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FOREWORD

This report is the final report of the work accomplished
on Contract F33615-70-C-1000-Project No. 698BT, V/STOL Cyclic
Pitch Propeller Wind Tunnel Program by the Vertol Division of
The Boeing Company at Philadelphia, Pennsylvania. The
contract work was performed over al2-month period from March
1970 to April 1971 under the sponsorship of the Air Force
Flight Dynamics Laboratory, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio. Project Engineer for
the Air Force was Lt. F. S. Stoddard (FDV). Work at the
Vertol Division was under the overall technical direction of
K. B. Gillmore, V/STOL Technology Manager.

Acknowledgement is made to the following major contribu-
tors for program management, technical direction, test data
analysis, model design, and wind tunnel testing aspects; plus,
those personnel that made valuable technical contributions
through consultation.

Program Managers P. Prager/W. Lapinski
V/STOL Aerodynamics {1/12th scale C. Kolesar
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V/STOL Structures (1/3rd scale E. Widmayer
prop model)
Wind Tunnel Manager _ F. Harris
Wing Tunnel Project Engineers _ M. Drozda, D. Joyce
Model Design C. Albrecht
H. Parkinson |
}
F. McArdle
P. Dixon
E. Kulesa
Wind Tunnel Operations and Test K. Farrance
I. Walton |
D. Ekquist

This report was submitted in May 1971. !

This technical report has been reviewed and is approved.

Richard E. Colcloug
Acting Chief
V/STOL Technology Division
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ABSTRACT

This report presents the key results of a model wind
tunnel test program that was directed towards investigating
the use of cyclic pitch propellers as the low speed longitu-
dinal control system of a four propeller V/STOL tilt wing
transport-type aircraft. The almost linear pitch control
effectiveness of this system through transitional flight and
in-ground effect along with the correlation with theory is
discussed, and the moderate power increase associated with
its use is shown. Data is presented to illustrate the small
influence that cyclic pitch inputs have on longitudinal stabi-
lity and lateral/directional stability. Cyclic pitch control
coupled with stabilizer control is discussed along with cross- 1
coupling of cyclic pitch with the wing surface controls utilized
for roll/yaw control. A comparison of 1/12th scale isolated
prop data with 1/3rd scale isolated prop data is shown that
validates the use of smalil scale cyclic propellers for defi-
nitive test results.
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SECTION I

INTRODUCTION

In the period from March 1970 to April 1971, the Vertol
Division of the Boeing Company performed, under contract to
the U. S. Air Forcel,a wind tunnel test program on a cyclic
pitch longitudinal control system as applied to a four prop
V/STOL tilt wing transport-type aircraft. The 87,000 1lb. "V"
gross weight aircraft represented in the model program utilized
26ft. diameter propellers and had a wing loading of 73 1lb/ft2.
Figure 1 is an artist's rendering of a typical configuration
studied over the past three years at Boeing-Vertol.

In this V/STOL concept, the propeller is a vital part of
the flight control system in the low speed regime, contributing
to control about all axis: roll and yaw control through differ-
ential collective settings, with the axis phasing dependent
upon the wing tilt angle, and longitudinal control via the
cyclic pitch system. This incorporation of low speed longitu-
dinal control into the primary propulsive/lifting system elimi-
nates the need for a separate system such as a tail rotor, to
provide the pitch control function. The cyclic pitch control
system studied was monocyclic in the sense that cyclic blade
motion was generated only by about one axis - the pitching
axis of the aircraft - and developed control by effectively
off-setting the resultant propeller thrust vector - above or
aft of the norma. propeller thrustline in the case of nose down
cyclic and below or forward of the thrustline for nose up
cyclic.

The test program consisted of five tests conducted during
1970 of four separate models. The overall objectives of the
program were to: (1) determine the effectiveness of cyclic
pitch for longitudinal control in hover and through transition,
(2) determine the interactions between the wing/flap lifting
system and cyclic pitch, (3) establish the influence of cyclic
inputs on low speed descent performance, (4) establish the
effect of the utilization of cyclic pitch on aircraft static
stability and aircraft surface control power - stabilizer for
longitudinal trim and differential flaps/spoilers for yaw and
roll control with axis phasing dependent upon the wing tilt
angle, and (5) determine the effects of cyclic pitch on blade
loads and moments. One important element of the program was
determining the change in power required for cyclic pitch con=-
trol.

lIAir Force Flight Dynamics Laboratory, Wright-Patterson Air
Force Base, Ohio
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In the initial portion of the report, a rather detailed
description of the models is presented. This description gives
a general idea of the scope of model hardware development and
auxiliary test equipment required for the program.

