
also utilizes Theodorsen’s function to account for the unsteady effects
(Reference 9). The same theory is used to make a correction in pitching
moment.

There is an empirical correction factor for the tip section which takes
care of the three dimensional effect of the tip region.

Although the actual aerodynamic parameters are being computed by
the blade element theory, the program also includes the wake effect, as an
infiow angle distribution.

Initially, the downwash component at the blade is assumed to be
uniform. Then the program computes aerodynamic parameters at each
computation station, and iterates for a given trim condition. This process .
is called uniform downwash iteration. The discussion on the trim iteration
will be given later.

The computation is continued to include non-uniform downwash eflect.
Once the lift distribution on the blade is computed, one can obtain the
circulation strength on a given segment. Placing the vortex of the same
strength on the semi-prescribed wake geometry (straight segments laid over
the helical path), Biot-Savart law can be applied to compute the downwash -
component at a given computation point to yield a new inflow angle. This -
process is iterated until the circulation strength of each bound element con-
verges.

Here, it should be noted that this procedure is similar to the lifting
line theory. However, resulting vortex array does not necessarily satisfy the-
tangency condition on the airfoil surface, because it is being calculated from
the empirical airfoil data. '

Once a converged solution is obtained for the vortex strength, trim
parameters are calculated. If the resulting trim does not match the
prescribed trim condition, blade pitch control input is adjusted, and the
entire process is iterated. This process is called the nonuniform downwash
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iteration.

5.1.3. Trim Condition

The user can specify the desired thrust and side force, then the program
performs an iterative process to match the thrust and side force for a
fired shaft angle and a convergent flapping level (f-iteration). The user
can also prescribe the collective pitch and lateral cyclic pitch instead.
In this case, the program computes thrust and side force resulting from
the given control input without the trim iteration except for the f-
iteration.

In the current version of B-65, the propulsive force trim is not
operational. = Therefore a user must trim the rotor manually by
changing the longitudinal cyclic pitch control on a trial and error
basis.

5.1.4. Free-Tip Pitching Motion

Pitch angle of the free-tip is described by a second order nonlinear ordi-
nary differential equation used in the AZIMUTH program, given in equation
(3.1). For simplicity, the term representing the feathering moment, which
has a very small effect, was omitted.

The controller was formulated as a helical screw (Reference 10).
However, this configuration was proven to be an inefficient design
(Reference 3) due to high friction level. Here a small value was
prescribed for the surface friction coefficient to model a controller
with improved performance which is now being designed at NASA
Ames and Boeing Vertol, which dose not gave a highly loaded sur-
face contact. The helix angle aggrrx Wwas determined by a fixed
amount of tip mass and desired control moment level. Its formula




is

_ Meip (12 Riip (df‘ — dﬁ)[ tanaperrx — ¢ sign(4) (5.1)

G = :
0 3 d? — d2 /114y tanagerix sngn(ﬁ%)

} where
|

M, =mass of the Free-Tip
{1 =rotor angular velocity
Rt;p =radial station of the Free-Tip c.g.

4 d o iewma A H
ds, d, =inner and outer diameters of the

helical screw
agerrx =helical screw angle
4’ =coefficient of surface friction

% =pitch rate of the Free-Tip

This configuration is shown schematically in Reference 10.

5.1.5. Boeing Vertol C-60 Program

To check the validity of B-65 program, C-60 program was used, together
with the wind tunnel test data. C-60 program utilizes the same aerodynamic
theory as B-65. However, it does not include three dimensional tip relief
effect. Its wake model is even cruder than that of B-65. It has trailing
vortices only from the root and tip of the blade. It utilizes the finite element
method to compute the elastic deformation of the blade. Since there is
only one element in chordwise direction, the blade is rigid in chordwise
bending.

A detailed discussion is given in Reference 11.
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5.2. Geometric and Aerodynamic Parameters.

The basic model used in this analysis is the CH-47C model rotor used
in the 1981 wind tunnel test at Boeing Vertol. Its various parameters are
given below.

