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SUMMARY

This report ppesents the results of a series of experiments conducted
on a ?%5 scale dyﬁamically similar model of a tilt-wing VTOL aircraft.
The static longitudinal férces and moment and the character of hor;;ontally-
free partial transitlions were examined throdgh:tﬁe\use Of the Princeton
University Forward Flight Facility. ‘

Included are discussions of the equipment and testing techniques
employed in these tests as wéll aé a development and evaluation of various
analytical approaches to the prediction of the static and dynamic stdbility'
characteristics of a wing-rotor system.

Results demonstrate that additional experimental information is neces-
sary in order to predict accurétely the forces and moments developed by
the wing and rotor. |

A preliminary analysis indicates significant contributions to stability
and control from the effects of slipstream rotation on wing local flow
conditions.

The presentation is divided into Parts I, IT and III, concerned
respectively with the experimental test equipment, procedures and analysis
techniques. Each Part is semi~-autonomous and includes its own Figures,

results and conclusions.
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INTRODUCT ION

It is the purpoce of this report to present the results of tests

conducted on a tilt-wing VTOL aircraft model on the Princeton University

-

1.Fdrwafa*Flight:Eagili}yt;;Igc;ﬁdéd{arémdiSCussioﬁs ofﬂfﬁeAexperi@enﬁai,

o

.'équipment and teéhniqﬁes employed in these teete, as well as the actval

test resvlts. In general, an attempt has been made to assess the feasi-
bility, limitations and potential of the equinwent and techniques =nd

to determine the validity of the rersults by comrerison vith exverimental
data from other sources, when possible, and with theorciical rnredictions
developed herein. There follows immediately in this section a brief
background and description of the Facility, and an explanation of the
purposes of the tests,

Due to increasing interest in the past decade ia helicopters and
vertical take-off and land (VITOL) tyne aircraft, it wac thcught des.ra-
ble at Princeton University to design, develop an? construct an apraratus
with which it would be possible to investigate the characteristics of
suach aircrait, and which would be specifically tailored to meet the re-
guirements of exverimental investigation in the very low speed flight
regime, In particvlar, such an apraratus shovld permit the dlrect
measvrement of the dynamic hehavior of thesce aircrarft, by the uvse of

relatively inexpencive scale models, tected in a controlled environment,

ji.e. inderendently of ocutside weather conditions. In addition, there

should exist the capability of performing steady-state, or static, ex--

periments ‘to determine static &tability derivatives which would facili-~

tate the deVeiobmené of theoretical methods of rredicting the dynamic




characteristics of these aircraft.

Provisions should be made to allow precise and direct measurement
and control of all aircraft flight variables, such as attitudes, veloci-
ties and accelerations, as well as’ to restrain the model in such a way
as to permit isolation of particular degrees of freedom or modes of
motion for detailed study, and to prevent destruction of the model in
the event of excessive or uncontrollable motions sometimes characteristic
of the type of aircraft under consideration.

Various possibilities presented themselves in the selection of the
type of apparatus satisfying the above requirements. Should the model
be moved through the air under its own power similar to the manner of
operation of the full scale aircraft, or should the air be moved past
the model as is done in wind tunnel testing, or might a compromise be
reached somewhere between these two extremes? The resolution of these
questions lay in the consideration of particular problems associated
with the apparatus in question and in a careful appraisal of the cost,
utility and performance of the faclility resulting from each- solution.

To allow the testing of models whose maximum dimension would be of
the order of 8 feet (rotor diameter or wing span) in zero flight speed
conditions and free from wall and ground effects, minimum Y~-Z plane en-
closure dimenSions of 30 feet x 30 feet were deemed necessary. The
model sizZe assumed would permit the necessary scaling of rotor and hub
geometry to produce dynamic similarity while at the same time keeping
model weight and power requirements within attainable limits. The. re-
quirements for measurement and control of variables, conditions, and

restraints necessitate providing a known reference with the model at




all times. In the case of the wind tunnel this reference would be the
stat;onary Pylon upon which the model was mounted. However, with the
mbdel scales implied characteristic periods of oscillation could be as
low as two seconds, with velocity excursions of the order of + 10 feet/
second, and with the model held stationary the power requirements to
provide the resulting accelerations to the masses of air involved would
indeed be prodigious. Compromising by allowing the model to oscillate
about some steady-state trim velocity provided by the wind tunnel would
mean providing a reference moving with the model and slaved to it
through some sort of automatic positioning device. This scheme, how-
ever, would require accelerating the air in the tunnel corresponding to
8 VIOL transition of 10-15 seconds duration from zero velocity through
a stall speed of some 60-T70 feet/second while maintaining turbulence
levels and velocity fluctuations at some reasonably low value. Such a
scheme, 1f possible, would be expensive due to the size and power re-
quirements of the wind tunnel necessary.

After consideration of the problems associated with the above schemes
the best solution seemed to be to eliminate the necessity for moving
large quantities of air simply by allowing the above-mentioned moving
reference to follow even the steady-state component of the model's motion
allowing sufficient space to perform any of the indicated maneuvers such
as VIOL transition. This, in essence, is the Princeton University For-
ward Flight Facility. In fact, it is a building 30 feet x 30 feet x 750
feet long, providing shelter from the elements and housing a mono-rail
track running its length. A photograph of the interior of this building

is presented on page 30 showing the general arrangement of the track.




Dynamically-similar powered scale models are "free'" flowr in the build-
ing, their motion being followed and monitored by a powered carriage
running on the track. The carriage serves only to provide a known refer-
ence traveling with the model, to restrain the degrees of freedom not
under study, and to limit the model excursions if excessive and/or
hazardous. A positioning servomechanism senses the relative position
error between the model and the carriage and drives the carriage to
minimize this error. Pertinent variables are measured directly and the
data transmitted back and recorded on theé ground. In addition, the
model may be restrained by the carriage through force-measuring devices
such as strain gages, so that by driving the carriage along the track
at a8 steady pre-set velocity, static force and moment measurements may
be made.
It is the purpose of this report to discuss tests made on the a-
bove~-described Facility, using a 1  scale dynamically similar model
of the Vertol V-76 tilt-wing VTOLséircraft. These tests were conducted
during the periods of 9-17-58  to 11-26-58 and 11-10-58 to 1-7-60
for the following purposes:
1) To obtain useful longitudinal stability and trim information
on & tilt-wing type VIOL aircraft;
2) To provide an initial evaluation of the Facility, equipment
and techniques; and
3) To establish a basis for the extrapolation of the future po-
tential, requirements and limitations of such a Facility.
The first group of tests were of a steady-state nature as described

above. The model was restrained in the longitudinal degrees of freedom




(that is, horizontal and vertical translation of the c.g. and pitching
about the c.g.) by strain gages attached to the carriage and supporting
the model. Constant veloecity runs were made at various fuselége atti-
tudes and wing tilt angles, and rotor collective pitch was adJusted to
provide thrust levels corresponding tp the desired conditions of trimmed
1ift and drag forces. Constant velocity was provided by presetting the
carriage to the desired velocity and then allowing the carriage to ac-
celerate itself and the model to Vo and drive it at this velocity,
while a feedback mechanism insured that the preset velocity was main-
tained by comparing the carriasge's velocity at all times to the pre-
set value. A separate run was made and steady-state data recorded for
each change in the variables - velocity, wing tilt, fuselage mltitude,
and rotor collective pitch. In all, a total of 174 runs were made,
126 of them providing useful static stability and trim information.
The second series of tests differed in method from the first in
that, rather than drive the model with the carriage, the model was
allowed a single longitudinal degree of freedom - horizontal trans-
lation - and the carriage was arranged to follow the model in its hori-
zontal velocity excursions while vertical force and pitching moment
were measured with strain gages between the carriage and the model.
Runs were made in this testing configuration by adjusting tilt angle
and rotor collective pitch to trim the model in & hovering attitude at
zero fuselage pitch angle and then allowing the wing to tilt downward
at a constant rate with collective pitch and fuselage attitude held
constant. As the wing tilted downward the model would sccelerate un-

til such time as the wing stopped tilting, whereupon the model velocity




would decay to that value required for horizontsl trim. Repeated runs
were made, stopping the ving tilt at various angles, and in sg?eral
cases reve£$ing the.directién'of wing tilting ét arious angles and.
allowing the run to proceed'uptil the modelAwas‘égain'in a hovefing
attitude at end of the run trim. This series of tests involved 35
runs, of which 32 produced useful data concerning the model and
carrisge behavior.

For simplicity and clarity the two series of tects described a-~
bove will be referred to in the remainder of this report as "static"

and "1 D/F" (abbreviation for One degree of freedom) respectively.
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ABBREVIATIONS AND OTHER NOTATION
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DISCUSSION: TEST EQUIPMENT

The equipment wsed in the tests under consideration consisted in
general of a powered scale model, a servo-controlled carriage, model
and carriage monitoring and measuring instrumentation, and a radio-
telemetry data-link with magnetic tape recorder. Each component of the
system described above will be discussed separately and an evaluation
given of its performance in zonducting the tests discussed herein. The
time period between the two sets of tests considered was one of transition
when almost every component was changed to some extent in attempts to im-
prove the performance of the entire system. As a result, the discussion
of each item will be divided into parts assocliated with the equipment

used in each of the tests,

MODEL

A photograpn of the 1/5,2 scale dynamically-similar powered model
of the Vertol V~76 used in the static tests appears on page 31,
The dimensions of this model are as presented in the three view draw-
ings on page 32, and the physical characteristics are given in a
Table on page 33 along with a comparison with those of the full scale
airplane, A development and discussion of the scaling used to achieve
dynamic similarity appears in Appendix C, In general, no attempt
was made to scale the elastic properties of the aircraft as a whole,
However, rotor blade mass, mass distribution, and bending and torsion-
al properties were preserved as closely as possible to those values
simulating the full scale rotor blade., In design and construction of

the model particular atteniion was given to avoiding natural frequencies

i3,




close to the one per revolution and three per revolution rotor forecing
o

frequencies, Obvious success in this endeavor was demonstrated in the

complete absence of any vibration problems throuvghout both test pro-

grams,

The model main drive system consists of a single 1.5 horsepower,
three phase, 400 cycle electric motor driving the two three-bladed
rotors through a geared-down transmission and a timing belt and
sprocket arrangement. The timing belts transmit the power from the
fuselage~located transmission, out the wing, to the rotor shafts, and
are centered about the wing tilt hinge to allow the wing to tilt
through the required limits, Such a drive system proved quite light
and trouble-free under all power and wing-tilt conditions. The one
drawback of this arrangement is a result of the sizeable belt tensions
encountered in transmitting the power through reasonably-sized sprockets.
Loads of the magnitude calculated (Tension = 50 pounds) make it very
difficult to develop a system to measure rotor forces separately from
the wing forces without resorting to the complications of direct shaft
instrumentation. Separation of the wing and rotor forces would be a
very significant contribution to the ability to assimilate information
in both static and dynamic testing.

The model rotors are semi-articulated with full flapping but no
lag freedom, and the hub geometry and blade static moment are exactly
scaled to the full scale aircraft’'s values, Blade construction tech-
niques used are quite similar to those discussed in References 1 and

2 using a steel insert imbedded in a foamed plastic shape. Some diffi-

culty was experienced in aitempting to apply the required twist to the

uo




blade after molding and during the root-insert gluing operation. This
difficulty was very easily overcome by modifying the fabrication pro-
cedure to allow the insert to be molded into the blade in an already-
twisted mold. The twisted mold required was inexpensive and simple to
fabricate, since the twist necessary was linear and easily generated
as a regular surface. The master for the untwisted blade was original-
ly parted at the chord line and made-of flexible plastic. The pro-
cedure employed was to attach the master blade half to the twisted sur-
face, build a dam around the periphery, and pour an aluminum-filled
epoxy resin into the recess. The photograph on page 3i shows a blade.
mold, insert, completed blade, and assembled rotor.

A photograph on page 35 presents the essential details of the
wing construction. The primary structural member is a thin-walled alu-
minum tube to which are attached the wing hinge points, rotor shaft
housings and welded magnesium ribs. The aerodynamic surface is formed
of .010 inch aluminum sheet to which is bonded 1/32 inch balse sheet
for stiffening. The covering is bonded and screwed to the wing with
a8 resulting surface that is quite free of wrinkles, waves and other ir-
regularities. The wing described above is the one used 1n the one de-
gree of freedom tests, while the wing used in the static tests was of
a similar construction but had a vacuum-formed plastic covering. The
plastic covering was completely satisfactory as far as the resulting
form and surface it provided, but excessive weight for dynamic tests,
as well as fastening difficulties with the polystyrene plastic dictated
a need for the more suitable covering.

The demand for light-weight construction for dynamic similitude

15.




also required changes in the fuselage and nose bubble between the static
and l-D/F tests. The static test fuselage was cut from 1/8 inch alu-
minum sheet to simulate the full scale tubular stringer construction,
and the nose bubble was of resin-inpregnated fibreglass cloth. These
two items were profitably replaced in the l-D/F tests by a welded thin-
wall aluminum tubing fuselage and a thin vacuum-formed polystyrene
plastic bubble.

Although a taill assembly is shown 1in the photograph of the static
test model on page 40 , no tall was used during the actual tests as
discussed in Part III . A tail, complete with pitch fan, was in
place for the 1-D/F tests, but the pitch fan was not operated since
part of the test information desired was the taill load required to trim
the alrcraft. A photograph of this tail showing in some detail the
flow-spoiling trimming device above the four-bladed pitch fan appears
on page 37 . The power for the tail fan is taken from the main rotor
drive system and transmitted along the fuselage and up through the verti-
cal fin by means of a flexible cable drive. The horizontal stabilizer
may be set at any desired incidence, but no rudder surface or yaw fan
is provided as this model was originally intended for longitudinal
testing only. It is anticipated that little development effort would
be required to provide both of these additional items.

In the photograph of the wing construction on page 35 can be
seen a smell d.c. motor which drives the rotor collective pitch ad-
Justment. A detail of the pitch adjustment assembly including the
swash-plate and drive is presented on page 36 . Included in this

photograph is the potentiometer used to measure model collective pitch

16.




for telemetering to the ground. A similar d.c. motor drives a spring-
loaded cable arrangement to rotate the spoller plate above the tail
pitch fan. This drive system is designed to have adequate response
characteristics to apply a one second pulse input in model scale time
for dynamic control response tests.

The wing tilting mechanism is driven by a 400 cycle syncronous
motor through a high-reduction planetary gear box. Several combinations
of motor speeds and gear ratios are available to allow different scaled
time transitions to be accomplished. This same mechanism drives the
links by which the model is supported and which allow the model supports
to follow the c.g. travel of the aircraft during wing rotation. A sche-
matic diagram of the geometric relationships involved in this c.g. motion
is presented in Figure 8 on page 38 . An examination of this Figure
reveals the interesting effect that the airplane travels along a circu-
lar arc path with respect to the support point as the wing rotates
through its transition travel. Motion of the ailrcraft with respect to
the support presents a problem with regard to restraining the pitching
freedom without producing a change in fuselage attitude during transition.
It is possible to eliminate any fuselage atﬁitude-wing tilt coupling
by the use of a "passive" parallel linkage arrangement as depicted sche-
matically in Figure 9 (a). Such a system was used in the 1-D/F tests,
but limited the lower limits of wing tilting allowed when the angle 1
became sufficiently acute that the flexibility of supports allowed sig-
nificant fuselage attitude deflection under load. The term "passive"
is used to describe this linkage to differentimte it from an arrangement

where the pitching restraint tie-in point is actually driven by a part

1T7.




of the wing-tilt mechanism as shown schematlically in Flgure g (b). The
advantage of the driven or "active" system is that it provides rigidity
at all wing-tilt posltions by applying torque as well as shearing re-
straint. A system similar to the one depicted in Figure 9 (b) is an
absolute necessity for complete transition testing with this model when

pitching freedom is to be restrained.

CARRTAGE

A general arrangement photograprh of the carriage used in the static
tests is shown on page 4¢ . This carriage had a drive system identi-
cal to the one described in Reference 2, with the exception that the
magnetic clutches were not closed in a positioning servo loop. The 3
horsepower electric motor operated et maximum voltage at all times, and
the carriage velocity wes controlled by changing the voltage to the mag-
netic clutches. Excitation voltage on the clutches determined the
torque transmitted and as a result the carriage acceleration and termi-
nal velocity., Carriage velocity was sensed by a wheel driven tachometer,
the output of which was fed back and compared to the applied voltage.
A schematic of the resulting constant velocity servomechanism is‘pre-
sented in Figure 5. In practice this system maintained constant ve-
locity within about 2 per cent, the carrlage mess acting as a fairly
effective filter to short-time track friction irregularities.