Tne four models used for the program were: (1) a l/12th
scale full span tilt wing model with 2.14 ft. diameter pro-
pellers, (2) an isolated prop model utilizing one of the pro-
peller/nacelle assemblies from the full span model, (3) a 1l/3rd
scale prop model having an 8.8 ft. diameter, and (4) a 1/12th
scale semispan tilt wing model with leading edge boundary
layer control. The full span model was tested both out-of-
ground effect and in-ground effect, with a moving ground plane
being used for the in-ground effect testing.

Data and results from the various tests of these models
are documented in the individual test reports listed in the
References. The data included in this final report summarizes
the key findings noted in these test reports (References 1
thru 5). '
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SECTION II
TEST PROGRAM

1. DESCRIPTION OF TEST PROGRAM MODELS

Figures 2 through 5 are photographs of the various models
as installed for testing in the 20 ft. by 20ft. test section
of the Boeing-Vertol V/STOL wind tunnel.

The 1/12th scale 2.14 ft. diameter three way isolated
propellexr was pedestal mounted on the tunnel yaw table as de-
picted in Figure 2. This pneumatically powered model in-
corporated an instrumented shaft for torque measurements and a
six component strain gage internal balance that was located
between the cyclic pitch mechanism and the 50 HP air motor.

A flexible bel.ows joint in the drive shaft isolated the pro-
peller forces and moments. Compressed air for the motor was
delivered up the hollow pedestal, through the opening between
the aft nacelle fiberglass fairing and the air motor-exhaust
tube, and was then routed into the front face of the motor.

Cyclic pitch action was imparted to the blades through a
set of pitch links attached to a swashplate driven by scissors
mounted on the rear face of the hub. Elastomeric bearings were
used in the hub to support the blade retention housing and thus
permit angle motion. Collective and cyclic pitch angles were
manually set on each blade individually.

Figure 3 shows the 1/3rd scale 8.8 ft. diameter four way
isolated propeller mounted on the 10,000 1lb. Boeing-Vertol
Test Stand (DRTS), with the main body of the test stand
attached to the main tunnel hydraulic powered sting/strut
support system. This vertically traversing strut is used to
adjust the height of the model in the test section. The pro-
peller/hub, cyclic pitch mechanism, stack assembly, and five
component strain gage balance were fixed to the end of the DRTS
four ft. long pitch cone which is in turn trunnion mounted at
the butt end of the main body. An angular pitch range from 0°
to 105° was provided by this arrangement.

The four bladed model propeller with one blade instrumented
for loads, was Froude scaled from a design suitable for full
scale tilt wing application. This design represents a compro-
mise to achieve required hover figure of merit and good cruise
efficiency and is a design that evolved through many iterations.
Model blade construction featured a fiberglass spar, compressed
balsa core, woven glass skins, and a titanium root end.

The cyclic pitch system utilized elastomeric bearings,
rotating scissors, swashplate, and pitch arms. Collective and
cyclic pitch blade angles were remotely adjustable through the
use of three hydraulic actuators . These actuators translated

4
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the swashplate to set the desired blade collective angle. One
of the three actuators was used for tilting the swashplate to
set the desired cyclic pitch angle.

The 1/12th scale full span tilt wing model with overlapped
propellers (7% diameter) and tapered wing, having an average
wing chord to prop diameter ratio of 0.44, is illustrated in
Figure 4. This sting mounted model, which featured full span
slats and full span large chord double slotted flaps with
movable fore flap plus Fowler action, used four of the same
type of nacelle assembly (propeller/cyclic hub/interdal
balance/air motor) that was tested in the 1/12th scale isola-
ted prop test.