Radius = 8.4 (ft)
Number of Blades = 4

Chord = 6.73 (in, constant)

Solidity = 0.085
Twist = —9.45° (linear)

Airfoil : V23010-1.58 (constant, tip and inboard)

Blade Cutout = 0.1825 (r/R)
Flapping Hinge = 0.031 (r/R)
Blade Weight Moment = 34.5 (ft /b, around flapping hinge)
Blade Moment of Inertia = 4.55 (s/ug ft*, around flapping hinge)

The first elastic mode shape for flapwise bending and chordwise torsion
as well as the corresponding natural frequencies are supplied for B-65. The
mode shape for flapwise bending and torsion are presented in Figures 5-1
and 5-2 respectively.

For C-60 program, mass, moment of inertia about the pitch axis,
flapwise bending rigidity and torsional rigidity of each segment were
prescribed.

All experimental data used in this analysis for the comparison were
taken in the Boeing Vertol's wind tunnel with the Dynamic Rotor Test Stand
(DRTS) which incorporates an electrical power supply and six-component
balance.
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Figure 5-1 First Elastic Mode Shape of Flapwise Bending
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First Elastic Torsion Mode Shape

Figure 5-2 First Elastic Mode Shape of Torsion
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5.3. Airfoil Selection.

An airfoil section of a rotor blade must operate efficiently in a
very wide spectrum of operating condition. The critical operating con-
dition can be classified in three regions as illustrated in Reference 12.
These three regions are; Region I with high Mach number and small
lift coefficient for advancing blade, Region II with low Mach num-
ber and maximum lift coefficient for retreating blade and Region III
with moderate Mach number and moderate lift coefficient for hover-
ing.

Each region has different aerodynamic requirements. For example, the
most important requirement in Region I is the good drag-rise characteris-
tics, while in Region II, it is the high maximum lift coefficient for hover
with high gross weight, and in Region I, it is the gentle stall characteris-
tics.

Since the blade tip is the only consideration in this discus-
sion, one can concentrate in the airfoil performance in Region I
General requirements for a conventional rotor tip airfoil in this region
are
1. The airfoil should have a high drag divergence Mach number.

2. Low drag in all operating range.

3. Relatively constant pitching moment coefficient.

4. Small pitching moment.

There are two special requirements for FTR II tip section airfoil. They
are

1. Significant negative pitching moment coefficient.

2. Capability to carry a significant negative lift.
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It should be emphasized here that the significant negative pitching mo-
ment of the airfoil is the key element of the FTR II performance, as shown
in section 4. The significant airfoil pitching moment (negative or positive)
is unacceptable for a conventional tip because it creates a periodic elastic
blade twist during the forward flight which eventually generates undesirable
vibrations.

To meet the above stated requirements, a uniform loading type air-
foil, such as a supercritical airfoil or its derivative is an ideal can-
didate for FTR II tip section. However, as of October 1983, all high
speed series (HS-series) NASA supercritical airfoils were still classified.
The only available data (airfoil coordinates and aerodynamic data)
are for the low speed series (LS-series), medium speed series (MS-
series) and some airfoils from the early works (Reference 13 though
21).

With the limited alternatives, MS(1)-0313 airfoil was selected for
this feasibility study because of its relatively high design Mach num-
ber (0.72) and drag divergence Mach number (0.76) (Reference 15 &
16).

Even for this airfoil, the available aerodynamic data are limited to a
small range of operating conditions (such as M <0.4 for —8°<a<8° ,or
—2°<a<?2° for M~0.8). Such a small range of conditions is not enough
to construct an airfoil table for B-65 program.

In the Boeing’s airfoil table, it requires the airfoil data for M = 0.0 to
M = 1.0 including the stall condition.

For the present purpose, a numerical method was employed to obtain
the necessary data set to construct a new airfoil table. The computer
program used was NYU program version H (Reference 22 through 25).
The program is a two dimensional subsonic/transonic airfoil analysis
program and it is available on CRAY 1/S at NASA Ames Research -
Center.