The major problem encountered in testing with this carriage was
a general lack of prime motive power. Maximum steady velocities at-
tainable were just over 26 feet/second , and as a result no data could
be taken in the i, = kL degrees decelerated flight condition. At

speeds above 26 feet/second track and wind resistance demanded more
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power than the rather inefficient magnetic clutches would deliver with
& 3 horsepower input. For tests run at velocities higher than 12-15
feet/second an auxiliary boost system was necessary in order to
attain these speeds in a sufficiently short distance. Using the ad-
ditional acceleration provided by the boost, steady state velocity of
26 feet/second- could be maintained for as long as 8 to 10 seconds with
ample space allowances for braking at the end of the run.

The problems encountered with the carriage degcribed above were
partially realized even before the static tests were undertaken, and
work was underway in Qeveloping_a completely different carriage, drive,
and control system. Accordingly, the time period between the static
tests and the l-DZF tests saw the completion of an entirely new
carriage system which was given its initial testing in the l-D/F tests.
A truly comprehensive discussion of this carriage is beyond the scope
of this report, and for such a treatment the reader is referred to
Reference 3. However, a brief description of the hydraulic drive and
control system will be given herein to point out solutions to the
problems encountered on the static carriage and the use of the new
carriage in the 1-D/F tests.

A photograph of the hydraulic carriage system appearing on page
42 shows the vertical boom arrangement for accommodating vertical
translational motion. The vertical positioning servo mechanism was
not used in either of the tests discussed in this report and will not
be discussed herein. A full treatment of this component can be found
in Reference 3.

The hydraulic carriage is driven by a 30 horsepower LOO cycle
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electric motor driving a 1000 psi variable-displacement hydraulic pump.
Motive power is transmitted by & hydraulic motor driving & single knurled
wheel through an adjustable-ratio gear box. Maximum attainable speeds
with this system are above 80 feet/second, corresponding to about 175
feet/second on a full scale aircraft for scale factors of the order of
1/5. At the time of writing this report acceleration is limited only
by drive wheel traction at about O.7g.l

Carriage operation is controlled by a choice of two closed-loop
servo mechanism arrangements, one for carriage velocity and the other
for carriage position. Block diagrams for these two loops are presented
in Figure. I3 along with their respective transfer functions and magni-
tudes of the system parameters. Carriage velocity is set by adjusting
b to the trim speed desired and control is maintained by the inner
loop controlling the displacement of the pump. In this condition the
velocity is constant by virtue of the constant fluid displacement and
hydraulic motor speed. Any irregularities in resistance to the motion
are overcome by pressure build-up in the delivery lines, giving a re-

sponse cheracterized by the approximately 10 cps natural frequency of

1. With the increased carriage performance capability it became feasi-
ble to increase the length of track available for testing. Accordingly,
in the period from 11-26-58 to 11-10-59 the track and building were
lengthened from the 450 feet used in the static tests to 750 feet. The
additional length was not aveilable for the 1-D/F tests, and indeed
would not have been used if it had been, due to the exploratory nature
of these tests with the new drive system. Subsequent test programs have
made very profitable use of this extra length, and as many as 3 cycles
of motions with seven second periods have been measured about trim
speeds of 26 feet/second. A full explanation and discussion of the
current problems and capabilities of this carriage-track system is to
be found in Reference 3.
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the hydraulic system under load, In tests made with this system no
gignificant variations from steady state velocity can be detected in
timed runs through four consecutive 25 feet intervals,

The positioning servo mechanism loop used in the 1-D/F tests is
shown schematically in Figure 13, In this configuration the carriage
drives itself to follow the horizontal position excursions of the
model mounted on the error link. Descriptions of the error link
system are given in Reference 2 and 3 and so will not be included
here, but a schematic drawing of the horizontal error link appears on
page 46 of this report. It is of interest to note that in the
system as depicted in the block diagram of Figure 13 no provision is
made to supply the carriage with a signal proportional to the steady
state component of the model's velocity. Such a feature was omitted
for the 1-D/F tests since the flight profile of transition tests is
not one of steady wvelocity. Little difficulty was encountered in
allowing a steady position error to accumulate as the model velocity
changed during transition, a result attributable both to high error
position gain and to negligible longitudinal perturbation of the model

with only horizontal freedom,

INSTRUMENTATION

One of the major problem areas associated with conducting static
tests on the Forward Flight Facility is concerned with model force
and moment measuring instrumentation, The difficulties encountered
arise primarily due to the peculiar nature of the testing facility,

in that the forces to be measured are those acting on a moving model
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rether than on one with the flow moving past it. The carriage velocity
during a static run 1s held quite steady as far as effects aerodynamic
are concerned. However, there is still considersble jostling and
shaking of the model due to small track irregularities and carriage
hydraulic drive response. Although no appreciable effect can be at-
tributed to these disturbances when the model is free for dynamic
tests,2 & restrained model on the end of the six-foot horizontal boom
sees these accelerations or vibrations as forcing inputs. The result
is that if the model is suspended on conventional strain gage measur-
ing devices, considerable noise will be superimposed on the steady
state force signal. This section is concerned primarily with the at-
tempts made to surmount the carriage-vibration noise probvlem in the
two series of tests under consideration. The remaining test instru-
mentation involved only geared d.c. tachometers used to measure
carriage velocity and rotor RPM and d.c. excited potentiometers for
measuring wing tilt and horizontal error position. The sole difficul-
ty experienced with any of these devices was brush noise in the ta-
chometers - a problem easily solved by use of simple R-C filter net-
works.

The first approach to the problem of vibration noise in the strain
gage system involved the use of very soft beams allowing sizeable de-

flections under load. The resulting finite motions were then damped

2. This statement is completely true to the extent that small pertur-
bations in the carriage motion in no way effect the time history of the
model's free motion. However, horizontal and vertical translational
disturbances can impose rather severe positioning servo mechanism
stability criteria as dlscussed in Reference 3.
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Dy inelvding oil~filled bellows arrangeneonts in parallel with the spring
of thr ptrain guge beans., A scheratie drawing of the system used to
neasure 1lift, drag and pitchi1g moment is precented on page 47. Re-
sulbte voing irhic scheme with battery-encited gages were compatible with
ths accrracies allow~d by other parte of the data~gathering system, with
noice in the 1ift and drag readings of the erder of 6 to & per cent of
full scsle valuqs. Pitehing moment readings were rarticularly noise
frece, . fue mestly to the fine balancing of the nodlel ahout its supbort
nointe an’ the rclative aboense of carricge pitcheattitude foreing,

cilze loveles of the order of 2 per cent were edrily achieved in the

Ihels gage with ~ ow Aarping ratios, whorcas the vnbalanecd

i'~7nl dnertic) forces required large supcreriticel Camping retios in
Toth 1ilt 2nt drng, In order to traonslate the per cent telemeter read-
jr; o into roftel ferenr, the following enlibrations were used
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carriage and the model, relative to which the forces acting on the model
would be measured. A scheme such &s this would have the same limitation,
as an electrical filtering network on the strain gage output, in that
the noise spectrum inciudes too many sufficiently low frequencies to
permit successful attenuation without limiting the data-sensing capa-
bilities. A preferable and mechanically far less complicated scheme

was attempted in the le/F tests with results compromised more by exe-
cution than by conception.

One additional remark is in order before proceeding to the 1-D/F
test instrumentation discussion. Elsewhere in this report reference
is made to the soft beams used in the pitching moment strain gage and
to the resultant moment-attitude coupling produced. This is not a
serious consequence in its effect on the validity of the data, but
it does permit small changes of model attitude to occur between sup-
posedly constant Qp velocity-varying runs. The true angle of attack
may be determined under any condition by applying the measured pitch-
ing moment to the beam spring rate for an attitude correction. This,
however, complicates the data reduction procedure, and of particular
annoyance is the loss cf a truly constant ap csetting. Either of these
was felt to be sufficient grounds for remedial action to be taken,
and, accordingly, the static test arrangement was modified for the
1-D/F tests.

Instrumentation rejuirements in the 1-D/F tests were somewhat
different from those of the static tests in that no horizontal re-
straint was desired and the wing wee not fixed in position but allowed
to tilt. On page 17 of this scetion mention is made of the compli-

cations involved in restraining {the model in pitch during transition
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and. of the scheme used to accomplish this. Solutions to the problems
essoclated with a soft pitching moment beam were made possible through
the provision of additional instrumentation equipment - a.c. - excited
straln gage carrier amplifiers. Use of an amplified S-G output signal
allcwed a vast increase in the stiffness of the pitch beam at the ex-
pease, however, of motions large enough to permit damping. It was
fourd in the 1-D/F tests that with a sufficiently well-balanced model,
it is not necessary to damp the pitching freedom, and these tests were
conducted without benefit of any damping. The direct ﬁitching moment
data obtalned in these tests exhibited no noise that could be directly
attributed to carriage vibratory excitation of the model.

The only remaining longitudinal force to be measured during the
transition runs is 1ift, or vertical force. This 1s probably the B
uost difficult freedom to instrument, in that small variations in a
rather large force are desired, and normal excitation of the model by
track and carriage disturbances can be quite severe. The first of
these problems was avolded in the static tests by engaging the 1ift
beam only after the model was lifting its own weight less the equiva-
lent of half of the full scale reading. This procedure allowed any
desired sensitivity with 50 per cent output when the model was lifting
gross weight., (Carriage normal excitation is a severe problem and an
attenpt was made to eliminate these inputs by counter-balancing the
mocel in such a way that normal accelerations of the end of the boom
would produce no strain in the 1lift beam gagés. The schematic presen-

tation on page 40 deplcts a system which gave significant alleviation
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of the signal noise due to vibration, but whose performance was limited
by 1ts own failings. The use of gears for increasing mechanical ad-
vantage and of ball bearings for the large-losd small-motion pivots re-
sulted in large amounts of static friction In this system. Both of
these components were used for expediency in these evaluation tests

and performed sufficiently well to indicate that the technigue has

merit worthy of further examination and exploitation.

DATA LINK

In order to mcnitor and record the test information in a permanent
and reproducible form the Forward Flight Facility is provided with a
radio telemeter system with magnetic tape recorder. This arrangement
circumvents the necessity of equipping the moving carriage with record-
ing devices which might prove to be sensitive to the vibrations and
accelerations encountered during running, or to the extremes of temper-
ature and humidity experienced in year-round testing on the non-air-
conditioned track. In addition, such a scheme permits quantitative
monjtoring of testing in progress while simultaneously reccrding the
information on magnetic tape.

The ASCOP telemetering unit handles L5 channels of information,
43 of which are available for data, the remainder being used for
synchronization purposes. In operation the various channels of d.c.
information are applied to the poles of a rotating cormmutator switch,
each of which is sampled 20 times per second. The d.c. value of each
sample 1s then coded into a pulse duration which is transmitted to the

ground by a pulse width modulation of the transmitter carrier frequency.




The incoming signal is recorded in this form on one channel of an AMPEX
two~channel magnetic tape recorder, the other recorder channel is avail-
able for audio~information records., The signal is also simltaneously
decoded and, with the help of the two synchronization channels, decommu-
tated, whence it can be read as 43 chennels of d,c. informetion, Visual
monitoring of the incoming data is possible by means of an oscilloscope
which presents the decomrmutated but still pulse-width coded information
as 43 vertical lines, the height of which is preportional to the d.c.
data voltage applied. A photograph on page 49 shows the tape recorder,
telemeter ground station and a Sanborne recorder in operation, In this
picture the three simultaneous monitoring and recording processes --
magnetic taping, scope presentation; and recorder graphing -~ can be
seen, =

Another interesting and valuable feature of this telemetering
system is an automatic calibration scheme which adjusts 211 data
channele in proportion to a full scale reference, 3y supplying all
strain gage and potentiometer excitation voltages from the same source
as the full scale reference voltage, any change in the level of the
power supply is compensated for automatically, With this system in
operation, however, any independently supplied or absolute reading
channels, such as a.,c, excited gages or tachometers respectively,
must be separately monitored by replaying the tape without automatic
correction,

The airborne information coding device used in the static test
program required a d.c, input signal of only # 7,5 millivolts for full

scale reading on the ground, This "low level" system allowed the
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direct use of strain gage outouts without amplification, using battery-
supplied excitation voltages of between 12 and 48 volts. With the
battery power supply the automatic calibration feature proved to be
quite valuable, and no difficulty was experienced in maintaining con-
stant sensitivity. The two tachometers used to measure model fi

and carriage velocity, were intended only as monitoring devices and
hence their effectiveness was not compromised by small changes in gain
due to the compensation process., 4bsolute magnitude of model fn was
established by use of a strobotach and the carriage velocity was ob-
tained by clocking each run over four measured intervals,

The low level system exhibited the very undesirable characteristic
of large amounts of switching noise in the transmitted data., This
proved to be a rather fundamental problem in that the switching noise
level was essentially independent of signal level and seemed to be of
the order of 0.5 to 1,5 millivolts, Magnitudes of this order resulted
in from 3 to 10 per cent noise in the recorded signal, depending on
the particular channel and the length of time the commutator had been
running.\ The obvious solution to this problem was to increase the
gignal level since switching noise was apparently not a strong function
of the applied voltage.

Accordingly, for the 1~D/F tests the telemeter was modified to
operate with signal levels of 0-5 volts applied at the commutator, and,
as expected, switching noise was virtually undetectable., The "high
level" telemetering system gave excellent results in these tests, but
some additional complications resulted since amplifiers were now re=—

quired on the strain gage outputs. As noted in another section, the
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use of carrier amplifiers allowed the S/G beams to be made stiffer,

and the resulting net benefits more than compensated for the compli-

cations involved,
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Figure
MODEL FOR ONE DEGREE OF FREEDOM TESTS
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Gross weight
Q
Center of

Gravity

TABLE I

PHYSICAL CHARACTERISTICS OF MODEL

AND FULL SCALE ATRCRAFT

‘§$§ Model (scaled up)

3150 1b.

2450 slug-£t.2
310 rad/sec.
33.1% m.a.c.

11.2 inches below

wing pivot

Full scale

3150 - 3450 1b.

2450 - 2680 slug-Tt.2
~ 310 rad/sec.
33.T% m.a.c.

12.2 inches below

wing pivot

General layout and model blade and hub characteristics are essentially

identical to those of the full scale machine.
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Figure k4
ROTOR BLADE CONSTRUCTION
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Figure 5
DETAIL OF WING CONSTRUCTION



Figure 6
DETATIL OF COLLECTIVE PITCH ACTUATOR
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Figure 7
TAIL PITCH FAN AND SPOILER
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Fig. 8
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Fig. 9
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MAGNETIC CLUTCH CARRIAGE WITH STATIC TEST MODEL
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Fig., 11
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Figure 12
HYDRAULIC CARRIAGE
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Fig. 13a
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Fig. 13b
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Fig. 13c
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Fig. 14
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Fig. 15
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Figure 17
DATA RECEIVING AND RECORDING EQUIPMENT




CONCILUSIONS AND RECOMMENDATIONS

TEST BERQUIPMENT

Considerable experience was accumulated in the static and 1-D/F
tests concerning the operation of the equipment used. More important,
however, 1s the information obtained about the suitability and adequacy
of the existing equipment and the determination and possible solutions
of particular problems associated with this equipment. In this respect
the tests considered were ungualified successes,

In a novel and flexible Facility such as the Forward Flight Facili-
ty, it is always difficult to determine absolutely the suitability of
the various components for the tasks that might be expected of them.
However, the ability of the equipment to perform particular functions
can be assayed and a falr evaluation determined. The following con-
clusions and recommendations are concerned with the performance of the
test equipment in sccomplishing static and l-D/F longitudinal dynamic
tests.

1) The hydraulic powered carriage used in the l-D/F tests is com-
pletely adequate for all static and dynamic tests anticipated
for the Forward Flight Facility.

a) All problems encountered with the magnetic clutch carriage
used in the static tests were completely eliminated with -
the advent of the hydraulic carriage.

b) The capabilities of the hydraulic carriage in the per-
formance of dynamic tests were demonstrated in the l—D/F

tests to be entirely sufficient.
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2)

The tilt-wing model used was an accurate simulation of the

full scale aircrafti and possessed all the necessary features

required for dynamic similitude., No vibration problems were

encountered in the drive or rotor system, and a minor change

in rotor fabrication technique eliminated problems associated

with providing blade twist,

a)

b)

d)

Of primary importance in the fabrication of models such

es the one under consideration is obtaining a rigid light-
weight structurs. This was successfully accomplished in

the modified model used in the 1-D/F tests.

Provision of powered model controls is an enormously time-
saving feature, and should be incorporated wherever possible.
It is an absolute necessity for the controls used to apply
inputs in dynamic tests to be powered and to have very fast
response,

The pitching moment restraint provided for the 1-D/F tests
was adequate for the range of wing incidences tested, but
was reaching its effective limits at the lower wing angles,

A driven restraint similar to the one proposed in Figure 9 (b)
is recommended for future testing in the complete transition
envelcpe.