The main tunnel sting support system was selected for
mounting the model so that both variable ground height hover
data and moving ground plane data could be obtained along with
pitch and yaw data. The 16 ft. long sting pivots, for model
angle of attack motion, about its attachment point on the
vertical moving main strut. This enables the model to be
retained near the center of the test section as the model is
pitched. A "yaw adapter" that pro.ides pure yawing motion for
selected angles of attack was attached to the forward end of
the main sting. The mcdel itself was attached to the "yaw
adapter" via a hollow sting extension that passed through the
aft end of the fuselage and was bolted onto the aft end of the
internal six component strain gage balance. This balance
was located with its center immediately below the wing pivot.

High pressure air entered the model through the hollow
sting extension. Interactions of the model air supply system
on the fuselage balance measurements were minimized by ducting
the air symmetrically past the balance from the forward
section of the sting via dual ducts (one per fuselage side)
and thence into a plenum chamber located forward of the balance
in the frontal portion of the fuselage. A set of internal
flexible bellows were used to connect the dual ducts to the
plenum chamber structure. Air for each air motor was individ-
ually ducted forward from the front wall of the plenum
chamber, aft over the top of the plenum chamber through four
pipes which were connected to a hollow segmented air pivot
joint. Four internal wing spanwise air ducts (one per motor)

were used to direct the air outboard from the wing root into the

forward portion of the air motors bolted directly to the wing.
Mass flow into each motor was remotely controlled by the four
individual motor control valves used in conjunction with the
main tunnel compressor system controls.

2
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The 1/12th scale electric powered semispan tilt wing
model, used to study leading edge boundary layer control (BLC)
for low speed descent performance improvement, is shown in
Figure 5. This model utilized a rectangular wing with a wing
chord to prop diameter ratio of 0.56 and 2.14 ft. diameter
three way non-overlapped propellers, but with a lower activity
factor (57%) than the propellers used on the full span model.
The high 1lift system comprised full span slats used in con-
junction with the leading edge BLC and full span large chord
double slotted flaps featuring 22% chord Fowler action plus
an extending fore flap.

Model instrumentation consisted, in addition to the BLC
system pressure and temperature instrumentation, of propeller
thrust and torque flexures in each nacelle and a four compon-
ent strain gage balance located at the wing root, but below the
platform or ground board serving as a plane of symmetry. A
cylindrical tube extension was used to attach the four compon-
ent balance and thereby, the wing itself to the tunnel Yaw
table located in the test section floor. In this set-up, the
balance rotated with the wing. ‘

Tubing used to transmit blowing air to the wing was
"looped around" the wing root balance in a manner which
virtually eliminated any balance interactions. Three spanwise
tunnels were cut in the wing for directing the blowing air to
the leading BLC slot. This slot was divided into three
separate spanwise segments. The pressure ratio applied to
each of these segments could be adjusted separately by three
individual control valves or the flow to a particular segment
could be completely shut-off.

Cyclic hubs used during the semispan model test were
similar in design and construction to those utilized in the
full span model test.

Table I summarizes the primary characteristics of the
various models used in the test program.
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2. MODEL TEST PROGRAM OBJECTIVES

Table II lists the test objectives pertinent to each model.
As mentioned previously in the Introduction, the overall objec-
tives were to determine the effectiveness of cyclic pitch for
longitudinal control in hover and throughout transitional
flight, establish the influence that the wing/flap lifting sys-
tem exerts on cyclic pitch effectiveness, measure the low
speed descent capability with cyclic inputs, determine the
effect of cyclic pitch control on aircraft stability about the
longitudinal, lateral, and directional axes, investigate the
influence of cyclic pitch on the aircraft surface controls,
acquire blade load data throughout the transitional flight
regime, and of especial concern, determine the increase in power
required due to cyclic pitch. 3

Early in the formulation of the test program, it was
recognized that these objectives could be most rigorously
attained by testing both the full span model and one of its
four propeller/cyclic hub/nacelle assemblies as an isolated
propeller. This approach provides a direct comparison of
the test data. Unfortunately the test results from these
models are compromised to some degree, since model scaling
considerations of the four prop full span model limitec the
propeller diameter to a size in the order of 2 plus ft. Test ‘
results of particular concern were the absolute value of the j
cyclic pitch control effectiveness and power msasurements in-
dicated by a propeller operating with a relatively low three-
quarter radial station Reynolds number of 620,000 at the 5000
RPM cyclic hub operating speed (2.78 in. blade chord @ 3/4 R). 1