Unfortunately, this program cannot produce results for large angles
of attack which cause a significant pressure peak near the lead-
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ing edge and/or a flow separation over a large area due to stall.
However, B-65 program showed that the tip section does not experience
a large angle of attack. Therefore, the range of angles of attack
covered by NYU program is wide enough for the present applica-
tion.

Figures 5-3 through 5-5 present a comparison of the numerical results
and experimental data at low Mach number. It shows good accuracy of
the program. These figures also show typical aerodynamic characteristics
of the MS(1)-0313 airfoil. Its airfoil coordinates are presented in Figure 5-6.

The airfoil table for MS(1)-0313, which was set up by this program, is
presented in Appendix B.

The airfoil used for the wind tunnel model, designed by Boeing
Vertol, is V23010-1.58, which is basically NACA 23010 with its lead-
ing edge modified so that it has a significant leading edge camber. It
also has a trailing edge tab so that its pitching moment can be ad-
justed to a desired level by a tab deflection. Therefore, it is pos-
sible to generate a significant negative pitching moment coefficient by
the tab, However a deflection of trailing edge tab corresponds to an
airfoil with a trailing edge camber which tends to create a very high
drag.

Although V23010-1.58 has some disadvantages stated above, this airfoil
was also used in the analysis for comparison purpose since it was the airfoil
of the wind tunnel model, which serves as a base line model. Its typical
aerodynamic characteristics and coordinates are presented in Reference
26. -

5.4. B-65 Program Verification.

Before the program was applied to the Free-Tip configuration, the
numerical results of B-65 were compared with the Boeing Vertol's wind
tunnel test data for a conventional rotor, which also serves as a base line
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Figure 5-3 Typical Lift Characteristics of MS(1)-0313
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Figure 5-4 Typical Drag Characteristics of MS(1)-0313
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Figure 5-5 Typical Moment Characteristics of MS(1)-0313
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Figure 5-6 Airfoil Coordinates of MS(1)-0313
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configuration for the FTR performance assessment. C-60 program was also
used to confirm the results.

The wind tunnel test was performed with the following flight condi-
tion.

V =124.76 (kts)

1 =766 (r.p.m.)
u=0.3

p =0.00270 (slug/ft®)
a =1131.32 (ft/sec.)

The trim parameters are

Qshaft = — 2°
T =859 to 2500 (Ib)
Y = — 47.88t0 — 12.99 (Ib)
X = — 26.60 10 23.44 (Ib).

The Free-Tip was locked in place during the test so that it resembles a
conventional rotor.

It should be noted that the comtrol input (collective and cyclic
pitch), obtained from the numerical method which gives the identi-
cal trim condition (trim for dimensional forces, namely, T-, X- and
Y-forces shown above) given in the experiment, cannot be compared
with the actual control input of the wind tunnel model, since the
inflow model in the numerical model is purely hypothetical. Therefore,
the comparison of the numerical results and experimental data must
be done by other parameters which ralate to total rotor performance.
The power coefficient, Cp/oc and the equivalent lift-drag ratio L/D

for a given thrust coefficient, Cr /o were selected as the performance
criteria.

Figures 5-7 and 5-8 show the results of B-65 and C-60 as well as
experimental data for various thrust levels. There is a considerably
large discrepancy between the numerical results and the wind tunnel
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Figure 5-7 Conventional Rotor Power Requirement, y & 0.3, aghast =~ —2°
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Figure 5-8 Conventional Rotor Lift-Drag Ratio y ~ 0.3, agheft ~ —2°
Jy a ~ -

Lift-Drag Reko, L/D
[
(-]

2.0+

ORIGINAL PAGZ 1§
OF POOR QUALITY.