Serious consideration should be given to the problem of
instrumenting the rotor shafts to measure rotor forces and
moments independent of wing and fuselage contributions,

Such instrumeniation would provide wvaluable information

in both static and dynamic testing programs,




3)

e) ILittle additional design or fabrication effort would bhe
required to modify the present V-76 model to provide
lateral and directional control. Addition of a yaw fan,
rudder and differential collective pitch control should
be considered to render the model suitable for 6 - degrees
of freedom testing.

Several solutions to the problems of instrumenting the model

with force measuring devices which would be insensitive to

carrisge-produced vibrationsl inputs were attempted in the
two sets of tests. These attempts were met with varying de-
grees of success, but in both tests the strain gage instru-
mentation performance was adequate to allow all information
to be read to within 4 per cent of the full scale value.

Pitching moment readings were particularly noise-free due to

model balancing and could easily be resolved within 2 per

cent of the full scale telemeter.

It is felt that a complete solutlion to the problem of
vibration noise could be achieved with a scheme very similar
to that used on the vertical force gage in the l-D/F tests.
The undesirable static friction produced bty the gears and
bearings could be eliminated by the use of torsional spring
pivots and lever arms. Any desired deamping could be easily
supplied at the geared up courter weight where the motilons
are sufficiently large and force requirements small. With
such a system virtually any desired sensitivity and signal
to noise ratio could probsbly be easily achieved in all force

mesgsurements.
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k)

The data link consisting of the ASCOP telemetering unit and
Ampex magnetic tape recorder adequately accomplished the task
of presenting and recording the test information. The flexi-
bility of this system in recording and monitoring the test data
as well as 1ts automatic compensation feature proved to be valu-
able assets In conducting these tests. Use of the high-level
coding system in the 1-D/F tests successfully eliminated the
problems experienced in the static tests with excessive switch-

ing noise in the transmitted data.




PART IT

TESTING TECHNIQUES AND PROCEDURES
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TESTING TECHNIQUES AND PROCEDURES

Testing with a new and unique type of apparatus such as the For-
ward Flight Facility, requires development of new techniques, as well
as new equipment, It is of primary importance that the testing tech-
niques and procedures employed in conducting tests be écmpatible with
the capabilities of the equipment used, and that improvements made in
one area be complimented by advances in the other. Failure to ac-
complish contemporary development in techniques and equipﬁent will
inevitably result in inefficient if not ineffective operation. It is
the purpose of this section to discuss the testing techniques and pro-
cedures used In the tests under consideration, and to indicate the diffi-
culties and limitations encountered. More importantly, recommendations
are made to the end of eliminating some of these shortcomings, not only
for the types of tests considered herein, but also for future tests
anticipated for the Facility.

The static tests discussed in this report were conducted by
megsuring the steady longitudinsl forces and moment acting on a model
moving at constant velocity and attitude through still air. The msjor
variasbles considered in these tests were horizontal velocity and model
pitching attitude, or since vertical velocity was not allowed, angle
of attack. In conducting tests of this nature on a powered model of
8 full scale aircraft, it is desirable that the flight conditions con-
sidered be within the flight envelope of the actual aircraft. In par-
ticular, it is important that the variations made in the flight parame~

ters in order to obtailn static derivatives be referenced to an actual
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scaled trim condition, Obtaining the trim condition involves scaling
rot only forces, moments and velocities, but also the rotor operating
conditions, Acsurate model design and scaling as discussed in Ap-
pendix O automatically achieve the necessary relations of rotor
operating conditions provided the trim conditions are arrived at
properly. The mathod used in the static tests was to assume that

the rctor operated at essentially constant rotational speed and to ac-
complish traim changes by varying rotor collective pitch. Careful choice
of gearing in the model rotor transmission allowed the above aim to be
achieved without adjusting the excitation voltage on the model rotor,

A mery lavorious and time-consuming process was required to de-
termine tne axtual trim condition for any given wing and fuselage atti-
tude. Ths rrocedure followed was to set wing incidence for the particu-
lar condition to be examined, fix the fuselage attitude at ap = o,
and make repezated ruﬁs, ad justing rotor collective pitch and carriage
velocity unt.i vertical force equalled the desired model gross weight
and net drag equalled zero., Since in-flight control of collective
pitch was not provided, this iterative process proved to be quite in-
efficient and required from four to ten runs to establish a trim condi-
tion. Once the trim condition was established, repeated runs were
maede varying fuselage attitude at constant velocity, and varying ve-

locity at e, = O, Each individual run produced one set of values of

T

L, D and i1 as plotted in Figures 21 through 27. A power-on zero-ve=-
locity poin®t was taken at the beginning and end of each run, the re=-
sulting values being presented in Figure 20, After the trim condition

had been established and examined, runs were made to determine an
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accelerated "trim" conditior. TFor these cases the wing incidence,
fuselage attitude and L = W were kept constant, but an unbalance in
longitudinal force was allowed simulating the airplane in some‘phase

of transition. This was accomplished by setting the carriage velocity
above or below the zerpo drag trim value and adjueting collective pitch
on successive runs until the vertical force condition was satisfied.
The accelerated conditions sought were D = + +25L, but variations in
the resulting values were allowed in view of the difficulties described
above in the iterative process. In all ceses, however, the resulting
accelerated condition closely approximated an actual condition to be
encountered in some phase of full scale transition. A procedure identi-
cal to that followed in the trim cases was employed to investigate the
variations in model forces about the accelerated trim condition es-
tablished.

Changes in air density due to atmospheric condition variations
exerted little influence on +the ability to maintain trim conditions
once established. Obviously large changes in dernsity would have
caused rotor thrust variations sufficient to destroy the L = W trim,
however, effort was made to complete the testing of any trim condition
quickly enough so that nc significent variation in atmospheric con-
ditions could occur. Dsy to day variation in pressure and tempera-
ture were recorded, and all data was corrected to standard conditions.

Execution of the luD/F tests involved far simpler procedures than
those required for the static tests. The basic change of allowing the
model to assume its own flight condition greatly reduced the testing

complexities involved, as the only prereguisite to running was the




establishment of hovering trim. Addition of remotely controlled col-
lective pitch and wing incidence adJustments allowed hover to be at-
tained very quickly at the beginning of each run.

Once hover had been established, the carriage peositioning servo-
mechanism and the wing tilt drive motor were set into operation. As
the wing was driven downward from the hovering condition at constant
collective pitch, the model accelerated and the carriage followed.
Model vertical force and pitching moment were measured by the re-~
straining strain gage beams and recorded on the ground. Runs pro-
ceeded in this manner until the wing reached a lower limit switch
which was preset to either stop or reverse the motion of the wing.
Repeated runs were made in both conditions, the wing being set to stop
or reverse in various positions during its travel. Following the ces-
sation of wing motion, the model was allowed to decay to its natural
horizontal trim speed, which, in the case of a wing-tilt reversed run,
was the hovering condition previously determined and marked by an
upper limit switch.

The only difficulty experienced in the actual testing procedures
followed was associated with the rotor downwash recirculation in hover.
Previous experience with this phenomenon had been encountered in the
tests discussed in Reference 2, and a similar solution was applied. A
downwash deflector was provided to divert the rotor slipstream along
the logitudinal axis of the bullding and so delay the inception of its
effects. The primary effect noted with the VIOL model was & gradual
decay in rotor thrust due to increased inflow. This effect was more

pronounced on the VIOL model than on the hellcopter model of Reference 2,
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probably due to the higher induced velocitics zssociated with the
higher disk loading. Associated with the lower maszs flow but higher
velocity downwash of the more heavily loaded VTOI rotor was a slight
decrease in the time regquired for the offects to hccome manifest along
with a relative decreases in recirculation ernergy due to dissipation in
the higher velocity flow. With the deflector in place, hovering times
of the order of 20 seconds were permicsible without noticeable recircu-

L

lation effects.




CONCLUSIONS AND RECOMMENDATIONS

TESTING FROCEDURES

The testing techniques discussed proved to be satisfactory and
adequate for the successful completion of the desired test obJectives.
Of notable significance is the demonstrated ability to conduct steady-
state force and moment measuring investigations in the low speed flight
regime. The important requirements of steady and undisturbed flow con-
ditions necessary for such tests were easily satisfied by the technique
of moving the model through still air.

Real scale-time trancsitions were conducted with little effort and
no requirement for providing in-flight control of the model. This is
a very important considerstion, in that exact quantitative measurements
of the aircraft behavior were made wilthout the effects of extraneous
control inputs. The difficulty encountered with hovering recirculation
was satlsfactorily dealt with, provided hovering times were kept suf-
ficiently brief. It is Important to note that this phenomenon was not
a wall or ground proximity effect, but rather was assoclated with the
avallabllity of a finite supply of undisturbed air within the confines
of the building.

Although the desired ends were attained with the testing pro-
cedures employed, conciderable improvements and modifications can be
recommended concerning the mesns by which the test objectives were a-
chieved. The recomrerdsticns that follow should be considered to be

!

applicable not only to the types of tests considered herein, but also

to other types proposed for the future.
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1. Worthy of primary consideration are improvements in the methods
of detexrmining model trim conditions. For this purpose it would be ex-
tremely advantageous to provide inflight control of the model collective
pitch and possibly the moment trimming control. With these provisions,
it would be possible to use the following capability of the carriage
positianing servomechanism to allow the model to establish its own trim
velocity, while the vertical trim is made through collective pitch ad-
Justments. An interesting corollary to such a scheme would be to pro-
vide a constant-altitude autopilot operating on the collective pitch
adjustment. Any combination of model vertical acceleration, velocity,
or position could be readily sensed and used as a signal to a simple
feedback network to control altitude, and little difficulty is antici-
rated in achieving stability so long as the model is restrained in its
pitching freedom. With such a system in operation, complete longitudi-
nal trim could be established in one run with the additional capability
of ground monitoring and control of aircraft pitthing mament. The
trimming capability provided would be in operation only during prelimi-
nary runs and would greatly reduce the number of runs required to a-
chieve trim for both static and dynamic testing.

2. Once model trim has been established, considerable time could
be saved in the actual performance of static tests through the use of
prograxmed runs., Using this method would involve providing a program-
med control of carriage velocity so that the actual run would consist
of 8 stalrcase velocity profile with as many as five different steady
veloclties examined. A simple stepping switch in the inmner-loop con-

trol setting, V,, would csuse the carriasge to travel at velocities
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wilen are specified increments above and below the previously determined
Lrim "\reloci‘ty° In this manner one run would provide all the required
information on the change of variables with velocity sbout the trim con-
difion. Similar runs could be made at various fuselage attitude settings,
thereby providing a complete investigation of the significant static de-
rivatives about a trim condition in a minimum number of runs.

3. The problem of downwash recirculastion is not of significant
impor+ance except perhaps in experiments requiring long and precise
measurements of aireraft behavior in the hovering condition. Transient
osciilations of models about the hovering condition are not seriously
affected by this phenomenon, in that the rotor mass flow demands are
distributed through a large volume of the building due to the trans-
lational excarsions of the model, However, experiments intended to
examine the actval free-air, but in ground proximity, behavior of an
airerait hovering for extended periods would require provisions for
an unlimited supply of uvndisturbed air, Such a requirement could
probably be easily satisfied by venting the upper portions of the
wrack enclosure, and allowing an outside exhaust of the downwash at
fiocor level on the sides of the building, In such a system consider-
ation should be given to the possibilities of gust interference from

>utside wind conditions, and proper baffling would be a necessity.
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PART IIr
FXPERIMENTAT, AND THEORETICAL

FRESENTATION AND ANALYSTS




EXPERTMENTAL DATA REDUCTION

PRESENTATION AND ANALYSIS

The experimental data gathered in the tests under consideration
are presented on pages Tl through 89 of this report. The first
two sets are the direct results of the static and 1-D/F tests, while
the last group is an extrapolated presentation of trim conditions ob-~
tained from cross-plotting the experimental data. Static tests were
conducted in the tail-off configuration only in order to eliminate
the unknown contribution of stabillizer and pitch fan from the analy-
sis of the wing and rotor effects. The tail 1lift and drag forces
from these omitted parts would not greatly affect the trim conditions
acquired, but their moment contributions would make & component break-
down very difficult. Test conditions were established so as to corre-
spond to actusl flight conditions of a full scale aircraft in trim and
various phases of transition. This means that the accelerated and de-
celerated flight conditions at the same iw as an unaccelerated condition
do not occur necessarily at the same velocity, but rather keep constant
vertical force or gross weight. This makes it impossible to evaluate
directly the effects of acceleration in a partial derivative sense, but
gives instead the total characteristics of accelerated flight conditions.
The importance of such tests lies in the determination of the conditions
of accelerated flight as a prelude to dynamic tests at a later date and
in giving directly the character of the full scale machine in transition.

The static test results are presented in Figures 20 through 27
about both a wind and a body axis system; all the forces, moments, and

velocities indicated are in the model scale as measured. It should
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be noted thet ell forces and moments are resclved about an exils system
with origin at the full scale aircraft's c.g., the position of which is
a function ol wing incldeace. As deplceted in Figure 8 the pivot point
cf the mcdel is rmoved in such a fashion ag to rermit it to follcw the
c.g. snift as the wing rctates, thereby elimilnating the necessity of

an axis system transfer in the reducticn of the data. This positioning,
is not, of course, a necessity fcr static testing as axis transfers

cen b2 accomplished with little effort. However, dynasic testing re-
quires tnet the model he suspended at its c.g. et all times and this
wedel was desigred for both types of tests.

The static daty as presented hes been corrected to etandard condi-
tiocns of atrospheric pressure and tenmperature, as well as for the angle
of attack change due to finite dsflection of the pltching moment strain
gage.

Measured pitching moments in constant angle of attack runs where
veloelsy ds the variable, are somewbat in error depending upon the magni-
tude of M, , the varlation of the moment with angle of attack. These
runs wexre mede with constant angle of atteck zettings at V = O and no
ettenrnt was mades to compensate for the spurlcns moment contributed by
the varietion due to the O.So/feet - pouvnd spring rate of the
pltching moment besm, since My 1n most ceses was of negliglble magni-
tude. All static test daba reduction and correction was carried out
oa an THEM 610 Digital Compvter, folleowing a sianderd program estaolished
for such data vedvction. The 1-D/F dats r2ductiocn and correction was
eccouplished by transferring point by point readings from the recorder

trace in per cent full scale to the desired plcts with prorortional
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dividers. This proved to be a rather laboriocus procedure and one that
could be profitably improved upon by processing the telemeter trans-
later output in an analog computer .

A detailed discussion of the static daﬁa itself will be deferred
until the theoretical developments have been disc¢ussed and some in-
sight has been gained into the causes of the varlous effects. How-
ever, several points can be noted here pertiment to the interpretation
of this data. The scales used in the presentation of Figures .20
through 27 are compatible with the accuracy of measurement of the
various quentities. The apparent scatter in the 0 ~varying points
is due, in the most part, to mis-matching of velocity to the trim
value. The curves are not faired, therefore, on the basis of average,
mean, or r.m.s. value of the data points, but rather in such a manner
as to show th= variation of the gquantity at the constant velocity in-
dicated. Other scatter and difficulties in repeating points can be
attributed to resolution of teléﬁeter noise with the low-level teleme-
tery system, carriage excitatign of the unbalanced mass of the model,
and in some instances, partial and intermittent wing stall. The first
two effects are discussed in some detail on pages 28 and 22 of
Part I, while the possibility of partial wing stall 1s considered
along with the discussion of the theoretical development.

Some of the primary,objectiveé in the 1-D/F tests were to evalu-
ate new instrumentation, the hydraulic carriage, a high-level teleme-
tering system, and the ability to conduct transition tests on the
Facility. 'These various facets are discussed elsewhere in this report.

