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RESEARCH MEMORANDUM

FULL-SCALE WIND-TUNNEL TESTS OF THE LONGITUDINAL
STABILITY AND CONTROIL. CHARACTERISTICS OF THE
XV-1 CONVERTIPLANE IN THE AUTOROTATING
FLIGHEFT RANGE

By David H. Hickey
SUMMARY

An investlgation was conducted to determine certain longitudinal
stability, control, and performance characteristics of the XV-1 converti-
plane in the autogliro- and airplane-type phases of flight. The fixed-wing
and three-bladed rotor so share the total weight that in sutoglro-type
flight, the wing 1lift is smell, whereas for airplane-type flight the rotor
Jift is small snd constant.

In the autogiro-type flight configuration (speeds from 75 to 115
knots) the convertiplane was steble with speed, but was unstable with
angle of attack. In the elrplane-type flight range from 115 knots to
maximum gpeed, stabllity both with speed and with angle of attack was
noted. Adequate longitudinsal control was ilndicated throughout the total

alrspeed range.

Interference between the fixed wing and rotor caused the lift-drag
ratios of the complete sircraft to be appreclably less than the lift-
drag ratios calculated from the individusl component data.

Drag of the complete alreraft was reduced in a "elean-up" program.
This reduction indicated an gpproximate 10-knot increase in maximum speed.

It is shown that relisble predictlions can be made of the statle sta-

bility contributions of the V-tgb horizontal tail. Calculabted downwash
at the tall compared well with the measured downwash.
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INTRODUCTION

The XV-1 convertiplane 1s designed tc combine the features of a
helicopter and an alrplane. A helicopter-type rotor, a small fixed wing,
and a pusher propeller are combined in an effort to obtain the best char-
acteristics of both aircraft through the flight range from hovering to
maximum forward speed.’

The projected flight plan for the XV-1 convertiplane calls for:
(1) helicopter flight from O to 80 knots forward speed, (2) transition

(autogiro type) flight from 80 knots to 115 knots forward epeed, and = __

(3) airplene-type flight for forward speeds greater than 115 knots. In
the transition speed range, autorotation of the rotor provides the major
portion of the lift. At speeds above those for transition flight, the
rotor 1lift is reduced Lo a small fraction of the total, although still

In autcrotation, so that the convertiplane characteristics are comparable
to those of an sirplane. .

To enable accomplishment of flight in the transition range and air-
plane range, the XV-1 Incorporates two novel festures. The first of these
is a floasting horizontal stegbilizer to minimize the adverse effect on
longitudinal stablility of the large downwash changes assoclated with the
unusually broad speed range. The second is a control mechanism to allow
stable rotor operation at high tip-speed ratioas. Although small-scale
model tests had been carried out to develop the various components of the
alrcraft and to show that their cambinatlion would enable accomplishment
of the flight plan, a question existed as to the applicsbillity of small-
model data to the full-scale convertiplene in the transition and ailrplane
phases of flight. Therefore, a full-scale wind-tunnel investigatlion was
conducted in the Ames 40O- by 80 foot wind tunnel in order to substantiate
the integrity of the XV-1 design.

The princlpal purpose of this report is the determination of longl-
tudinal stebility, control, and performance characterisiics of the con-
vertiplane in the two autorotative condlitions. In addition, certain
relevent data affecting these characterlstics are compared with other
data obtained in the development tests. These data are presented in ref-
erences 1 and 2. Furthermore, an analytical method 1s derived to estimate
the V-tab horlzontal-tail contribution to these characterlstics and 1s
compared to the full-scale and small model test results. Part of this
analysis is presented in appendix B of reference 1., Some full scale,
dynemic, and loads data for this convertiplane are presented in reference 3.

SYMBOLS

a lift~curve slope, per deg

c chord, £t
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Cr,

mean aerodynamic chord (M.A.C.),"‘j;ﬁ;——‘— £t

c

b/2
Jr cldy
[}
2
dy

o

dr

drag coefficient, q—saﬁ
R

1ift coefficient, %%%?

pitching-moment coefficient about the rearmost center-of-gravity
position,pitching moment

aSgR

horizontal-tail pitching-moment coefficlient about the hinge line,
pitching moment

9Speq

hinge moment
aSgey

hinge-moment coefficlent,
change in tab hinge-moment coefflcient wilth respect to tab deflec-
tion, per deg

change in tab hinge-moment coefficient with respect to the tall
angle of attack, per deg

rotor thrust coefficient, —r
o{uR)Zsy

trim-teb spring constant, ft-1b/deg

distance from moment center to flosting-teil hinge Iine, £t
free-stream dynamic pressure, 1b/sq £t

rotor radius, ft

ares, 8q £t

resultant thrust of rotor, 1b
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vertical component of velocity at any point in the rotor flow

field, ft/sec
free-stream alr velocity, £t/sec
free-stream air velocity, knots
angle of attack, deg

angle of attack of the propeller thrust axis with respect to the
free gtream, deg

control stick deflection from center, deg

o]