80



data. and both programs have the same tendency. That is, in low
thrust region, they tend to underestimate the power requirement and
overestimate the resulting lift-drag ratio. In high thrust region, they tend
to overestimate the power requirement and underestimate the lift-drag
ratio.

are

There are three possible reasons which cause this discrepancy. They

Difference in structural property between theories and the actual rotor
blade used in the test

The experimental data was taken with a set of modified blades which
accommodates the Free-Tip and its controller. Although the blade
is conventional in terms of aerodynamics because the tip is locked
in place, it differs from a conventional blade in terms of structure.
For example, it has a relatively large mass (controller and Free-Tip
shaft) around &-chord in the inboard section adjacent to the tip. The
mode shape used in B-65 was generated for a conventional blade. C-
60 cannot account for such chordwise mass distribution because it
only allows one chordwise element. Because of these reasons, certain
effects associated with the extra mass, such as torsional acceleration
of the blade due to flapping, etc., have not been accounted for in the
analysis.

Simplified wake model

Since the wake model used in the analysis is primitive, it should
have some contributions to the discrepancy. The discrepancy due
to the vortex model becomes more severe in high thrust region be-
cause of high vortex strength. This effect has been exaggerated
for C-60, whose vortex model is even cruder than that of B-
65.

Reynolds number effect

The airfoil tables used by both programs contain ¢;, ¢4 and c¢s, for
a full scale blade. Therefore, a correction factor is necessary when
they are applied to a small scale model rotor, particularly for drag
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coefficient.

Reference 6 indicates that the Reynolds number effect must be included
when the airfoil table is used for an analysis of a rotor with small chord,
and the program accommodates the drag coefficient compensation factors
for this purpose. The drag coefficient is adjusted in the program by the
following linear function.

ca(computation) = a cz(airfoil table) 4 b (5.2)

For the present configuration, the average Reynolds numbers at the tip
are

2.5 x10° for model rotor
7.0 x10% for full scale rotor.

Note that the model rotor is a tip Mach number scale model. Therefore, the
difference in Reynolds numbers comes from the physical size of the rotor
alone.

Although the aerodynamic data for V23010-1.58 for the above men-
tioned Reynolds numbers were not available, the data for NACA 23012 with
Reynolds numbers of 3.0 x 10® and 8.0 x 10® were obtained from Reference
27.

Figure 5-9 presents the drag coefficient with the low Reynolds num-
ber (cq4,, ) as a function of the drag coefficient with high Reynolds number
(Capq ) for a given angle of attack. With these data three linear models
were generated by the linear regression.

Cdpy = GCdpy + b (5.3)

The first model, obtained by using all data points, yields a =
1.7437 and b = —0.004. Since the last data point seems to be a
dominating factor in this model, the second model was obtained without
this data point. It gives a = 1.5385 and b = —0.0025. The third
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model was designed with ¢ = 1.0. It yields b = 0.002. This
is an average value of two models with and without the last data
point.

Figures 5-10 and 5-11 show the results for B-65 which correspond to
each drag compensation model. It definitely shows an improvement in cor-
relation. It appears that the last model (with a constant Acy shift) yields
the most reasonable results.

The same drag compensation model was applied to C-60. The
results given in Figures 5-12 and 5-13 show a reasonably good correlation
with B-65 results and experimental data, although, C-60 still tends to
overestimate the power and underestimate lift-drag ratio in high thrust
region.

To make any further improvement, structural properties of the par-
ticular blade used in the wind tunnel test data must be used. Also, the wake
measurement must be performed experimentally. Only then the numerical
model can be improved. However, such data are not available at this mo-
ment.

To re-confirm the accuracy of B-65, the data correlation analysis was
again performed with a different trim condition. The rotor shaft was tilt
more forward to result in a larger propulsive force. '

Qshaft = — 7°
T =855 t0 2220 (ib)
Y =—41241t0 — 5.12 (Ib)
X =47.62 t0 198.39 (ib)

The constant drag shift, Ac; = 0.002 was maintained. The results of
B-65 are shown in Figures 5-14 and 5-15 together with the wind tunnel test
data and C-60 results.