Actually, the determination of particular information on this model
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vags considered secondary to checking out the above itews ad. theieinre
oal; a few e resentative runs have been Hresentel in Figure. 28
through 33. [ particular, it should be npted that the absolute wegai-
tude of the Lift values is sowewhat in question due ©o the wanner ia
which hoveriaz 1ift was determined. In order to ascertain the sese
reading whea the model was lifting its owi welght (hovering condition)
a calibrated weight was hung on the counicer-balance aru so the un-
loaded reading of the gage could be checked. Unfortunately, however,
this resulted in cuite large loadings on the sujport and sivot bear-
ings in the counter-balance assembly, which would ordinarily not be
present under operating conditions. The magnitude of static friction,
even with shaking, in such a set-up was sufficient to produce as nuch
as a one pound ambiguity in the "unloaded" reading. Another effect
which caused errors in the hovering lift readings was the recircu-
lation of the flow in the building which manifested itself in a
zradual reduction of hovering lift with time. This effect was ‘e
layed by oroviding a slipstreain aeflection at floor level which de-
flected the slipstream along the major dimension of the building,
rather than allowing it to recirculate around the sides. With the
deflector in place hovering 1ift could be maintained for as long as

720 seconds before recirculation effects became apparent, but without
the deflector maximum undisturbed hovering times were of the order of
10 seconds. Due to the exploratory nature of these experiments it was
thought expedient to delay the tests until positive fixes of these phe-
nomena could be achieved. Instead, they were written off as test results

and as such are referred to at this point while their solutions are
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discussed in other parts of this report. The general character and
relative magnitude of the 1lift data retains its validity subject
to the above-mentioned effects of local stalling and small effects

of residual static friction in the countor-balance assembly.
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TEEORETTCAL STATIC STABILITY AND TRIM DEVELOPMENTS

ASSUMPTIONS AND LIMITATIONS

In Appendix A of this report it presented a theoretical develop~
ment intended to enakle one to predict in a straight-forward fashion
the statlc stability derivatives and trim cornditions of the aircraft
under consideration or of any similar type. This development is not
wholly unlike some others aveilable, notably those of References L4 and
5, but unlike those noted, is directed towards an eventual comparison
with experimental dats with attempts being made to determine the va-
lidity and applicabilily of the developments. The theory i1s intended
to describe a first-order aporoximetion to the actual processes and
as such should predict, with limitetions, the sign, magnitude, and
general trende of the stabllity derivatives. More important, it
should demonstrate the significance and predictability of some of the
ma jor contributory effects 1n both trim conditions and stability de-
rivatives, ard give an initial evaluation of some of the simplifying
asssumptions generslly made in & stability and control analysis.

In developing a theory to predict the forces and moments gener-
ated by a8 wing-rotor coambination, three reasonable approaches may be
considered:

1) The isolated wing and rotor may be analyzed separately and
the results added for a combined affect.

2) An isolsted rotor may be considered separately and the re-
sults used to determine the cverating conditions of a wing immersed

in the rotor slipstirean,
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3) A mutually interferring arrangement of wing and rotor may be
consldered and an analysis attempted on the combination.
The first of these is unrealistic in that for the relative size of
wing and rotor considered here, virtually the entire wing is immersed
in the rotor slipstream, and the actual flow at the wing is considerably
different from freestream conditions. The second approach is a much
better representation of the actual conditions in that the change in
local flow direction and magnitude at the wing can be taken into con-
sideration. The last method is certainly the most complete, however
it has been demonstrated in Reference 14 that the influence of the wing
on the rotor i1s of an order of magnitude less lmportance than the in-
fluence of the rotor on the wing. It was therefore not thought worth-
while to attempt to account for the wing on rotor effects in a first
approach such as is considered here.

Analysis of an isolated rotor in low speed flight is & problem
in itself whose solution at present leaves much to be desired. It is
not possible to reasonably account for the effects of induced velocity
variation across or around the disk of an articulated rotor without
resorting to very complicated and still unprecise blade dynamic motion
anglysis. Such techniques are certainly beyond the scope of a sta-
bility and control analysis as is conslidered here. Constant axial
induced velocity based on axisl momentum considerations has therefore
been assumed in all derivations of rotor forces and moments presented
in this report.

Due to the limitations in the techniques of predicting isolated

rotor characteristics it would be difficult to account for some of the
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wing on rotor effects that might be present. Possibly the two uost
significant of such effects would be the increase in angle of attack
at the rotor due to wing upwash and some distribution of induced
velocity across the disk contributed by the wing circwlation. The
first of these may be accounted for in the constant induced velocity
theory, and a more comprehensive study could include these effects once
there is some reasonsble assursnce that the wing opersating conditions
are known. Accounting for the velocity distribution effects, however,
would be difficult in view of the limitations of the present theory.

In the particular case under considerstion these effects would not be
to severe since variations in velocity across the disk in the longi-
tudinal plane are not as serious an effect on the longitudinal forces
and moments of an articulated rotor &s they are on a rigid rotor.
Analysis of s flapping rotor as a rigid body reveals a 90° phase shift
between force and displacement of the blade, since it is a heavily
danped second order system being forced at its natural frequency.

This means that longitudinal forcing, as would be prcduced by the ve-
locity distribution under consideration, would result in lateral flapping
and hence yawing and rolling moments and side - force. The higher har-
monics o the blade motion contribute no steady-state components and
therefore need. not be considered for a stability analysis. In a rigid
rotor, however, one would expect large contributions to pitching
noments from longitudinal velocity distribution. In this case some

account should be made for these effecis regardless of their source.
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MOMENTUM CONSIDERATIONS

Due to the articulated nature of the rotor and the regime of oper-
ation under consideration, helicopter notation and analysis techniques
are used throughout to define and discuss the rotor palra.meters. In
accordance with conventional helicopter thecry the mass flow through
the rotor is defined as that flow passing through an imaginary sphere
of which the rotor disk is a great circle. Referring to the diagram
below which depicts a rotor operating in its normal condition at a
negative angle of attack, we can see that the total mass flow is
PAQ_R \Im . Here >\ and /\A are as defined on page 10 and
A is the area of the great circle of radius R perpendicular to the net
velocity vector 2R )\zﬂl?’ and is therefore equal to the rotor disk

area.
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Conservation of axial momentum states that the net thrust produced by
the rotor is equal to the change in axial momentum of the flow induced
by the rotor, which is simply the mass flow PA LR \J’)\zﬂ\f' times

the total change in velocity of the flow which 1s 2 N , the induced
velocity when the slipstream static pressure reaches atmospheric down-

stream. Equating this product to the thrust we have
2
T= 2vpAar (Rwp®

which upon re-arrangement and substitution of the definition of Qr
glves

N = Cr

R A Nz+,\2

It is desirable in an alalysis such as this to promote clarity
by simplification whenever it is possible, without seriously compro-
mising the results,and 1t is for this purpose that assumptions are
frequently made at this point concerning the mass flow through the
rotor. One such approach is to assume that only the flow normal to
the disk contributes significantly to the total mass flow, in which
case the mass flow is given by ‘DA(\/P'J\O‘—V) and the resultant
induced velocity 1is N E;I_ . In order to compare these two
' aR 2\

methods and their results we can consider the blade element theory

expression as given in Appendix A , Equation 13

2Cr _ A 8 3u2
icf a+‘3‘(\+%>

and note that for a given rotor operating at some \/$ Ci g CT can be




expressed 1in terms of the inflow parameter ;N . Substituting the a-

bove expressions for induced velocity into the definition of >\ we

have
A= Yamx o Gy
el &\ D p?
A
&) = Yana _ Coy
NoRkwvaAy, OR 2 Ao
Dividing both sides of these two expressions by >\°= -“€§I as

in Appendix B enables one to make a comparison of these two methods on
the basis of the ;\ they each would predict for a rotor operating at

some given C This comparison is presented in Figure 39 where sig-

T

nigicant departure from the complete mass flow prediction is apparent
)

only at low negative X s and the higher AA,,’S . This comparison,

however, is not the complete picture since only the ratio of predicted

A

qff:F is compared and the predicted qr can vary somewhat more as
Y.
]

indicated by the sample calculations shown below. Combining the blade
element and normal mass flow equations, we can write a quadratic which

can be solved for qr explicitly.

Ng= Yswna o v Ve o Cr
N AR 2R QR 2 Il

QT= —_ QAN ‘)‘N\ + A \>\N\ \/—A—'E_A;_d\

Rembering that >\p4 is negative for the normal flight condition we

can write

' \ R .
C’TN= AN — A V?f;o‘
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which, when combined with the blade element equation gives
(Y Cr 2 48 20 .
235) CrlA-[E (Mapnat + 42)+ 1] Cry+ 42 (pemna +28) = ©

Upon substitution of the values of V, ol , and © for the three

trim conditions we can solve for C which 1s compared to the com-

plete flow CT below. TN
@ i = 70° , CTN = 01447 , Cp = 01588
@ i = 571° , Cp = 01150 , Cp = -01217
N
@ 1 = c, = -00825 , C, = 00848

The agreement indicated is remarkably good, however, as Figure 39 in-
dicates the various thrust derivatives can be seriously in error near
the hovering condition. However, the major error that the normal
component assumption introduces is in the induced veloclty magni-
tude and derivatives where the neglect of })a with respect to )&2
can have quite serious consequences. The importance of the induced
velocity in 1its influence on the wing 1s the primary reason why this
significant simplification was not exercised in this analysis. In
particular the wing angle of attack cxl and its derivatives are
very strongly affected by the induced velocity and its derivatives,
and reference to Figures LT through 53 indicates that the wing ¢! de-
rivatives, are frecquently the strongest single contributions to the

total airplane derivatives. Thls being the case, it was not considered
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prudent to adopt the normal mass flow simplificetion only for the sake
of easing the computations, particularly in view of the avallability

of the methods developed in Appendix B.
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ROTOR OPERATING CONDITIONS

The results of a tlade elenent analysis as developed in Reference
6 have been modified to a certain extent for dpplication in this de-
velopment. As noted on pagev‘gn of Appendix A the blade tip-loss
factor B hes been assured equal to unity, and another method has been
substituted to account for this effect. This method takes advantage
of experimental values of thrust reasured at the trim values of
coliective pitch and zero velocity at the beginning of each static run
and uses these values to compute effectlive collective pitches for the
varicus conditlons as showa in Appendix A. The small error introduced
by wing zero- =X drag is only 1-2 per cent at most and is neglected
in this part of the analysis. Such a procedure as shown allows cor-
rectlion for velocity independent errors in the blade element theory
such as blade tip loss and hub and necelle interference effects, and
elimirates the possible influence of errors in the measurement or
setting of blade pitch. Use of the charts as developed in Appendix
B 1s a great zaid in cdeterriring the various rotor and slipstream pa-
raneters as well as thelr derivatives, and eliminates the necessity
of having to solve fourth order equations, or making very compro-
mising assumptions %tc simpllfly these equations. It should be noted
that these charts are developed using only momentum considerations,
end so are generslly avpviicable to both rigld and articulated rotors
throughout their ranges of operatiorn. It is also possible of course,
to develop these charts for the magnitudes and derivatives of induced

veloclty, resultant veloelty, and effective angle of attack behind
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the rotor so that both rotor and wing operating conditions can be de-

termined very quickly if C'.I‘ acd /U)g are known. If Cp is not known,
an application of blade element theory, or some modification thereof,

in combination with the charts is necessary as indicated in Appendix A.
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ROTOR CONTRIBUTIONS

As mentioned in the discussion of the normal mass flow epproxi-
mation, one of the strongest over-all effects exhibited by the rotor
is the influence of induced velocity on the operating conditions and
derivatives of the wing exercised through the determination of

and VR as shown in the vector diagram of Figure 0. The important

derivatives to consider are ai' s o’ . bVR $ M which,
b,ux ddk b}Ax A
for the conditions under consideration, are all positive. The 0(‘ de-~
rivatives, however, are strong functions of CT and can conceivably re-
verse sign at high values of Cp and low My and ¢ , conditions
realized near hover or in strongly accelerated flight. Conslderation
of the velocity vector diagram of Figure 40 shows that an increase in
N reduces <X : while increasing either My or ¢ produces an
increase in o(' . Therefore it can be deduced that & strong positive
b._”'. or _aLY can possibly produce negative _&I_ or Qd_'
Qo OMx ok OMx
or at least considerably reduce the magnitude of these derivatives.
The induced velocity derivatives are essentially proportional to the
sunr of CT and the absolute magnitude of the respective CT derivative
thereby producing & direct relationship between the rotor operating
condition and the most important wing derivatives. With the possible
exception of the direct rotor contributions to Z, and X which are
very stralght-forward, tgis induced velocity effect is probably the

most important contribution of the rotor to over-all aircraft static




derivetives. The rotor pitch-rete derivative due to the flspping
binge offscl is a completely different situation, however, and will
be considered in another section. Hinge offset effects are certainly
prresent in the static momert derivetives, but the geometry of the
rotor location with respect to the e.g. allows the moment derivatives
gonerated by the rotor forzes to effectively cancel the hinge offset
contritutions as can be seern iz the rotor contribuiion breakdown
figures. In short, i1t can be said thet the rotor contribution to

the monent derivatives is essentielly reduced to an indirect influ-

ence on the wing derivatives.
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WING OPERATING CONDITIONS

Several methods are presented in Apperdix A for determining the
operating conditions of the wing behind the rotor, the first of which
ir simlilamr to the developments of Reference 4. This method consists
¢uite simply of determining the rotor downwash as outlined above, and
adding it vectorially to the free-stream veloclty to give a resultant
velocity and angle of attack. For this purpose it is assumed that the
wirg 1z completely {mmersed in the slipstream, and the slipstream is
faily developed by the time 1t reaches the wing whose .25 chord is
atcut 35 per cent diameter hehind the disk. The authors of Reference
7 have determined experimentally that insignificantadditional develop-
mens gectrs beyord 10-15 per cent D behind the rotor disk, and the
slrplane configuration 1s such that the rotor Just spans the wing out-
board of the fuselage cut-out so that both the above assumptions seem
regsonably valid. In this method, it is assumed that the wing angle
of attack and resultent veloclty as determined above, together with
the power-off 1ift and drag characteristics of the particular
glrfoil sectior under consideration completely determine the wing op-
erating conditions. For simplicity the sectioral 1lift and pitching
marent coefficients, at the proper Reynold's Number, are assumed to
apply for the entire wirg, and induced drag is computed on the basis
of the aspect ratio of the semi-sparn. The 1lift and drag curves used
are presented in Figure L1 as functions of angle of attack. Ideally,
these curves should be replaced with actual measured force data on

the wirg in the slipstream, snd coefficients could be derived from
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the particular slipstream velocity and wing area and plotted against
angle of attack as derived from the rotor conditions. This is done,
with minor variations, in Reference 7 for a differert wing-rotor com-
bination than that under consideration here. The pertinent curves
given 1in this Reference are reprodﬁced in this regort in Figure 42.
In attempting to adapt this data for application fo the V-T6 wing,
correction was made for the cambered section by adding C.4 to the

CL of the symmetrical section. As Figure 42 illustrates, the wing
parsmeters are certainly functions of more than - Q' and VR with

the result that the total CL and the character of stall are consider-

ably altered, depernding upon power condition.
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Fig. 41
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WING CONTRIBUTIONS

The variations in wing operating conditions exert & very pro-
found influence on the wing derivatives particularly where they in-
volve changes in 1ift curve slope. Figures 47 through 53 present
breakdowns of the various effects going to make up the static sta-
bility derivatives along with the summation of these component effects
as compared to the experimentsally measured derivatives. It can be
seen that the effects due to &' are generally much estronger than
those due to VR with the result that the important wing characteristic
is 1ift curve slope rather than over-all 1ift coefficient. This is un-
fortunate as far as the desire to predict these effects is concerned,
since the character of wing stall is a major contribution to 1ift
curve slope cha.ngeé and being completely dependent on local flow con-
ditions, is very difficult to predict. The third method of determining
wing conditions by using the trim condition a;nd theoretical rotor forces
to solve for wing forces, gives results that allow a check on wing forces
but not wing derivatives. Figure 43 presents a comparison of the in-
formation obtained by all three methods considered, and points out the
general aa.reement in 11t coefficient and the large variations in 1ift
curve slope as determired by the two available methods. A similar pre-
sentation in Figure 4% of the wing drag shows somewhat large discrepan-
cies due, in part, to the differences in magnitude of the various forces
involved in the trim solution and, in part, to the effects of local
stalling which cannot be predicted. In general, the wing drag terms sre

of an order of magnitude less importance than the 1ift terms, except
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perhape in the Zgy derivative at 1w = 70° where a strong positive CDa.
might account for the positive experimental value of Zy a&s shown in
Figure 47. The overpowsring influence of cIu' in a1l other cases
makes 1t reasorable to compare the two wings and their resultamt de~
rivatives on the basis of this parameter alone. With this supposition,
an examination of' the comperisorn of theoretical to experimental total
derivatives in Figures 47 and 48 indicates that, if the rotor deriva-
tives are generally correct, the wing should have a positive 1ift
curve 3lope 1in all conditions tested. The magnitude of this slope
would seem to vary from s value somewhere between that glven by the
wings of References 4 and 7 at iW = "{0° to approximately zero in the
i,= 44° conditicn—a trend that is generally followed by the data of
Reference 7 but certain’y not by the results glven by the power-off
curves.