As a consequence of these factors, the 1/3rd scale 8.8 ft.
diameter propeller was an important element in the test pro-
gram. The 8.8 ft. propeller developed a Reynolds number at the
3/4 radial station (0.95 ft. chord) of 2.2 million when operat-
ing at its design speed of 1100 RPM. This model was also of
sufficient size for blade load and pitch link load instrumenta-
tion, thereby enabling the effect of cyclic pitch on propeller
design loads to be established.

One of the design problems of a tilt wing aircraft is stall
of the wing center section over the top of the fuselage. Se-
paration of this area can be tolerated at forward flight speeds
in the order of 40 kts, due to the low dynamic pressure |
(6 1lb/ft?) prevailing on this "unbathed" portion of the wing.
At higher speeds, in the order of 60 kts, wing center section
stall can have an adverse effect on aircraft characteristics
such as directional stability due to vertical tail "blanket- ,
ing" and can result in horizontal tail buffeting at positive :
fuselage angles when the tail becomes immersed in the wake
emanating from the center section. In the 1/12th scale semi-
span test, leading edge boundary layer control was applied to

aadlitionts ik - g
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the wing/body center section to improve the noted situation by
increasing the stall angle and was also applied to other por-
tions of the wing for the purpose of improving the descent
performance.

The full span model was tested through transition from
hover to the conventional aircraft flight mode configuration
of wing down and flaps retracted. Since the data in the re-
port is presented as a function of glipstream thrust coeffi-
cient, the relationship between this parameter and full scale
flight speed is desired. This relationship is shown in
Figure 6. The speeds along the flight path were calculated for
the representative four prop tilt wing aircraft having a 73
lb/ft?2 wing loading (tunnel test section ambient conditions).
This wing loading would decrease to 66 1lb/ft2 for typical at-
mospheric design conditions of 2500 ft/93°F. It can be seen
from this figure that the transition speed range varied from
21 kts to 113 kts. Note that for Crg values greater than 0.70

(roughly 52 kts), the speed variation with CTs is basically the i

same for the three flight conditions shown: 10° climb angle,
level flight and 10° descent angle.
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73 psf Wing Loading

Full Span Slats

All Wing Tilt/Flap Angle
Combinations (except as
noted)
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Figure 6. FULL SCALE FLIGHT SPEED
AS A FUNCTION OF Cr_
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SECTION III

CYCLIC PITCH CONTROL CAPABILITY

1. CYCLIC PITCH EFFECTIVENESS AND POWER REQUIRED IN HOVER

The effectiveness of the propellers in producing aircraft
pitching moment when cyclic pitch control is applied was in-
vestigated in the hover mode on the full span model with the
wing tilted to 90° and in a clean configuration: flaps re-
tracted, representing a zero yaw control input condition, and
slats retracted. Data was acquired with cyclic inputs ranging
from +8° (nose down moment) to -8° (nose up moment) at prese-
lected ground heights which varied from an h/D of 4.0 to an
h/D of 1.10. Ratios of h/D's from 4.0 to 2.0 represent an
out-of-ground effect (0.G.E.) condition and an h/D of 1.2 repre-
sents hovering at a 2 ft. wheel height.

Figure 7 compares the cyclic pitching moment generated
out-of-ground effect on the full span model as measured by the
fuselage balance (moments transferred about the wing pivot)
with that measured by the nacelle balances (hub moments). The
non-dimensional moment Cy /Cp used in the plot is the ratio of

moment coefficient to thrust coefficient in propeller termino-
logy which enables the aircraft moments to be directly compared
with the propeller hub moments.

The variation in moment with cyclic pitch angle was found
to be linear over the range of angles evaluated, -8° to +8°.
Not presented in Figure 7 are the test data that shows the mo-
ment to be essentially invariant with ground height down to
the lowest height tested, an h/D of 1.0. The positive aircraft
pitching moment measured with zero cyclic angle was produced
by the propeller thrustlines being located below the wing pivot.