Judging from these result obtained for two different flight conditions, it
can be concluded that B-65 can predict the power requirement and lift-drag
ratio reasonably well for a given trim condition. Because the error in the

84




ORIGINAL PALZT 15
OF POOR QUALITY

Figure 5-10 Power Requirement for Various Drag Models
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Lift-Drog Ratio L/D

Figure 5-11 Lift-Drag Ratio for Various Drag Models
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Thrust Coafficient Ct/o

Figure 5-12 Comparision of B-65 and C-60, Power Requirement
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{.ift--Oraq Ratio L/D

Figure 5-13 Comparision of B-65 and C-60, Lift-Drag Ratio
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Figure 5-15 Conventional Rotor Lift-Drag Ratio g & 0.3, aghast &~ —7°
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prediction becomes larger in low and high thrust regions, the analysis of the
Free-Tip and comparisons of its results with the conventional rotor for the
FTR performance assessment should be done in the moderate thrust region
(0.06<Cr/0<0.10).

5.5. Results.

For the FTR H performance assessment, the above trim conditions
with Cr/0~0.08 were selected for a base line configuration. The trim
parameters are

T =1717.47 (Ib)

X =132.98 (ib)
=—27.36 (ib)

The corresponding control input is

60.75 =10.621°
6, = — 0.255°
013 =5.1200

Its resulting flapping and performance parameters are

ﬂo =4.4110
Bic =2.095°
B1s =1.280°
Cp /o =0.00533
L/D =17.240

Figure 5-16 shows a lift distribution over the blade at ¢ = 90° and
¥ = 180°. The lift distribution on the tip around the azimuth is given in
Figure 5-17.

For the first series of analysis, V23010-1.58 airfoil ,which is the airfoil
used in the base line configuration, was used with a tab deflection to
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Figure 5-17 Azimuthal Lift Distribution, Conventional Tip
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show the effect of airfoil pitching moment. In this analysis, neither drag
penalty, nor a lift curve slope correction due to the tab deflection were
applied. Three levels of control moment were imposed on the tip. The
helix angle of the controller was adjusted so that its resulting moment
output corresponds to g0 = S (ft b), go = 7.5 (ft {b) and ¢ =
10 (ft lb). All parameters that define the physical size of the inboard
section were unchanged. Cyclic and collective pitch were adjusted until
the rotor reaches the same trim conditions described in the previous
section.

Figures 5-18 and 5-19 present the effect of Ac,;,, on the power
coeflicient and lift-drag ratio. The dashed line merely indicates the level
of Cp /o and L/D respectively for a rotor with a conventional tip and does
not represent a tip with variable Acy,,, .

For a given amount of control moment, there is one value of Acy,
which optimizes Cp /o and L/D. When Acy,, is small, the tip does
not produce enough cyclic moment for a longitudinal trim. As Acyy,,
increases, the longitudinal cyclic pitch requirement for the inboard section
becomes small due to the increased cyclic moment, generated by the
tip. This reduces the sectional drag on the inboard section, which
leads to a lower Cp /o and higher L/D. When Acp,, exceeds the
optimum point, the pitch angle of the tip becomes more negative, which
results in a higher sectional drag and more negative mean lift on the
tip. And as a result, the power requirement increases and lift-drag ratio
decreases.

However, in all three cases with different control moment, the perfor-
mance of the FTR II at the each optimum point is inferior to the conven-
tional rotor.

Its reason can be seen in Figure 5-20, which presents a longitudinal
cyclic pitch control requirement of the inboard section, #;,. It shows
that the cyclic moment generated by the tip does contribute to reduc-
ing the inboard section cyclic pitch requirement. However, the amount
of the cyclic moment contribution from the tip is mot large enough to
reduce the inboard section cyclic pitch below the level of the conven-




Figure 5-18 Free-Tip Rotor Power Requierment, V23010-1.58
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Lift-Drag Rotio L./D

Figure 5-19 Free-Tip Rotor Lift-Drag Ratio, V23010-1.58
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tional rotor. This results in a higher sectional drag on the inboard sec-
tion.