Several possibliliities can be considered to account for the de-

pendence of wing CL axd C on thrust and velocity beyond the effects

T

of VR and Q@' . Perhaps the most obvious one is to suppose that rotor
slipstream development along the wing chord produces a sufficient
favorable pressure gradlent &s to provide a boundary layer control
effect and thereby delay wing stall. If this were the case one would
expect that CI’m £ the power- on wing would be higher than that of
the power-off ci;cdition, ard this effect would increase in relation

to the slipstresm strength, This is definitely not the case presented
by the data of #igure 42 awd reason has slready been glven to support
the validity of assuming littie siipstream development beyond the wing

leading edge.
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The method presented in Reference 7 of accounting for the di-
minishing value of CL'with constant @' and increasing thrust by a
mass flow correction for un-immersed wing sections is a reasonable
approach, but cennot predict the existence of continued positive CLa‘
beyond the «a' —stall of the power-off wing. In any case, the wing
center cut-out on the V~76 obviates the possibility of applying such
a correction, since for &ll intents and purposes this wing probably
behaves as though it were two separate completely immersed semi-spans.
The trim points of Figure 43 show, however, that there still exists
some strong effect producing a change in CL with thrust and/or forward
velocity that cannot be accounted for by VR and &' alone, and, as has
been pointed out previously, this effect evidently also influences the
stall characteristics of the wing as a whole. The three-dimensional
effects on 1lift curve slope are accounted for in the considerations
of Reference 5, and will in general produce a decrease in CLa' with
increasing thrust.These approaches alone, however, offer no explanation
for the wing behavior beyond the predicted stall condition.

A partial explanation for both of these phenomens is the next
subjJect for discussion, and takes the form of a consideration of the
possible effects of slipstream rotation on the over-all wing operating
conditions and how these effects might be predicted. In advance of
the development it can be sald that the desire is to demonstrate that
such'a phenomenon as change in local angle of attack along the span

due to rotational velocities can manifest itself in changes of aver-

aged over-sll wing parameters whose net effect is deflinitely non-zero.




Also one would hope to demonstrate that such net effects follow defil-
nite Important trends that are to some degree predictable. First the
local effects will be evaluated and then an explanation given of the

over-all significance of these effects.
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Fig. 43
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Fig. 45
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Fig. 46
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Fig. 48
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Fig. 50
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SLIPSTREAM ROTATION

In order to determine the magnitude of the rotational velocities
to be expected, a very simple application of Conservation of Momentum
mey be made to the angulsr flow through the rotor similar to the
analysis of axial flow. An application of Newton's Second Law to the
axial flow yields the relation that net thrust equals net change in
axial momentum through the disk. For rotational flow this can be
modified to say that the net torque exerted by the rotordon the flow
equals net change in angular momentum through the disk.

Assuming zero initial rotation and referring to the diagram be-
low, we can write an expression for the net change in angular momentum

of an annular ring of mass 2 IV rmdr as

e

dq = (24 rmdr) r { 2 rew (r)]
where 2rw(r) is the downstresm tangential velocity at r. It is diffi-
cult to determine the exact distribution of rotational velocity in for-
ward flight. However, a reasonable blade element analysis can be made
“ip hover. Using the results of such an analysis, a general profile
of induced velocity can be obtained and the msgnitudes adjusted so
that the average value of induced velocity corresponds to that ob-

tained by the constant induced velocity analysis of Appendix A.
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Referring to the diagram below, which represents a blade element

in hovering flight

—| corle av 3

we see that

Ton &

e
-
[}

|a

e
&
[}

g

¢ Yan $

or rearranging and substituting,
= & e
2
wr = &’
A hovering blade-element analysis as in Reference 6 yields for a rotor

with linear twist

= - 0\‘3; + \I(%c)z%i + g;?c _\X_(go—-.+|qx)

r

where x = & and (8g - -119x) represents the blade pitch as a function of
r. A solution of this expression for the V-76 rotor i1s presented

in Figure 55 as a plot of Q(_O.R)'vs. x and the necessary correction
factors have been applied to the hovering results to bring the average

Ny = q;(g)_R);g up to the indicated value determined for the various trim




conditions. Also shown in this Figure are the values of.SU?Q?,cu(‘,
and x°G>r obtained by the above analysis.

As a check on the above analysis we can refer back to the angular
romentum developments and compute the power required using the rotational
velocity distributiorn and magnitude determined. Rewriting the torque

expression

d@= 47 mr?(rw)de = 47 R3 82 (raw)dx
and noting that WWRR ™ = total mass flow through the rotor = i-LM'
we can integrate both sides, giving

Q= %&3 X X"‘(r‘w)dx

©

Figure %¥5 gives a graphical evaluation of the integral in the iw = 70°

case as

XR x* (rw)dx= 3.0 JBx-./,m.

Using the values of T and v obtained from the analysis of Appendix A

the resulting power per rotor can be written.

= QOO _
\_F>/chzx2 T Sso 204 +P

Assuming & maximum prcofile power of 25 per cent of induced power, the

net total horsepower required in this condition is found to be 510

hersepower. Full scale flight test results indicate that this value

ie probably conservaetive, and correspondingly higher rotational
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velocities than those predicted might be encountered. The values de-
termined, however, are adequate to demonstrate the effect of rotational
velocity on wing operating conditions. In Figures 56 through 58 are
presented composite representations of the vector velocity diagrams

at the rotor and the wing. The resulting wing angles of attack are
determined by the vector summation of the fully developed rotor slip-
stream velocities and the forward flight velocity at the three trim
speeds., Figure 59 shows the local wing angle of attack plotted along
the semi-span along with CL and CLCC'as determined from the power-off

1ift curve of Figure 4l. Also shown in Figure 59 and 60 are the average

!
values of X', CL 2 CLOC” CD BEC CDa:f as compared to those values

predicted by neglecting rotation and assuming constant induced velocity.
The most interesting effects apparent are the decrease in CL and the

net effective positive CI‘Ct' predicted by the rotation analysis for the
S 70° and i, = 57° trim conditions. These values are in considera-
ble disagreement with the non-rotating predictions, but seem to satisfy
ressonably well the reguirements of the wing as dictated by the measured
static derivatives and trim conditions.

The 1, = 44° case indicates a completely stalled wing with all
local CL(x/'s negative, but an examination of the vector velocity
diagram of Figure 53 reveals that a small increase in rotation could
afford a significant change in local o' . The assumption of & hover-
ing induced velocity distribution in this case i1s questionable and
small changes in Oc’ arourd the depicted values could quite conceiva-

bly alter the averaged CLOC' values appreciably. For these reasons
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the conflict between the apparent CLa:'ﬁ-' O requirement prescribed by
the neasured derivatives and the value given by the above analysis is
not too disturbing. Such a conflict simply points out the sensitivity
of the results to small changes in flow conditione and the difficulty
in accounting for these effecﬁgl. ‘

It 1s possible however, to make some generalizations based upon
the above developments concerning the net over-all effect of rotational
considerations on the wing's operating conditions. Assuming some distri-
bution of angle of attack a.long- the immersed semi-span, an examination

<

of Figure 61 (a) reveals that a general trend C

c
LAVERAGE = NON-ROT.

will always be the result so long as one end of the & ’ spectrum is

below the stall angle and the other end above. This means that an in-
crease ln the width of the CC' spectrum ——— which would correspond
to an increase in thrust coefficient at constant Vv, (X , and LY e

would give a decrease in CLAV’E caompletely disassociated from any change

/

in or V.. Hovever, if the lowest (C ' predicted is greater
NON-ROT.

than the power-off stall angle than a similar increase in CT would

cause an increase in C due to the negative 1lift curve slope

LAVERAGE
beyond stall as shown in Figure 61 (b). Such an effect as this might
account for the fact that in Figure 43 the power-off curve over pre-
dicts CLAVE for high wing tilt angles and CT under predicts it for
lower i, and CT' .

Another, and perhaps more important effect that can be noticed
is the influence of rotation on the effective 1ift curve slope as

" demonstrated in Figure 61 (c). Here it can be seen that an increase
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!
in OC NON-ROT. with the rotation constant results in an increase in

CI.‘AVERAGE as long as the lowest G,"s are below the stall angle and
the absolute magnitude of the negative CL o’ slope on the power-off
curve above stall 1s less than the positive value below stall.

Even when the lowest local OC’ is above stall , the real 1lift
curve indicates partial recovery and positive values of CL oy beyond
stall which would contribute towards a lessening of the negative net
CLCC' even st very large OC 's. This "softening" of stall effects
on Cp, o' 1s Just the kind of effect required to account for the values
indicated in the derivative breakdowns of Figures 47 through 52, and
certainly the explanation is sufficiently plausible to warrent further

consideration in a more detalled study of wing and rotor configurations.
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IONGITUDINAL DYNAMICS

On page 257 of Reference 8 is to be found & set of equations
defining the motions of an aircraft in the three longitudinal degrees
of freedom, within an axis system fixed in the airplane and initially
aligned with the undisturbed flight path. The variables are hori-
zontal velocity, ‘& , vertical velocity, WA , and airplane pitch
attitude referenced to earth, e . Rewriting these equations in the

angular notation of this report, they become

Ko+ X, w+ X8 — We con ¥ - v \% =0 (p-1)
B+ Eow + Z36 ‘Weﬂma’+uoé"%’—¢‘%=o (p-2)

Muw+rMyw + Mgd - 186 = o (p-3)
where the variables . , W and © are actually the perturbations
Au. , AW and AO and the trim conditions have already been
substracted out.

For the purposes of this report it is felt desirable to retain
the body axis system as defined, but to use a different set of vari-
ables since the rotor characteristics are most easlly expressed in
terms of flight velocity, V, and rotor angle of attack, ¢X . The

transformation of varilables may be accomplished by the following substi-~

tutions:
w = Vced X (p-1)
w= Vaon o , _ (p-5)
W= Vsad- Mpen o)t (D-6)
w = (Veoedak + ¥ punat (D-7)
©-© (p-8)
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Equations (D-1) through (D-3) then become, for initially trimmed

level flight ( Y= o ),

X V+ Xax + X0 - We - \%’

LV ot (Yo pindte) 4T = 0 (p-9)
ZN* Zyk + B0 V0 W - W
[(VO CD“O(o)o.( + \‘/}“V“do = O (D-10)
MV+ My + Mge - Te= o (D-11)
The sclution of this set of haomogeneous linear differential equations

will be of the form

V= Zvee™® (-22)
Al Z e et (D-13)
0= 2 6, ™" (D-14)
and may be found by solving the algebraic equation
A)\‘**B)\a'f(ﬁ)\;-\- DA+ E =0 (D-15)

obtained by equating the determinate of the coefficients of equations
(D-9) through (D-11) to zero. The coefficients of the resulting

quartic are as follows:

A= - V1 (p-16)

B= mVLIX,+ mIZi+ on*Ve Mg (D-17)

1k0




C= mVo Xé Mv + ™M (Ze'\- \’Y\Vo) Mo +(Z\/Xo( "szd)l

—on (X Vet Zx) Mo (D-18)

D= [Xo((Zé ¥ mVo)- Za Ky~ Wwm VoM,
2o K25 + mVo)| Mo + (X Za =B EYMe  (p19)

E= (\/\/ld)“’lv - (\NE\/) Ma (D~20)
A preliminary order of magnitude evaluation of the pitch-rate

derivatives indicated that the only aerodynamic term of significance

1s the pitch damping term Mé and considerable simplification in

the analysis was affected by assuming the 'Xé and Z g aerodynamic

contributions are negligible compared to the other terms in the

coefficients. Normalized quartic coefficlents may be obtained if the

initial equations of motion are divided through by various constants as

follows:

Divide Z-Force equation by mV,

Divide X-Force equation by m
Divide Mament equation by I
Performing these operations and making the above simplifications the
coefficients of the resulting quartic become:
A=1 (p-21)

8= -\.“1?6 +(§%’ + %“"‘Vo)l (p-22)
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Q=[”_§(_X'_n“&)+(& 2 o2y R ) 1] (p-23)

mVe ™ o mVe WM ™M
T Xy - My Xa gy MEIXy Za - Zv X -
D= [y - -0)- B(H B RE] e
= \Ma Bv _ My Zo
E T W, T R?/OS? (D-25)

All of the above parameters have been evaluated both experi-
mentally and theoretically as presented and discussed in the preceding
section, with the exception of the pitch rate derivative Mé « This
particular derivative does not readily lend 1tself to experimental e-
valuation using conventional static testing procedures and a restrained
model as in the tests under consideration. However, a theoretical de-
termination may be made for a first order approximation to the deriva-
tive in Appendix A. This procedure consists of evaluating the contri-
bution of the wing and rotor and adding them as is done with the static
derivatives. The results given by the wing of Reference 7 were used for
the Mg predictions presented herein.

The effect of Mg or any other particular term in the equations
of motion, can be quite simply demonstrated by employiﬁg the root locus
method as developed in Reference 9 . For this purpose we wish to
factor out of the characteristic equation all terms containing the vari-

able under consideration, which for this particular example gives
. 4' - 3 - » hd -
Aspt+Bop® + Cop* + Dop+ Es
—MTGZ(béz.+ Cez+ds)=0 (D-26)
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where the coefficients are simply the coefficients of the complete
chammeteristic .equation as given above reduced by the coefficients of

the terms containing }ilé . That is tc say that

A= A=\ (p-27)
R - (D-28)
Cstep H_IQ =Q (p-29)
D5 +a6Mé =D (D-30)
Es (p-31)
Eg=E
Rearranging equation (D-26) slightly we can write
- He (bez?+coz + a3)z2
T . (=] =] - —\ (D-32)
App* + Bap®--- + Ep
which upon factoring becomes
—L’:\tg z, (za-2a)(z3- ) o= (D-33)

.- Q—)(Pz"d)(\)s 'Q)(P4"‘:)

This expression can be represented on the complex plane for all values

Pe
py
the arguments of the poles minus the zeroces 1is 1 redians and for

of from O to o0 as the locus of all points for which the sum of

-s0¢< ‘:‘]-:9 <O as the locus for & similar phase condition of zero.
Similar procedures can be followed to glve root locus diagrams for other
variables, in particular the effects of ‘\_4_-‘_._‘! and “%‘ , along with the
mlé effects for all conditions tested are demonstrated in Figures 62
through 64. The resulting numerator (zeroes) and denominator (poles)

coefficients derived from factoring of the variables are given below.
For ‘:%:.9 varying:
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Zeroes
Me |- _X
[=-(%+ &)=
Ly Zx _ 2 = -
+(T:n‘ ™o m\\llcxm )]i =P (p-34)
Poles
Ag= | (D-35)
(<)
Bo= —(Xr+ ) (0-36)
Cs= (B o - 2 £2)- M“ (p-37)
- Mx X
De— ’Td Wv’ (\1—].?’()(:“ ca,) (p-38)
o= Eoe M B My Ea s
Fo=E I ww I TVJ T £0-85)
For “% arying
Zeroes
g o (SRR LR ‘é’J = © (p-ko)
Poles
Av'—' \ (D-41)
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The zeroes of the Mg root locus are of particular interest, in that
they are ildentical to the roots of the complete airplane characteristic
equation when Mg = M, = My = O . The roots of this characteristic
equation consist of two zero roots and two other roots which can be
real or complex depending upon the relative magnitude and sign of the
derivatives 2, , 2, , X and X, . For conventional signs for the
sbove derivatives, that is that 1lift and drag increase with angle of
attack and airspeed, the roots will invariably have negative real parts
and give elther convergences or in rare cases a stable oscillation, but
peculiar combinations of wing and rotor contributions give values to the
derivatives that can produce divergences in the mode. In order for this

mode to be oscillatory the condition b -4ac { O must be satis-

Zy Ko _ Xy Ea)

% - = (X~ Zx = -
fied vhere &=1, b (—5"!’ = ) and C=={qve ™ o ne

™mVo

Such a condition is realized in the 1w = 57° accelerated and decelerated
and the 1, = 44O accelerated cases due to the large positive value of
Xa « The positive values of Bg¢ notved in the 1“" = 70° conditions
produce divergences as indicated in the zeroes of Figures 62 and 63,
and can probably be attributed to a strong gradient in the wing drag
with angle of attack possibly due to partial stalling. In any case,
the variations in these real roots quickly disappear with the addition
of even small amounts of M either positive (destabilizing) or negative
(stabilizing) as demonstrated in Figures62 and 63. General observations
possible from these Figures are:

1) With M, = 0, addition of statically destabilizing (+) M  re-

sults in the appearance of a moderately long period, low damping, stable
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oscillation - plus a pair of real roots, one of which is usually positive
and the other negative.

2) Addition of statically stabilizing (+) M, to the above motion
will, in general, reduce the magnitude of the positive real root, and
if & sufficient amount is added, both real roots will be convergent,
indicating a stable static margin defined by the E coefficient of the
characteristic equation. This amount of static stability, however, in
the absence of sufficient M § and negative M, 1in the C coefficient
causes the previously stable oscillatory roots to become unstable and
of higher frequency.

3) Addition of stabilizing (+) Mx in the absence of M_results
again in an unstable oscillation but in this case the divergences are
transformed into another oscillation very similar to the one encountered
in the + My case above, but formed by a different pair of roots.