It can be noted in Figure 7 that the aircraft pitching
moment produced by cyclic is 27% greater than that contributed
by the four propeller hub moments. This positive difference
is attributed to a change in prop normal force. An examina-
tion of the prop normal force data from the nacelle balances,
an example of which is shown in Figure 8, established that the
change in normal force with cyclic is in the correct direction.
With positive cyclic a negative increment in prop normal force
is produced (a forward acting force at the propeller hub with
the wing tilted 90°) that in turn produces a negative pitching
moment (nose down) about the wing pivot.

Figure 9 compares the hub pitching moment measured on
the full span model with that measured on the 1/12th scale iso-
lated prop model, and thus directly shows the effect of the
wing on cyclic pitch effectiveness in an 0.G.E. hover condition.

16
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Since the curves are only 3% apart, it can be concluded that

the wing has no significant influence on the effectiveness.

In addition, Figure 9 shows the close agreement between the iso-
lated prop data and theory based on blade element considerations.

As a consequence of the 1/12th scale propeller having a
total activity factor of 480 and the 1/3rd scale propeller
model heing designed with a TAF of 640 it would be expected
that a direct comparison of the respective cyclic pitching
moment data (Figure 10) will show a substantial increase in
cyclic pitching moment capability for the 1/3rd scale prop.

An adjustment of the 1/12th scale data by the ratio of activity
factors increases the measured cyclic effectiveness from
.00212 ACyM /Ay to .00282 ACM,/AY, a value that compares favor-

ably with ghe .00289 ACy /Ay value measured for the similar

blade planform 1/3rd scale model. 1In addition, the 1/3rd
scale prop data could be adjusted slightly downward (4% per
1/3rd scale data) to correct for the effect of the higher
thrust coefficient (Cp) at which the 1/3rd scale test data
was obtained. This 90lase agreement in the two sets of data
indicates that the cyclic pitch control capability of a rela-
tively low Reynolds number 2 ft. diameter propeller model is

not degraded when moderate collective pitch and cyclic pitch
angles are used. Higher settings would probably show a differ-
ence between 1/12th scale and 1/3rd scale data. !

The data presented in Figure 10 is aleo interesting in
that the cyclic pitch capability measured on the 1/3rd scale
model is linear over the range from -10° to +10° of cyclic
pitch. Even with 12° of cyclic, only a 6% fall-off from li-
nearity was experienced.

Noted on Figure 10 is the total cyclic angle required for
the representative tilt wing aircraft hovering with a gross
weight of 87,000 1lb. at 2500 f£t/93° atmospheric conditions. A

total angle of 8.7° is shown, divided into 1.7° for c.g. trim
and 7° for meeting a pitch acceleration value of 0.6 radian/
sec?. This angular value of 8.7° is conservative from two
aspects: an option exists to trim out approximately 60% of the
c.g. travel in hover with flap deflection, and second, the 27%
favorable change in aircraft pitching moment due to the effect
of cyclic on prop normal force as shown in Figure 7 is not in-
cluded. As a consequence of these two factors and in addition,
since the full cyclic pitch capability of the full scale 26.4ft.
diameter / 640 TAF propeller would not be utilized, the activi-
ty factor and/or the propeller diameter could be reduced.

Figure 11 evaluates the wing effect or. the shaft power in-
crease due to cyclic at the 0.G.E. hover condition where the
power requirements of a V/STOL vehicle are maximum. The shaft
power increase with cyclic as measured during the 1/12th scale
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isolated propeller test is seen to be essentially an average of
that measured on the outboard and inboard props of the full
span model indicting that the wing has only a small influence.
The outboard props exhibited higher power requirements than

the inboard props. This is probably a result of the overlapp-
ing, whereby the outboard props have been placed in the direct
influence of the inboard props; however, the difference appears
to be excessive for the amount of the overlap used, 7%D.