The lift distribution on the tip with Acy, = —0.04 around the
azimuth is presented in Figure 5-21. The lift variation around the azimuth,
which results in the cyclic moment, is much less than what was expected
from the results of two dimensional analysis. (See Figure 4-2a. Note that
there are differences in the physical dimensions and the flight condition
between two models.)

It was found that the lift distribution on the tip was strongly influenced
by the shed vortices from the junction of the tip and the inboard section,
which was ignored in the AZIMUTH and FTR2 programs. The influence of
the shed vortices can be best described by an induced velocity distribution
over the blade. Figure 5-22 shows an azimuthal distibution of the induced
velocity component normal to the airfoil chord line, i/ (positive down)
for a conventional blade at the radial computation points at r/R = 0.906,
which is the most outboard station on the inboard section, and at r/R =
0.969, the station on the tip. Note that the difference in the downwash
component between two points is small. The downwash distribution for
the FTR II at the same computation stations is given in Figure 5-23. It
shows a strong upwash component at the tip, which is being generated by
the trailing vortices shed from the junction between the inhoard section
and the tip. This upwash makes the local angle of attack at the tip more
positive, so that the tip cannot carry enough negative lift to produce the
cyclic moment.

The tip itself is a wing with a small aspect ratio. Therefore, when
the tip pitches down to create the negative lift, its own contribution to the
upwash is also large.

The amount of the upwash may be exaggerated because of the primitive
wake model. As it was described in the previous section the airfoil surface
boundary condition is not being checked in the program. In addition to
that, the vortex element used in the downwash computation does not have
a finite sized core. Therefore, the induced velocity computation in the
vortex core proximity is unrealistic (Reference 28). Since the Free-Tip
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Figure 5-21 Azimuthal Lift Distibution on a Free-Tip
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is located next to the strong vortex shed from the junction, the upwash
component computed in the program may be much larger than that in
reality.

This vortex model seems to be good enough to compute the rotor
performance parameters of a conventional rotor in low thrust region be-
cause such a local inaccuracy (inaccuracy in local blade section) tends
to be mnegligible. This is perhaps because in the absence of a con-
trol surface in the proximity of strong shed vortices, any modeling inac-
curacy in the tip region would be much smaller than that of the FTR
configuration.

To verify the downwash distribution model, a comparison with the ex-
perimental data is desirable. However, the downwash distribution over the
rotor disk largely depends on the physical configuration, flight condition and
trim parameters (Reference 29). In other words, the wake measurement for
this particular configuration is necessary.

Since such experimental data were not available, it was decided that the
current parametric study should be continued with the present wake model
because it should still indicate the effects of some important parameters,
although the cyclic moment generated by the Free-Tip may be somewhat
less than what can be expected in reality.

V23010-1.58 airfoil on the tip section was replaced by MS(1)-0313 air-
foil. The results with three levels of control moment are shown in Figures
5-24 and 5-25. The maximum L/D and minimum Cp /o were slightly im-
proved, although, the conventional rotor still shows a superior performance.
The maximum performance can be achieved with no tab deflection and the
lowest control moment.

To show the Ac,,, effect due to the tab deflection, the longitudinal
flapping, B, and the resulting propulsive force, X are presented in Figures
5-26 and 5-27 respectively. The longitudinal cyclic pitch control input of
the inboard section was fixed to 6;, = 6.91°. Note that the shaft of the
rotor is being tilted forward for approximately 7°. The contribution of the
tip, which tilts the rotor disk to generate the higher propulsive force, can
be seen.
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Figure 5-24 Free-Tip Rotor Power Requirment, MS(1)-0313
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Lift—-Drag Retino L/D

Figure 5-25 Free-Tip Rotor Lift-Drag Ratio, MS(1)-0313
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Figure 5-26 Longitudinal Flapping due to Free-Tip
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Figure 5-27 Propulsive Force due to Free-Tip
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The original blades has a linear twist of —9.45°. Generally speaking,
a large blade twist improves the total rotor performance by delaying the
stall (Reference 30). Since the FTR II configuration has a structurally
decoupled tip, the twist of the inboard section can be increased significantly
without introducing a oscillatory lift loading with a large amplitude on the

tip.