1&) Additional static margin provided by + Mv results in increasing
the frequency of the unstable oscillation and driving the stable oscil-
lation back into two convergences.

It can thus be seen that, for elther sign of M x of the magnitude
present in the alrcraft, the end result in the presence of + Mv and
absence of significant amounts of Mg 1s an unstable oscillation and a
convergence plus one other real root that will be either positive or
negative, depending on the sign of the E coefficient. The only exception
to this situation is to be found iIn the :lw = 44O trim condition where
Mv is small enough that is does not quite drive the oscillatory mode
unstable, but by the same token, not enough static stability is present

to eliminate the divergence caused by the destabilizing My .
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At this point hope still exists for the salvation of the air-
Plane's dynamics » since all the above considerations are presented for
the tail-off airplane. The Possibility exists that the tail can con-
tribute desirabile effects to the over-all airplane dynamics and such

contributions will now be considered.
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Fig. 62
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Fig. 64
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TATL EFFECTS

In order to evaluate the dynamics of the complete airplane it is
necessary to develop a method of predicting the stability derivative
contributions of the horizontal tail and pitch fan. Several simpli-
fying assumptions can ald considerably the facility with which this 1is
done. They are:

1) TFor the wing incidences under consideration, the high T - tail
is assumed to be completely isolated from and unaffected by the wing or’
rotor.

2) The tail makes no significant contribution to the trimmed
forces of the airplane.

3) The horizontal stabilize; apd pitch fan exert no interference
effects on one another.

4) The shrouding effects of the buried fan do not significantly
effect its operation. The first assumption is probably the least valid
of all as later experiments indicate considerable downwash can be present
even at high wing incidences, and this effect should certainly be investi-
gated experimentglly and the results incorporated into a more rigorous
analysis.

Proceeding with these assumptions in mind, we can determine the
operatiﬁg conditions of the tall either by predicting the forces on the
stabilizer and assuming the fan generates the remainder necessary to
trim the moment measured in the experiments or the reverse of this.
Since the stabilizer is a relatively simple surface operating in undis-

turbed flow by assumption, the former approach is assumed to be the

152




better of the two and the tail fan assumptions will only have to apply
to its derivatives and not to predicted forces. In order to allow some
latitude in the predictions, two separate 1lift curve slopes for the
horizontal tail were assumed and the resulting horizontal stabilizer
loads were computed at various stabilizer incidences and using the |
various free-stream trim speeds. These loads were then substituted

into the trim equation
MTOTAL. - Ls g QF\“F = O (p52)

from which a solution for the tall fan thrust was obtained. Using
these thrusts a procedure exactly like the one presented in Appendix A

|
was followed to obtain values of 2C°TF  gna 2Cx from which

o M x
the contributions to the moment derivatives were obtained by the

formula

Maean = - (1r Pﬂ-: RF4) B‘g:::—": (D53)

- - 2 g4) Cre 1
Mve D (7T p 2 Re S DrRr (D54)

where both derivatives are evaluated at X = 0. The stabilizer con-

tributions are similarly expressed

Maos o (Epvs) 3 o

MVS = -/Q-S]DV Ss C\-s (D56)
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where the C i1s simply the product of the CL assumed = 2 and 4

Ly As

and the stabilizer incidence under consideration. The total tail

contributions to the static moment derivatives are given by

Mg = Mot ¥ Mo (D57)
Myug = Mue + Mug (058)

and the values obtained are to be found in Table III.

The remaining stability contribution of the tail the pitch

can now be very easily evaluated using

damping derivative Mg
the relations developed above. For this purpose i1t is assumed that
rotations of the fan and stabilizer about thelr own axes make no sig-
nificant contribution to Me £ assumptions which are quite valid
for both the small diameter rigid rotor and for the stabllizer. The
only remaining effects are the change in angle of attack and velocity
at the tall due to angular rotation of the aircraft about its c.g.

Denoting these changes due to rotation with the superscript ¥, we can

write
_a_& - bM BD(*"C + aMt. bv*t ' (D59)
26 dx®. DO dVvE 20

and referring to Figure 65 we see that

%Oé‘:t o ge_\;}:_ (D60)
%\_é_ﬁ = O (p61)
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when evaluated at © = 0 initially, and as in Appendix A

ab:lf = ab“:(t (p62)

t

¢ oMe = oMz (D63)
ovE oV

These results are to be found presented in Figure 66 as functions of
-V along with a comparison to total wing and rotor contributions.

The net results of the addition of the tail can be seen in Figure
67 through ':(O and briefly summarized as follows:

1) The horizontal stabilizer and pitch fan contribute stabilizing
Ma( independent of tail incidence, but completely dependent on horil-
zontal stabllizer 1ift curve slope and trim speed.

2) Contribution to Mé is always stabilizing and for the

CLO\S = 2 case, of the same order of magnitude as that of the tail-off
airplane at high iv However, the tail contribution to ™| 'e increases
in magnitude with trim speed, whereas the airplane tail-off Mé de-~
creases rapldly with increasing trim speed. Both Md and M‘e con-
tributions of the horizontal stabilizer are doubled by a twofold increase
in assumed CLﬂs .

3. The pitch fan contributes negative Mv essentially independent
of stabilizer incidence and increasing with trim speed, while the hori-~
zontal stabilizer gives negativez M, for 1 (+) and positive M, for
i; (-), again increasing in magnitude with trim speed and in proportion

to C assumed.

Lo(s
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The effects of the tail contributions as noted in Figures 67
through 70 in the high i,, conditions can be regarded as slight. It
is interesting to note that the stabilizing ‘V1°< contribution of the
CL&Ks = 2 tail does not give an over-all stable ™M until the 1, = 41,0
case 1s reached where the increase in static margin results in the elim-
ination of the pure divergence at the expense of reduced period of the
unstable oscillation.

Similar trends in all cases considered are the general result of
assuming the more effective horizontal stabilizer. Tt is difficult to
estimate whether the mode damping improvements achieved by the addition
of still-- small amounts of -Mo\ offset the disadvantages presented
by the extremely short periods. One very important point regarding
the effect of stabilizer effectiveness assumed is demonstrated in
Figure 70. In this figure it is apperent that, depending on the —\V\“
contributed by the %aill, the effect of varying i, and therefore M, is
considerably altered. For small amounts of —M_‘ as contributed by the
CI‘O(S = 2 taill, increasing + 14 produces primarily an increase in
oscillatory mode period, while in the CI.a(s f_h case similar vari-
ation manifests itself in decreasing the period and increasing damping.
Also of interest in this particular case is the appearance of another
oscillatory mode associated with the large value of — M 4 . The zeroes
of the M.« root locus represent the roots of the characteristic equation
as My =» o0 ., 1.e. the phugoici mode in that no angle of attack
change occurs. In this case, however, this mode is formed by the two

negative real roots that usually form the conventional aircraft short

period mode.
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TABLE IT,

EXPERIMENTAL AND THEORETICAIL TRIM CONDITIONS

= 7009
1w =70

V-Fysec 23.5

[o]
ar 0
a -~ 20°
[o]
Oexp 13.97
Bepsr’ 12.25

G.W. Ib. 3200

My .0316
A - .0918
CT .01588
a' © 9.7

Vg Ft/sec  131.14

FULL SCALE VALUES

— (o]
1, =57

12,22
11.18
3350
-0573

- .0905

.01217

17.9
117.1
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- L6°
11.47

10.70
3360
.0802
- .0973
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21.8
108.5
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Fig. 67
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RESULTS: THEORETICAL AND EXPERIMENTAL DATA

Possibly the best way to present an evaluation of the results of
experiments such as those discussed herein, is to compare the experi-
mental results to similar data from other sources. In general, this
i1s only possible to the degree that the experiments in question are
repetitions of preceding work, a situation that obviously can lead to
great inefficiencies in the determination of new and significant infor-
mation., In formulating a new test program, it 1s desirable to reach
a compromise that will allow the accomplishment of both the test ob-
Jectives concerned with increasing the knowledge of the subJect of
interest, as well as providing datums for evaluation of the validity
of this information. Such a compromise is particularly important
when the experiments are conducted on a new and novel Facility such
as the Forward Flight Facility, since the inclination would be to
favor a program closely duplicating existing work in order to provide
the utmost irn correlation possibilities. Correlation was not, however,
the primary purpose of thesg experiments, but some comparisons are
available between the data from tests conducted on the Forward Flight
Facility and similar data from other sources. One group of these com-
parisons is presented in Figures 71 through 73 where three static test
conditions are compared to results from a 1/4 scale model of the V-T76
tested by the NACA in the Free Flight wind tunnel at Iangley Field,
Virginia. Since the actual 1/4 scale model forces were not availlable
from the Information in Reference 10, the comparison was affected by

assuming that both models had scaled trim speeds equivalent to the
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same full scale value. With the tunnel speed values given in Refer-
ence 10 the full scale force and moment values presented could then
be reduced to the model values at the same scaling as the Princeton

model according to the formulae given below.

V. 2
= ~Lucnel
I'model LF.S. (VF.S. ) x (5.2
D = Dp egiunnel)g x 2
model .S. F.S. (5.2)

V
Mnoge1 =My, gt x (53

It was necessary to plot these results versus iw at constant (L
in order to determine interpolated values of the forces and moment
at the wing tilt.sangles tested on the Princeton model. Operations
of this sort as well as small discrepancies in the acceleration
conditions compared tend to produce errors in the results, but
general magnitude and trend agreement can still be detected in the
comparisons presented. The most consistent inconsistency between
the two sets of data is to be found in the moment values., This,
however, is to be expected since neither {1 nor blade static
moment about the flapping hinge were scaled on the l/h scale NACA
model, and the hub moment due flapping hinge offset is a significant
rotor contribution to muments about the c.g. of the aircraft. An-
other effect of not scaling (L is the implication that torque scaling

is neglected also. The develomments concerning rotationel effects
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in a previous section indicate that thic may have a profound influ-
ence on the date obtained, since the full scale wing operating condi-
tions may not necessarily be duplicated.

Some evaluatibn of the assumpticn that the model trim speed is
directly scalable firom the full scale trim speed can bte made by con-

sidering Figure T4 which presents a comparison between scaled-up

.
5.2
scale model trim speeds and full scale as functions of wing tilt
angle. The full scale values are those obtained from f;ight programs
conducted by the NASA at Langley Field, Virginia, and by the Vertol
Alrcraft Corporation, ard the modelbvalues are obtained from both the
static and the 1-D/F tests. The general agreement is considered ex-
cellent since any discrepancies lie well within the probable inaccu-
racies of measuremert of full scale velocity and fuselage angle of
attack which is nominally zero.

Other qualitative remarks can be made in comparing the model re-
sults o0 full scale, including the general agreements in the tail
force recuired to +rim the pitching moment through a partial tran-
sition and the decrease in collective pitch necessary for constant
altitude transition. These comparisons, however, cannot be made quanti-
tatively due to lack of full scale information and so no attempt at a
direct comparison has been made. Figure 75 taken from Reference 11
presents nearly all the full scale information available on these ef-
fects ard can be compared qualitatively with the results of the l-D/F
tests in Tigure 28 through 33. By way of explanation it should be
noted that the full scale tests were made at constant altitude with
a collective pitch decrease while the model tests were made at constant

ccllective and indicete 1ift increasing.
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From the trim and transition comparisons alone it its reasonable
to expect that the model, scaling, and testing technigques employed

provide reasonable representations of the full scale aircraft charac-

teristics and behaviour.
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Fig. 71
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Fig. 73
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RESULTS: PREDICTED LONGITUDINAL TRIM

Figures 76 and 77 present the results of the theoretical pre-
dictions of the forces and moment contributiocns of the wing and rotor
as compared to experimentelly measured total trim values. Included
are comparisons of the results obtained by essuming the wing charac-
teristics of References 4 and 7 as well as those given by *he average
values of the rotationel flow analysis. Some of the more interesting
features to be observed in the comparisons are:

l) The predicted Z-Forc: values in the iW = UL® case are 2pproxi-
mately 30 per cent less than that required for vertical wrim for all
wings considered. From the X-Force considerations in the same condi-
tion, indications are that the deficiency in 1lifting force should be
made up ty nearly equsl contributions of wing and rotor in oxrder to
maintain longitudinal trim.

2) Discrerancies in X-Force comparisons can be attributed to
several possible sources, not the least of which is the nececsity of
obtaining the differcnce of two large forces to ascertain longitudinal
trim. One interesting pcssibvility to be considercd in zattempiing to
resolve vagaries in the prediction of longitudiral trim conditions is
the effect of rotaticn on the resolved directions-of the wing 1lift
and drag forces. These forces have teen defined as acting respsective-
ly perpendicular to and aliong the resultant velocity vector as Gc<fined
by CK/ . Changee in lccal A." due to rotation would thercfore
change the direction of action of the large 1ift force, thereby chang-

ing significently the longitudinel trim solution. A strip analysis




has been performed to determine the magnitude of the corrections that
might arise from local re-resolution of the wing 1lift and drag forces.
The results of this enalysis are presented in Figure 78 in a compari-
son to results obtalned using the average of the rotational CL and CD
but resolved on the basis of CZ’ + The results presented
NON-ROTATING

are mearningful only to the extent that they indicate the magnitude of
the corrections that could be required; attempts to infer anything
beyond this are seriously questionable in view of the crude assumptions
made in the induced velocity profile.

3) The theoretical moment predictions presented in Figure 77
show a general under-prediction of the positive moment encountered
in the tall-off experiments. There exist numerous possible sources
which could contribute to the inaccuracies apparent In the predicted
values. Among the most significant of these are the inability to
account for the influence of the wing on the flow at the rotor, the
effect of fusclage aerodyramics, the questlonable prediction of rotor
H-Force anc longitudinal flapping, and the possibility of chordwise
center of pressure shifts in local wing flow conditions. The effect
of rotation on wing forces has been considered in the moment contri-
butions and the results are presented in Figure 77, and Figure 79
demonstrates the effect of rotation and re-resolution of the wing
1ift and drag forces. In general, both of these considerations ap-
pear to worsen the discrepancy between the predicted and measured

morente, indicating that the inaccuracy lies elsewhere in the analysis.
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LONCITUDINAL FORCE TRIM
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Fig. 77
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RESULTS: PREDICTED LONGITUDINAL DYNAMICS

The results ccncerned with the remaining test objectives -- de-
termination of the static stability characteristics for use in formu-
lation of expressions for the alrcraft's dynamic behaviour -- are
best presented in the Figures 47 through 54. However, some of the
more salient features of these presentations are worth noting as
being important resulis of the tests and alaysis.

The most important single item to be noted in the static and
dynamic stability charscteristics is the overwhelming influence of
the wing on virtually #ll parameters. The lmportance of wing effects
dictates a shift in emphasis concerning the influence of the rotor from
considerations of the forces and marents it develops to the operating
conditions it produces at the wing. Thus such problems as induced
velocity magnitude, distribution, direction and rotation assume a
significance not generslly ettributed to them in conventional stabili-
ty and control analyses of rotor aircraft. In particular, the slip-
stream rotation has a possible influence that would render the neglect
of power scalling as a serious compromise on attempts to simulate the
full scale aircraft by means of a model. Actually power scaling in-
volves scaling both torque and RPM since the former determines the
slipstream rotation while the latter determires the hub moment due to
flapping hinge offset.

The importance of *he rotor slipstream in its influence of the
wing has another interesting corollery in the effects of accelerated
flight conditions on the characteristics of the aircraft. A consider-

ation of Figures 45, 4 ard A2 through 64 shows that a trimmed aircraft




will exhibit distinctly differernt dynamic characteristics than one
engaged in accelerated maneuvers such as transition or STOL maneuvers.
These changes in behaviour generally transcend the expected vari-
ations due to change ir flight speed or wing tilt angle alone.

The dynarics of the tail-off aircraft in the higher wing tilt
angle conditions arc generally characterized by excessive static
stability with insufficient mcdal damping , both of which conditions
can be attributed to large positive MV derivatives and low and/or
unstable Mo and M 5 derivatives. These effects manifest themselves
in an unstable osciilatory mode with rather short period increasing
with trim speed. Reference to Figures 49, 52 and 66, indicates that
virtually &1l of the unfavorable contributions to M,, M, , and Mg ,
come from the wing in its unstalled conditions and by far the great-
est amounts of the wing cortributions are due to the oc’ derivatives.