As a result of the power being measured via strain gaged
shafts, the data represents shaft power requirements, and there-
by includes the friction losses in the cyclic hub assemblies.
The friction losses in the 1/12th scale models will be large
as a result of operating these hubs at 5000 RPM. An indication
of the magnitude of the friction power requirements for the
1/12th scale hub was provided by the rolling moment component
‘of the six component nacelle balance. This data is also pre-
sented in Figure 1ll1l. The difference between the shaft power
curve and the friction power curve represents the aerodynamic
power required by the cyclic pitch action, which is seen to be
15% with 8° of cyclic.

Measurements of the power increase due to cyclic from the
1/12th scale model were anticipated to be high at moderate
cyclic angles as a result of bearing friction, and excessively
high at the larger cyclic angles due to the additional factor
of a low blade Reynolds number prevailing at a condition where
relatively high blade angles are required. This assumption is
substantiated in Figure 12, which compares the power measure-
ments from both the 1/12th scale and 1/3rd scale isolated prop
models. In this figure, the friction puwer measurements from
the 1/12th scale model are shown along with the plotted shaft
power data. ‘This data indicates that cyclic power increments
from a 1/12th scale model are reasonable if friction power is
accounted for and the cyclic angle does not exceed about 6°,
whereas with the 1/3rd scale model power measurements exhibited
a normal variation up to 12° of cyclic. The 14.6% power incre-
ment produced by the 1/3rd scale model with the 8.7° cyclic '
pitch control requirement includes the bearing friction power.

Associated with the power required due to cyclic is the
effect of cyclic inputs on propeller thrust. A loss in thrust
when cyclic is applied would decrease the hover capability or
increase the power required to hover at a given gross weight.
The 1/3rd scale data presented in Figure 13 shows that this is
not the case. No change in thrust occurred with cyclic angu-
lar inputs up to 15°. A possible explanation for the invariable
thrust up to large cyclic angular inputs would be the favorable
influence of dynamic stall on the blade element lifting capa-

bility.
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2. CYCLIC PITCH EFFECTIVENESS IN TRANSITIDN

Both 1/12th scale and 1/3rd scale isolated propellers
when tested over a wide range of shaft angles and advance
ratios representative of transitional flight, exhibited the
same small variation in cyclic pitch effectiveness with ad-
vance ratio, J. The hub pitching moment developed per degree
of cyclic proved to be constant from hover up to an advance
ratio of 0.3 with a gradual increase in effectiveness of a
10% magnitude being experienced at 0.5 J. Figure 14 provides
the comparison. The incremental difference in effectiveness

- between the 1/12th scale and 1/3rd scale model, as recorded

in the hover condition and noted to largely result from the
difference in activity factors, is maintained over the transi-
tion range evaluated.

Data obtained on both 1/12th scale and 1/3rd scale prop
models showed that the incremental hub pitching moment due to
cyclic pitch is virtually independent of shaft angle up to
angles in the order of 90°. For example, in the 1/12th scale
test, ACMg varied by an average of only 4% from zero shaft
angle up to 60° of shaft angle over the speed range tested.
Figure 15 illustrates the insensitivity of cyclic moment to
large changes in shaft angle. The similarity betwesen the
1/12th scale and 1/3rd scale test results in both hover and
transition, validates the use of a relatively low Reynolds
number 2 ft. diameter propeller model for investigating cyclic
pitch control capability and characteristics other than power
changes.

Of concern in the investigation of the control capability
of installed cyclic propellers was the large increase in basic
hub pitching moment and prop normal force produced at high
propeller shaft angles or wing tilt angles with the high lift
system extended, a condition experienced in descent. Figure
16 shows that the initial rate of build-up of hub pitching mo-
ment on the installed propeller is about three times that of
the isolated propeller for the various advance ratios (J)
tested. The curves for the outboard props appear to be bending
over (decrease in ACMp/Aup) at much lower angles of attack than

the isolated prop. Companion prop normal force data presented
in Figure 17, shows a definite peaking”of the installed pro-
peller data at substantially lower angles of attack than for
the isolated prop, following an increase in the normal force to
a magnitude approximate 2.5 times larger than measured on the
isolated prop at the same geometric propeller angle of attack.
This "peaking" was also evident in the total aircraft moment
measurements from the full span model at high Crg or low speed

conditions where high wing tilt angles are required, as shown
in the following Figure 18.
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