A larger twist also contributes to reduce the strength of the trailing
vortex shed from the outboard end of the inboard section by making
the local angle of attack at that section smaller. The amount of
upwash, vy, is shown in Figure 5-28 as a function of the linear blade
twist angle, 6;,. It shows that the reduction of upwash levels off
beyond iy = —14°. When the twist was increased to —15°, the
sectional lift on the most outboard computation point of the inboard
section becomes near zero as indicated in Figure 5-29. Therefore, it is
considered that the maximum linear twist that can be applied to be 6;, =

—15°.
Figures 5-30 through 5-33 show the results of Cp/o and L/D

for ;4 = —13° and 6, = —15°. An improvement on Cp/o
and L/D is clearly shown. With 6, = —15°, ¢qo = 5(ft Ib)
and Acp,,, = 0.00, the power requirement of FTR II is 3.2% less

than that of a conventional rotor, while its L/D was improved by
0.5%.

A large twist not only improves Cp /o and L/D but also alleviates
the blade bending moment by shifting the lift inboard. Since the current
configuration employs an articulated rotor, a change in the average blade
bending moment can be seen as a variation of the coning angle, fo. The
coning angle is shown as a function of the blade twist in Figure 3-34 which
indicates the reduction of the coning angle as the blade twist becomes more
negative.

A nonlinear blade twist was also applied to the inboard section. It
- is a combination of two linear twist distributions which was adjusted as
follows. From 0% to 60% of the blade, it has a linear twist of 6, =
—9.45°. At 90% of the blade, the geometric pitch angle of the blade
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Figure 5-28 Downwash Variation due to Inboard Twist
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Figure 5-29 Spanwise Lift Distribution, Free-Tip, 8¢, = —15°
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Figure 5-30 Power Requierment, 6;, = —13°, M§(1)-0313
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Figure 5-31 Lift-Drag Ratio, f;, = —13°, MS(1)-0313
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Figure 5-34 Effect of Inboard Twist on the Coning Angle
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section was set to be the same as the blade with 6, = —15°. The
twist between 609 and 90% blade stations was obtained by a linear
interpolation. This twist distribution is shown in Figure 5-35 together
with the three linear twist distributions used in the previous analysis.

It was found that the performance of the blade with this nonlinear twist
distribution is very similar to the one with 8, = —13°, as indicated in
Figures 5-36 and 5-37. The resulting coning angle, 3y was smaller than
any linear twist because this particular twist distribution shifts the lift
loading even further. The amount of coning angle is indicated in Figure
5-34.

A difficulty was encountered in flapping convergence when the flight
speed was increased (4 = 0.5) or when the Free-Tip span was increased
more than 10¢. In both cases, the moment generated by the Free-Tip
becomes greater and it causes a “flapping instability”. This “instability”
should not be confused with the flap-lag elastic instability or the flapping
divergence due to high u. In this case the blade takes a different path
each time it revolves because the lift on a tip, which results in the cyclic
moment, is coupled with the flapping, particularly. %‘;. Therefore, it is
impossible to define a steady tip path plane. Since B-65 is not designed
for a transient motion analysis. when it happens, the program yields no
solution.

5.6. Conclusions.

The analysis indicated that the numerical result of the FTR
II performance index may be somewhat less than reality because of
the problem associated with the primitive model of the trailing vor-
tex shed from the junction of the Free-Tip and the inboard sec-
tion.

It was shown that the uniform-loading type airfoil is a suitable
airfoil for the tip section because it gives a sufficient amount of pitching
moment which induces a once-per-revolution pitching motion of the tip
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Figure 5-37 Lift-Drag Ratio, Non-linear Twist
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to generate the cyclic moment. It also has a lower drag in all operating
range and higher drag divergence Mach number than a conventional
airfoil.