Theoretigal horizontal tail ard pitch fan contributions to the
momert derivatives are generally small except in the highest velocity
condition. Figure 70 indicates that both M “ and M»n contributions
of the tail are tecoring significant in the oscilletory mode. In
particular the more effzntive CL_{ = 4 horizontal stabilizer pro-
vides sufficient rate ari atﬁitu&c.gerivatives to stabilize this
mode for all stabilizer incidernces. An interesting result of a
comparlson of the two different horizontal tail effectivenesses as-
sumed is the effect cf varying tail incidence in each case. While
both tails provide swfficleant static stability for all incidences to
eliminate the divergence noted in the teil-off case, the effect of

verying incidence is to inrncrease period with the less effective tail
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and to decrease it with the more effective one. The appearance of &
second oscillatory mode can be noted for the amount of Mg provided
by the CLC[S = 4 tail.

In general the tail 1s very beneficial in eliminating divergences
present in many of the tail-off conditionms, but the mode damping im-
provements affected in the oscillatory mode are bought at the price
of large decreases in the period of the oscillation.

One last point worthy of particular mention concerns the iw = 70°
divergence referred to above which comes as a direct result of a nega-
tive sign in the E coefficient of the characteristic equation. The
static instability 1s caused by the positive value of the Z  deriva-
tive which is multiplied by the large positive velocity stability
derivative Mv . An examination of the static test data in Figures 20,
cl, and & reveals that the total airplane forces are inflecting quite
rapidly in the region of zero CE;: which, when coupled with the
inability to establish any continuity or repeatability in the velocity
varying runs, would lead one to suspect strongly the occurrence of dis-
continuous and hysteretic phenomera such as wing stall.

The non-rotating o’ computed for this trim condition is only
about 9°, however, so one must suspect local flow conditions such
as rotational effccts as being responsible for this behaviour. A
more complete ilnvestigation of the airplane around these conditions
utilizing sare technique of flow visualization such as smoke or tufts
might reveal some very interesting phenomens, but again the importance

of careful power scaling must be emphasized.
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and to decrease 1t with the more effective one. The appearance of a
second oscillatory mode can be noted for the amount of Mo provided
by the CLG[ =4 tail,

S

In general the tail is very beneficial in eliminating divergences
present in many of the tail-off conditioqs, but the mode damping im-
provements affected in the oscillatory mode are bought at the price
of large decreases in the period of the oscillation.

One last point worthy of particular mention concerns the i, = 70°
divergence referred to above which comes as a direct result of a nega-
tive sign in the E coefficient of the characteristic equation. The
static instability is caused by the positive value of the Z deriva-
tive which is multiplied by the large positive velocity stability
derivative M, . An examination of the static test data in Figures z0,
zl, and 22 reveals that the total airplane forces are inflecting quite
rapidly in the region of zero CEF, which, when coupled with the
inability to establish any continuity or repeatability in the velocity
varying runs, would lead one to suspect strongly tpe occurrence of dis-
continuous and hysteretic phenomera such as wing stall.

The non-rotating oc’ computed for this trim condition is only
about 9°, however, so one must suspect local flow conditions such
as rotational effccts as being responsible for this behaviour. A
more complete investigation of the airplane around these conditions
utilizing some technique of flow visualization such as smoke or tufts
might reveal some very interesting phenomena, but again the importance

of careful power scaeling must be emphasized.
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CONCIUSIONS: THEORETICAL AND EXPERIMENTAL DATA

Several important conclusions can be drawn from the discussion and

results of the tests and the associated analyses presented. Those deemed

worthy of particular mention are listed below, not necessarily in order of

importance.

1.

(a)

(b)

()

(a)

(a)

The Forward Flight Facility, although designed primarily for
dynamic testing, can be satisfactorily and beneficially used

as a static testing facility.

Information obtained from static tests of a 1/5 scale model of
the VERTOL V-T6 compares favorably with the results of wind
tunnel tests conducted on a 1/4 scale model of the same aircraft.
Neglect of proper torque and Q scaling in the l/h scale model
tests eliminates the possibility of a comparison of the airplane
pitching moments.

Trim speeds obtained from the static tests and the horizontal
degree of freedom dynamic tests lie well within the probable
scatter of trim speeds measured on the full scale aircraft.
General trends of collective pitch and tail load required to trim
during model transiﬁion tests compare well with measurements made .
on the full scale aircraft iﬁ similar maneuvers.

The importance of the wing and the influence of the rotor on the
wing demand separate measurement of wing and rotor forces for ade-
quate evaluation of their respective contributions to the trim

forces and moments and the static stability derivatives.
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()

()

(a)

Use of power-off wing characteristics in conjunction with the

vector summation of free stream and induced velocities is inade-
quate for prediction of wing characteristics.

The possibility exists of significant influence of rotational flow

on the overall wing operating conditions and derivative contributions.
Dynamic characteristics predicted by the use of the measured tail-
off static stability derivatives exhibit a general symptomatic
behavior of excessive static margin, con@ributed by M,, and in-

sufficient oscillatory mode damping.

(b) Excess static margin as ncted above in 3(a) manifests itself in

(e)

(a)

(b)

a short period divergent oscillation. Addition of a theoretical
tail 1s in itself inadequate to stabilize this oscillation except
at high trim speeds.

Some alleviation of the problems associated with the oscillatory
motion can be affected by the use of positive tail 1ncidences.
which result in an overall reduction in the velocity stability

of the aircraft. Such a procedure will effect both periocd and
damping depending upon the tail effectiveness assumed.

In view of the possible importance of the airplane power conditions
it is recommended that future dynamic tests be conducted in the
accelerated flight conditions encountered during transition.

In order to comply with the above recommendation, complete trans-
itions of the model with trimmed vertical forces should be con- ..
ducted to determine the exact acceleration profiles encountered

in various scaled trim transitions.
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APPENDIX A
‘ For the purpose of developing theoretical expressions for the

static stability derivatives of the Vertol 76, it is desirable to
separate the effects of the rotor and those of the wing for analysis,
combining them later for the total stability derivatives. It is
essumed in this analysis that the presence of the wing behind the
rotor has no effect on the rotor's operating characteristics, where-
as the presence of the rotor ahead of the wing intimaetely affects
the operating characteristics of the wing as 61scussed in the
Part IIT - prage 101 and as presented in the following analysis.

Referring to Figure 13 page 69 we can write three equations of

static equilibrium.

Z F;_ - 0= ZZTQ,;%* szx.-." ZZM; ZZ{“‘ (1) |

2F-0- ZX o2 o 2R K @

ZMc;O: ZMNW+ZMW+ZMW.3*ZM;“, (3)

Writing the rotor forces about an axis system coincident with the
shaft with its origin in the plane of the flapping hinges and re-

solving the moment about the airplane c.g. gives:

Zr= —Het L= Taun kg (4)
X‘R;—'-HM Lw‘\'Tde.,.Lu.a i (5)
‘\/\R.= vv1¥\"'jX:R'Z-R - iif? xR (6)
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Similarly the wing forces’and moment may be written
Zw= "ot (lu-«') + Do o (w= ')
Xo=-lo poe (Lo =) = Duw oot (Lo - ')
M;..,,*— Mae + Zw *w - X zw

and finally for the fuselage

Ze=-Lg asa oy = Dg punalyg
Ke= -Df esvole + Lg pnotg
Mpr= Mg - Zp xe + Xpzg

(7)

(8)

(9)

(10)

(11)

(12)

The choice of axis system for the rotor could be an unfortunate

one were it not for the fact that this airplane has no cyclic control

provided, and therefore no complication due to the appearance of con-

trol terms in the expressions for forces and derivatives.

Using the

[
developments of References 6 and 12 the expressions for the non-di-

mensionalized rotor characteristics are:

ROT = Q + A -+ M!; mad
e Yoy 3 K R

where the tip-loss factor B = 1

Co - ) \,2(:7
D - et (e |

C
(Aon)(AheCatet — T 2 coi?cr )

- X Bagnd (| - %‘Y“*)}
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M x Cot o [2 - 2l cede , 20]
A+ MR iy A g 3

Mh= ebad, o.F. in dimensional form

The wing terms may be written in terms of the dependent variables

]
Lo= L pVe s C
Do = ;%‘ fj \/§; S Cp

Mac. = :%- f>\AR2 Sw (Crmae)

. ) ‘
where CL and C_  are functions of X

Again referring to Figure 2 and using the laws of sines and

' = ' (Mxod) and V= VR(MInO() as follows:

(15)

(16)

(17)

(18)

(19)

cosines respectively, and assuming fully developed slipstream at the

wing, we can write the expressions for the dependent variables

' -1 N /AR — \
= st Mx Croa o

Ve = R J}Af + AN Y/aR
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Using simple axial momentum theory and equating the thrust to

the change in axial momentum through the disk, we find that
Cr

M —
ar 2\ N+ Wk cef

(22)

In order to determine the operating conditions of the wing and

rotor it is necessary to evaluate the rotor parameters CET-and. >\ .

With these quantities it is then possible to determine from equations

[
(20) through (22) the wing angle of attack { , the resultant ve-

locity at the wing, \szas well as (34 and Q,, of the rotor. At this

point two or more alternatives present themselves for estimating the

wing parameters C:L_and Clp. The most straight-forward one as pre-

sented in Reference 4, and with modifications in Reference 5, is to

|
use power-off 1ift and drag curves with the oX{ determined above.

v

Another is to use experimental plots of wing forces versus ch‘

at

-
4
¢

various power conditions which are rarely obtainable, but available

in Reference 7 for a rather different wing-rotor combination than

that under consideration in this report. ©S5till) another method is to

go through an.inverse solution from the experimental trim conditions,

!
using theoretically determined values of CT g Crhand of as above g

and solving for the wing 1ift and drag forces. For this purpose it

can be assumed that the fuselage is non-lifting, makes a negligible

contribution to pitching moment, and, over small ranges of angle of

attack, has constant drag contributed solely by the approximately

spherical nose bubble. Since the trim conditions are at cxx~= O the

two force trim equations may be written as

W=H eriy, + Tsint, + Lo ot (- o)
a - Dusin(Lp-o)
BD= O=TVetie—Hsiniw = Lw s\n (Lw~o<,')

- Dw Codﬁ\'-w—o(')ﬁ-x g
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Combining and solving for Lw and DW glves

L,=(W-Hcos 1, -Tsini) cos (4 - ')

(25)
]
+(Xf+Tcos 1w-Hsiniw) sin (iw"" )
and
D =(-W+Hcosi +Tsini ) sin (i -' )
w w w w (26)
]
-Hsiniw-Tcosiw-Xf) cos (iw-o< )
Notingtha.tX=-D'.‘—i-J-'F(NnR)2A c
f f 2 x FRONTAL ~“DgpypRE
equations (25) and (26) will yield another set of values for L, and

Dw. All of these methods were tried and are discussed in Part III

of this report, it being the purpose of this Section only to develop
the methods used.

Proceeding with this in view, we can now present a method of de-
termining the rotor parameters CT and >\ necessary for all of the
above developments.

Using equations (13),(28) and the definition of

A= Mx snox - _CLL% (28)

two equations can be written in C'I' and >\ ; one is equation (10) and

-~

the other a fourth order in A ,

>\_ CT (29)

= Mx 3N K -~
2 N R g cos?x

Given values for <X , © and Mx an explicit solution for CT and

>\ could be arrived at, but only after much labor. A simpler method
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1s to use the charts developed in Appendix B for this purpose, and
as explained below. On page 99 of Fart III is discussed a method
of determining a @a-% which may be used in turn to solve for CT and
>\ in the following manner. We have in the experimental data three
values of hovering thrust (neglecting wing profile and induced drag
at O(l = 0) presented as Figure 20 page Tl , corresponding to the
collective pitch settings for the three unaccelerated forward flight
conditions of Figures 22, 25 and 27 on pages T3, T6 and T3.
Setting M, = O in equation (28) gives
2
A= = A2 (30)

and again applying axial momentum theory

Si \lap_ﬁ"el - ar|e =

Combining equations (30) and (31) gives

A= -\ art (32)

which can be substituted into equation (13) to obtain & solution for
9.%
With the value for 9’% we can now proceed to solve for CT and

>\ in the following manner. Using the notation of Appendix B where

Ao = - \]%I (33)
A= A (34)
My = %\ﬁo (35)
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we can re-arrange equation (13) to give

2
& - S EAL N (36)
Yoo

and combining expressions (33) and (32) with the definition of My = .%/IR'

we have

V= -0R iy | & (37)
Figure 253 page 215 presents a plot of >\ versus X:\x for con-
stant A which may be used to determine _>\ for any value of /ax
chosen at the particular o . Using the values of —>-\ so determined
from Figure &3 1in equation (36) and an arbitrarily chosen value of
)_Jx in equation (37) enables us to make a plot of \J—% versus V for
CA = constant. From this curve we can then determine the values of
C,I| corresponding to the particular condition under consideration (V
and <X ). The only quantity left, >\ , can be found by substituting
Cp into equation (33) to find )\0 which may be used in equation (34)
along with >\ from abtove to find >\ . Having determined the oper-
ating conditions of the wing and rotor we .’can now proceed to the de-
velopment of expressions for the static stability derivatives.,

Referring to equations (1) through (3) we can write

OE = OZ O OF (38)
dok Iy TRIMJ(' ¥ ”be'ux ’

oX| - b}(_gl + oXo + BX;\ (39)
Ok Mx )‘"x dA | My Mx ‘

_ oM Muw ™M
= Dot g T [t 2025, O
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OR %\27/“= 5_‘;;'&/ + cZw

> 2. Q2§ (1

Spe ot Shlo a_/“_;/“ (b1)
2R Sl vl P B . a—/f‘L (42)
OR M| . oM OM S Mg

OR av'« /u:“" + b/u\(:!"‘+ o L‘ (43)

vhere all derivatives are to be evaluated at the trim conditions

Previously determined. The contributions may then be written using

equations (4) through (6) as

g_is -%jmm—%gmxw (1)
OXg o — M i ke %}: Cov i (45)
-~ 2z dXXe _ OZ 46)
R = RO (
ot bw — 0T A kw (47)
aldx
A kw0 9T e iy, (48)
Mx
— zg Xr _ x. OZa (49)
" s DT

(50)

(51)
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Ny - \C
%‘* = Trp o> R* %f (52)
ol o2r+ oCn

and the constant X a.nd).;\x notation is implicit. Differentiating

equation (13) with respect to X and My Tespectively

|
A oC = L oA - A o L
& "bTT,M, * WI)‘* My Sl Cot ol (54)
2 5_01' = 1 OA , <+ 2 My Cee?t A  (55)
aF dupla & Spxle

and operating similarly on equatiorns (14) and (15) we have
2 = 2 ., JC
R e e SRR (CORES =

E[Ep R, B

Mx

+ (AN (24500 + T uT oot punct )|

Me [anC cmexl -XC ﬂmd]} (56)

Uo\\
&%%"d = A oo + 3 px ceidt {(a“’%-)l 2C5 3%:.64
-2EDB R+ &8 L,
+a_r)) (mm - T py ool

\‘o,“, [.D)\}A,\C o)) \o(—\—)\C-f 3/“ %’“’lﬁ (57)
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4

A = { s +8 (A ) QCT)QQM%CO{OL J;Micwxo()

e bwm)]} %)

B= (&MQTC“:%% 1 0 md) (59)
C= (1- 35 e
3,7~ pnet LR [0 (1 M ety 29
+3+M‘cc41<x [ (‘ CDS)O() %'Px
¥ % MR Ok Smo(] (£2)
&\ = 8 wwad (3’“{_(“20‘)1 2 (- MZ Coa +3_9]
Dy Ik (2% c”a) * 3
facma [2(-sig23 |,
. }\;_At:m“o(] (é2)

Referring to Muble I- page 157 which presenis a table of the
calculated values of the trim variables, we find that considersble
simplification is possible if some of the higher order terms are neg-
lected in the derivatives. It follows that equaticic (52), (5%5), (61)

and (62) may be simplified to
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2 OC ~ | o)

o S ¥ F Soc b (63)
23&G ~

as B}Axlm - _51_5}4—,{,« (6%)

%lmg — 4y nch (é\-+%-)+,’z/u,©b¢o( %‘/‘* (65)

23, \
OMy It

e

A. C’“‘d(—g* &_59_)1- Iphy QO A (66)

zyAx

neglecting only terms whose contribution would be on the ordgg of 5

o

per cent or less. Unfortunately, however, the rather lengthy ex-
pressions (56) through (60) for the H-force derivatives c.a;nnot be
handily simplified without neglecting terms of greater than 10 per
cent contribution and therefore the calculations were carried out
using all terms of equaticns (56) and (57).

Differentiating equation (16) with respect to & and Mx re-
spectively, gives for the flapping-hinge offset contribution to moment

derivatives

M b C.F .

aSo( |Mx= < A = %o(a')Mx (67)
M - bQF 2a,

am L« & aQ bix\a (c8)

*

using the expressions (65) and (66) for %:le\, and %-I“ re-

spectively.
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The CT and >\ derivatives may be evaluated by means of the
charts presented on page 216 Appendix B, by the following method.