The FTR II configuration allows a large twist on the rotor blade inboard
section, without complication of vibratory load on the tip. The higher twist
rate also alleviates the blade bending moment by shifting the lift loading
inboard. A nonlinear twist can be used to lessen the bending moment even
further.

The final configuration, which has MS(1)0313 airfoil and a rec-
tangular planform for the tip with the inboard section with its twist
being —15%, resulted in a performance improvement over a conven-
tional rotor for 3.2% in power requirement and 0.5% in lift-drag
ratio.
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6. Concluding Remarks and Recommendations

A parametric study of Free-Tip Rotor was performed by means of
numerical analysis. The tip response analysis of the Constant Lift Tip
Rotor (Free-Tip Rotor I, FTR I) showed its high potential to eliminate the
pegative lift on the advancing tip and the vibratory lift loading on the tip
around the azimuth.

This analysis also indicated a possibility of utilizing the Free-Tip
configuration to generate a longitudinal cyclic moment for the lon-
gitudinal trim. The tip respomse analysis of this application, called
Passive Cyclic Control Device (Free-Tip Rotor II, FTR I), showed that
the Free-Tip with an airfoil which has a significant negative pitch-
ing moment is capable of generating a large once-per- revolution lift
oscillation which results in the cyclic moment useful for longitudinal
trim.

The performance analysis of the FTR II using a three dimen-
sional model indicated that the trailing vortices shed from the junc-
tion between the tip and inboard section has a large effect on the
FTR I performance. The trailing vortices shed from the junction
creates a large upwash at the tip. This upwash component prevents
the advancing tip from carrying negative lift, and results in much
less longitudinal cyclic moment than expected.  Since the numeri-
cal model utilizes an infinitesimal vortex core, this effect may be
exaggerated.  Experimental analysis is necessary to verify its true
effect.

Assuming that the wake model in the program is valid, the
final configuration resulted in a performance improvement of 3.2 %
in power requirement and 0.5 % in lift-drag ratio over a conventional
rotor.

The following recommendations are made for the future research.

1. Improvement of wake model of the existing program
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The vortex model should have a finite size core.

Application of lifting surface theory

The lifting surface theory has better accuracy in predicting the
aerodynamic load distribution. Since the local phenomenon (lift
on the advancing tip) plays more important role in the FTR
configuration than in a conventional rotor, a possibility of applying the
lifting surface theory to the FTR should be investigated (Reference
8).

Experimental verification of the wake model
The wake measurement for a conventional rotor and FTR configuration

chAanld K Afn aA
should be peformed to verify the numerical model and to improve it if
necessary.

High subsonic/transonic airfoil wind tunnel test

This is required to construct more realistic airfoil tables. More super-
critical type airfoil should be tested. Investigation of unsteady effect
on each airfoil is also desirable.

Improvement on the inboard section

Usage of a rotor airfoil, designed by a supercritical airfoil scheme,
such as NLR-1, Lockheed Georgia, etc. (Reference 12, 31 & 32)
should be considered. These airfoils tend to have less drag due
to compressibility effect while a low level of pitching moment 'is
maintained.

Wind tunnel test of FTR II
Finally, experimental investigations of FTR II performance must be
performed.
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Appendix B MS§(1)-0313 Airfoil Table for B-65 Program

This airfoil table contains two dimensional aerodynamic data (c¢, cq4
and ¢,,) of MS(1)-0313 airfoil for various Mach numbers and angles of
attack. The table was constructed to be read by Boeing Vertol B-65
program.

The table number to be used in the B-65 input file is “101”.

This data set was generated by NYU program version H (Bauer Code)
available on CRAY 1/S at NASA Ames Research Center.

The data set is strictly for steady and two dimensional case and con-
tains no experimental information.
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MS(1}-0313 Airfoil Table
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MS(1)-0313 Airfoil Tahle (continued!
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MS(1)-0313 Airfoit Table (continued)
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MS(1)-0313 Airfoil Table {(continued)
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