Applying the chain rule of differentiation to the 7\ derivatives

glves:
M‘)‘)‘ oA Mx,Cr ks b(‘_-r‘a(,).u T\/Ax (69)
ap,‘\ | b})x\d ey T %CLTL\,};, %}\“ (70)

which, when solved simultaneously with equations (63) and (64) re-

spectively, gives

bCT‘ % \I‘A)‘B’ir (71)
* Hos- -
l - 4 bCr ‘ (12)
A (Mx os Mo
oG BA \a er (73)
a/“f \N)U
2. 4 % \,( (74)

}A
The derivatives %L‘ ‘ ‘
& Mx,Cr K, CT Mx ,ex

may be evaluated by using the charts on pages 216 through 218 of

Appendix B, noting that

Q‘\,umc,r = Mo %% \,Ux,C_-r (75)
bC
T | = 4= o B2 L)
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and using the definitions of equations (33) through (35) and the

values obtained in the previous analysis.

Proceeding now to the wing force and moment derivatives and

using the dependent varisbles
O(l = 04, (Mx, O()
Ve= Ve (Br, o)

we have
Z. O Zw D¢ V.

%?Il“xg Ok I)‘x,d dk l/*)ﬁ bZ)—\/fe T %IM;‘ (77)

| oz . DZs|  JV

B}Ax L" Do Inso %;rl + S S /A‘:|d (78)

HKo| = o) o)+ 2K Ml (79)
M BO(‘ » ok bo( M x b\/R [T

Xyl = HXKu o’ DXu| Dk .

‘b?:l"‘ DX l“"'a rlo‘ v OVe Bpxr }'\xl (80)

Mw BO(' DM b\/R .
bM"’I . bbo(' P! AP N I 3o s ()
Mol = DMw | Mo D;_VR| - (82)
b}h( A BO(' My, X - b/h bVR }‘xp‘ b/.;, X

!
Noting that the expressions (20) and (21) for &X' and VR re-
spectively are in terms of another dependent variable ﬁ\% - N (}A,‘ ,0(>

we have
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5
a°<'| e %g,w*'o‘" R o of - a‘g‘%f—)lﬁ*x (83)

oKy M Cot o (1 + colPa')
| QLI Ty b&"ﬁ:ye}
%\ - S~ wR) - /ux\”‘ (8y)

Mx 1o Mr ot ok (1 + cel2x')

OVg | = (ﬂR) [ %_ ] 8
g\-lm VR ’?‘ %—Im + A Ilu)‘ (85)
OWR| = (-9-‘?) [ 2) DN — ag,E) ]
b/J;IG* | _ A My = ‘ \ .(86)
and differentiating expression (22) gives

N 5&| Do Wlapin —C ol 2
diﬁ) = o IXHMGesCo — T(>\SZ|»,_+ wasmcx)

S 1 2 (4 M2 eodded) (&7
5(3%?)L\= Q‘%T,‘\a( \I)%"‘M:Cfgf’( 'QT(%%*\a*Mx wzo() o)

O Mn AR+ M7 oer )

Referring to equations (7) through (9) and making the simplifying
assumptions that Chde'® ) 5 N)no(' ¥ ' after differentiation,
SFu | Lo vEs | [y +0o)- (@ Cow)or] cou
-gd—u? nx,d= - 9~F b { s D) =" D"“)‘d Gl

+ Q- Co)» v Cofat ] ponis (89)

STRTRNVES, (BRI T B
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an’ - PVR 3{[&CWI—C‘L) CDfC'._o() ]w._w
T
+[(CD+C‘..,,(')+ (Cn,a-c._)o«’] ML‘H—} " (91)
o0 X Ve S | (o~ ety + ('Coreun Lo
b\/: My, % f) y { i ) ( ’ L)/wn ](92)
oM., = b‘*"la.c.l bi’-’-’ . a_:&';’l
DA’ Ihy,ot O’ st Do e o L‘M( )
‘ 93
bﬁﬁl — aMacl + Xw azw' - Zw aX(u
b\/R My, OVR By D\ IMxa b\/R By,
(94)
where by definition of a.c.
OMac |- 2 0O (95)
bo(’ My, o
and from equation (19)

The fuselage derivatives may be evaluated by differentiating
equations (10) through (12) with respect to \ ana A , remembering

the previous assumptions concerning fuselage contributions and noting

that O(_g: = QO — bw - X giving finally

="
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.-_/o\/As Cos e (Lw=— ) O (98)

= % P VJASCDS (,A.m Lw/u)nd-\- ol kg C,M.o()

My (99)

OZg

oV

oX¢

Oct

@i%frxa -vas Cos M.(F““'o() (200)

— OZg| OX

S - EETE -
oM

OV

- OdZ¢y X
= —X¢ W\a + 2¢ a_\_/flm (102)

where (393 is as defined above.

Using the values of C. » Cs-o" s Co and Cox' derived by one
of the various methods discussed and presented in Figures <1 and -2,
aiong withk the rotor derivatives, the wing derivatives msy be evaluated
at the various trim conditions by progressive substitution. The re-
sulting values for wing, rotor and combined derivatives as well as the
trim conditions are to be found tabulated ir "X:ble IIT on page 15°.

Evaluation of the tail-off pitch-rate derivative F’\é is for the
most part an accomplished fact once the earlier developments of this
section have been dealt with. The moments generated from a rotational
velccity of the alrcraft about its c.g. arise from three distinct
sources

1) The contributions due to the wing and rotor rotating about .
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thelr own axis,

2) Contributions due to change in local angle of attack at the
wing and rotor,

3) Contributions due to change in locel velocity at the wing
and rotor.

The latter two effects arise from the displacement of the wing
and rotor from the c.g. and the resultant linear velocity produced by
rotation about the c.g. If we denote the change in angle of attack
due to rotation about the c.g. by cx*' at the rotor and the change

in velocity at the rotor by \/* then from Figure 32 we can write:

?&’fl - bhepun (x+N) A4 (103)
@ lv,a (vt Tomzt*) [\/-hge ot (ou-rl)]"

N - -
%.B_ |V‘o( he (10%)
which, when evaluasted at é= ©O initially, give
Ml = \’)R pamn (O“"n) (103a)
00 v, | + Wn? A
Fol=} \v.o( R S

Similarly for the wing we can refer to Figure ¥2 and, remembering that

CXJ and \42 are both dependent functions of ¢X and \/ , write

B____o(‘* = éﬂ* ot/ a—"‘: + a;o-‘-' ovr (105)
26 \v,d 6 \\,«,d* - 3* 2O DV* TH '
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IVR'| = Q%" OVR Ve |, AV da*

2?’\/,0‘ V0 gk OV 08 T 3ar 24 (106)
where

M*I = — hw s (T-—x") (107)
08 yax b+ Ao 2!

VR = .

55 lun e = — hw (108)

which have been evaluated at ©= O initielly. It can be noted at
this point that, since the definition of the partial derivative places

no qualifications on the source of the change in the variable, then

the following identities are true

?%; = 'a—;i' (109)

%:%‘ = %. (110)
% = %%‘5 (111)
bXB_ = bﬁ (112)
V¥ oV
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where the quantities on the right hand side are the ones developed
previously. Fach of the above three sources of moment about the air-
craft c.g. can, in turn, produce this moment in two ways, which are
in general:

1) Pure moments about the hub of the rotor and the wing a.c.,
and

2) A force applied at some moment arm from the c.g.
Equations A(6) and A(9) state this more particularly by breaking the

forces and moment arms up into two rectilinear components, giving:

Mg = My - Xg2g~ Ze *s £

Mw = Mae, + 2o Xw - XoZw (A9)

which, when differentiated with respect to © give

DMg . M _ 2, 2Xr _ , dZe
2B 35 R 28 T TR 36 e)
Bb{\w - OMac. _ 7., D)(.w + Aw B_Z—g (114)
00 26 26 05
The rotor forces are best handled by resolving about the thrust and

H-force axes by equations A-4 and 5:

22 = _ 2T pniw - 292 wirw (115)
el2] [¢]=] fe] 2]

¥e - _ oM teo + 2V Om v (116)
L o5 ke 05
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and the hub moment is best determined in terms of the dependent vari-

able Q, and the simple expansion

b._‘\,/]_h xr th Ba-

20 da, b

(117)

Proceeding now with the determination of the various parts, we can ex-

pand by chain rule giving

oT| = D_T_l + OF & . O ov*
2B Iv,a 0B I\Vax o* 36 DVE 0B

oH Doty X 2y
\V, \V"o(* BO(" bg s oOV¥ %

Myl = M [ba. 23, d*
DB v« g&? e]=) M

ViK®  ooa* 06
24, Q\_j_"‘]

* 9w 36

where

oT . oV

oo™~ DA

o - oH

DAX _H

QY = OF

DV _V

OH _ oY

OV* oV

R, . &

DoOr¥ 0K

2a. _ a,

DV* oV

oMn . wb CF

o4, Z

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)




all of which have already been evaluated. The remaining terms to be
determined for the rotor are the pure moment and forces due to the
rotation of the hub about its own axis, all of which are due to rotor
plane lagging behind the piltching shaft given by the derivative

a_,_a' . In order to determine the forces produced by such
00 %, Vv*

& condition we must express the H and T forces in terms of the flapping
angle A.; , since this parameter has been eliminated from the expressions
for H and T previously expressed. Reference 12 gives an expression

for QH in terms of the blade flapping on page 192 which when differ-~

entiated gives

Xy _ oc Vo, 3
e ket KR

where a tlliéher order product of A, Mx Cod <A has been neglected.
Dependence of T on &, 1s very small for a high L rotor such as
1s under consideration here, and can safely be neglected. The two
force terms can now be expressed as follows:

X . ?,\TQARA- KBC’\-\ b__afx (129)

bé Id*> Vx aal b 9
oT | 20 (130)
00 ix*, V*

The one remaining term a_é.\ . is given in

Y | oen %
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Reference 6 on Page 275 gs

[o=Y = \o
ES) oxX*, v YO (131)

Similarly the wing contributions may be expressed:

a. Maa. , = b\‘/!a.c., + OMa.c. 39_\"" (132)
fe]=) VA [e]2) VR*’Q(‘* D 1% b@ Vyck
02| = Zu + QEw a—-—d'* (133)
26 vV, o]~} V¥, o' * QX !* ‘oe v,
VR V)
. - OXs | o2X bo("“
W = W
oXw a_,e
where, as before, + OVR* 26 ,va
IMae. OMae _ - (135)
Oox'* O’

Q. DMac. (136)
.a\/g* - SVRC




For the pitch rates to be encountered, it is safe to assume that
pitching of the wing about its own &.C. produces little change in
the wing force and moment at constant O(‘ and \/Q and the approxi-

mation

Mac. v DEw ¥ Xw < 0 (141)
09 \/Qx,o(" b ] VR*,O(” a.e \/R‘,d\'*

is quite reasonable.

Progressive evaluation and substitution w'ill eventually lead to
the values of Mém and Mg e which are to be found pre-
sented in Figure 60 along with a breakdown of the major contributory
terms.

The only remaining contribution to MQ on the tail-off air-
plane is due to the fuselage, and initial evaluations indicate that

this effect is negligible compared to the other contributions con-

sidered above.
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For the pitch rates to be encountered, it is safe to assume that
pltching of the wing about its own &.C. produces little change in

the wing force and moment at constant o(' and \/Q and the approxi-

mation
ac. 2 QFw 2 Kw Y QO (141)
o] V¥, o'* °e Ve, o' * 39 V¥, o'

1s quite reasonable.

Progressive evaluation and substitution will eventually lead to
the values of Mg = and Mg,  which are to be found pre-
sented in Fligure 606 along with a breakdown of the major contributory
terms.

The only remaining contribution to Me on the tail-off air-
plane is due to the fuselage, and initial evaluations 1ndic;ate that
this effect is negligible compared to the other contributions con-

sidered sabove.
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AFPENDIX B

" The authors of Reference 13 have developed a simple approach
to the problem of determining the in-flow derivatives of a rotor
in forward flight. With scme slight modifications this method is
presented here in part in terms of the advance ratio defined as

v s

/Mx = J_Z-R- in order to maintain its usefulress as X—> = -

Commencing with the definition of the in-flow parameter

)\ = Vsin X=V (B-1)
R

it was demonstrated in Part III that using momentur corsiderations

only this can be expressed as:

= U SIN o, — =i ' : (B-2)
)\ /x 2 V)\z"’/“xzcosz"‘

Defining three new variables

=\ % (B-3)

X7 Mo (B-4)

and X

= ) | (B-5)

expression (B-2) may be rewritten as
1 [
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This expression is presented as a plot of )\ vs. /Tx for constant
ot's 1in Figure 83. Knowing Cqp end /‘(X (ordinarily available
from performance analysis) ore can then readily determine )\ from
this plot without solving the quartic in A of equation (B-2).

The necessary in-flow derivatives used in equations (A-71)
through (A-T4) in the apalysis of Appendix A may be easily obtained
by differentisting equation (B-6) and plotting the resulting functions
at constant ©X . The expressions resulting from such operations

and the figure numbers of the respective plots are presented below:

2\ - \ =y CoSx SING
e = u, Cosat+ 5=
Ao T Cr, My /8 (N4 g% costx) ' (3-7)
Figure 84 plot of
) AN i 6
/AXCOSn’( A ACr /x
- -
2X = sie + — AT EHxces % (-8)
2 T (et gcosm) e
.Cf,a( /AX = )

Figure 85 plst of

A\
vy Ve Ry

and | —-

2A )
2 ( \ l+/_4yl cos) g U - (Xz*-/_A;C:o S ,()?’ '.]

CT'G’\

(8-9)

° ACy
Figure 86 plot of

AN
-] }\C_‘_

S

}AXIO( ve /AX

also included 1s a presantation of induced velccity at the rotor
normalized by A, in Figure 87T,
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APPENDIX C

In order to simulate the dynamic characteristics of a full size
alrcraft by means of a scale model certain physical relationships
must be satisfied. These are commonly called the conditions of
"dynemical similitude" and imply that the ratio of all pertinent
full scale forces to the corresponding model forces can be expressed
by a single constant number. Physically it can be reasoned that the
forces of interest in the rigid body motion—aerodynamic, gravi-
tational, and inertigal—must form similer closed poiygons for the
model and full scale in order fcor them to exhibit similar dynemic
behavior. Such similarity can be preserved by holding constant on
both machines the ratios of any (n-1) pairs of forces, where n is
the total number of types of forces acting, in this case 3. There-v.
fore, if the ratios of aerodynamic to gravity forces and of gravity
to inertia forces are the same for model and full scale, the simili-
tude requirements will be satisfied. Figure 35 illustrates this condi-
tion and poirts out that the resulting dimensionless guantities are
in fact thrust coefficient and ¥Froude Number.

These two conditions, together with the obvious necessity of
specifying a scale size in order to have a model, completely specify
the model to full scale relationships of the three basic variables
in a problem in mecharics——mass, length and time. Dimensional ex-
pressions may be set up equating model and full scale thrust coef-
ficient and Froude Number in terms of the selected linear scale

factor, X , and solutions obtained for the mass and time scaling.
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The results of such an operation, together with some other convenient
parametgrs, are presented in Table IV.

Unfortunately, since the tests considered herein are conducted
in the same gravity field and etmosphere as the full scale operates
in, certain aerodynamic considerations cannot be completely satisfied.
The result is that neither Mach Number nor Reynold's Number are simu-
lated on the scale models, and the error is a function of scale factor
as presented in Table IV. Although Mach Number effects are of liftle
significance in stability studies in the low speed flight regime,
Reynold's Number can play some part as in wind tunnel testing. As
discussed in References 1 and 2 these effects-can sometimes be compen-
sated for and are frequently diminished due to the increased effective
Reynold's Number in ‘the highly turbulent flow in the wake o¥ a rotor.
This problem does, however, deserve close consideration in investi-

gations of ailrcraft perfoygmance with scale models.
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Fig. 88

RELATIONSHIP OF ACTIVATED FORCES
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stability and control maneuvers




(MODEL VAIUE) = (FULL SCALE VAIUE) ( A)°

PARAMETER

Linear Dimensions
Aresa

Volume, Mass, Force
Moment

Moment of Inertia
Linear Velocity
Linear Acceleration
Angular Velocity
Angular Acceleration
Time

R.P.M.

Disc Loading (T/A)
Power loading
Power

R. N.

Mach No.

TABLE IV

SCALE FACTORS
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FACTOR

1-1/2
1/2
a-1
1/2
A\~3+5
=15
A-1/2




ERRATA

Page 5, line 17' Change date "11-10-58" to "11-10-59"
Pzoe 90, line 1 Change "it" to "is"

Puzse 90,. line 20 Change "affect" to "effect"

Page 92, line 11 Change "to" to "too"

Page 130, line 21 Should read "...tilt angles and Cp and under .
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