—E, ratlio of trim-tab deflection at some airspeed to trim-tab
deflection at gqq = O

change 1n angle of attack, deg

change 1n stebilizer incidence angle, deg

pltching-moment coefficlent increment

drag coefficient increment

servo-tab angle wlth respect to the stebilizer chord line, deg
gservo-tab setting (tab deflection at 0° stabilizer angle) , deg
trim-teb angle with respect to the stabllizer chord line, deg

trim~tab engle with respect to the stabllizer chord line at zero
Qps deg

trim~-tab setting at zero Ap and zero stabllizer angle, deg
stabilizer angle with respect to the thrust axis, deg

downwash angle, deg

tilp speed ratio, ﬁ%

density of free-stream alr, slugs/cu ft

linkage ratio, change In teb deflectlon with change in stabilizer
angle
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w angular velocity of rotor, radians/sec
Subscripts

R rotor

S servo tab

T horizontal tail

t trim tab

W wing

ATRCRAFT AND APPARATUS

Photographs of the ZV-1 convertiplane as mounted in the test section
of the wind tunnel are shown in figure 1. The geometric characteristics
of the alrcraft are given in figure 2 and table T.

Power Plant

The aircraft was powered by a 550-horsepower, nine-cylinder, radial
engine. The power from the engine was used either for drliving the rotor
In helicopter flight or for driving the fixed-piteh, pusher-type propeller
in auvtogiro-type and airplane-type flight. The function of the englne
for helicopter flight was to drive two centrifugal alr compressors that
supplied air to the pressure Jet englnes on the rotor tips. Since heli-
copter flight was not studled in these tests, the burners were not oper-
ated. A brake was provided to lock the propeller during helicopter flight.

Rotor

The mechanics and characteristics of the convertiplane rotor hub and
controls were essentiglly as described and discussed in references 2 and 4.
A linkage was incorporated between the rotor blades and the swash plate
which caused the actual blade pitch angle to depend on the coning angle
(component of the blade flapping angle that is independent of rotor blade
azimuth). One degree of positive coning angle reduced the blade pitch
angle by 2.2°.

apE—
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In the autoglro type flight range, the incidence of the swash plate
was fixed at +3°, and the blade plich angle at O.75R was fixed at 6°
(measured at zero coning angle) with reference to the swash plate. Changes
in l1ift coefficlient of the rotor were brought about by variation of angle
of attack of the convertiplane. - i

In the airplsne-type flight configuration, the hub was mechanically
locked to the swash plate, and the blade plitch angle at 0.75R with respect
to the swash plate was fixed at 0°. A governor was employed to tilt the
swash plate 1n such a way as to keep the rotor rpm constant. TIn this
configuration, the rotor-blade-swash-plate linkage minimized blade flap-
ping motions, thus delaying blade flapping instability at the high advance
ratios typlcal of the alrplane-type flight configuration. Characteristics
of the rotor were then as follows: (1) small rotor 1lift coefficilent,

(2) rotor lift coefficient constant with convertiplane angle of attack
and (3) rotor 1lift constant with airspeed.

Horizontal Tall

The XV-1 was equipped with a free-floating horizontal tail (designated
V-tab horizontal tail) in order to alleviate the stability problems arising
from the large variation of downwash encountered throughout the speed
range., The tail and the linkage of the tabs to the controls ere illus-
trated in figure 3. Location of the hinge line of the horizontal tall was
at 22-1/2-percent chord. Two 15-percent-chord tebe, each half of the tail
span, served as & trim tab and a servo tab. The trim tab on the XV-1 did
not bring ebout zero_ stick force, but rather allowed positioning of the
control column. An adjustable centering spring on the control column
was used to obtain zero stlck force. Another spring was placed 1ln the
trim-teb linkege to compensate paritlally for the change 1n downwash angle
with forward speed. Downwash effects orn the horizontal tail at forward
speeds from O to 40 knots were minimized by a third spring which held
the stabilizer at 60° deflection. The moment provided by the etabilizer
spring is showm in figure 4(a). Both tabs were equipped with a linkage
which provided an approximate sine curve relationship between the stabi-
lizer angle and tab angles (fig. 4(b)). In the practical range of stabi-
lizer angles, the linkage ratio was very nearly unity.

For the tests the horizontal tall was equipped wlth selsyn units to
measure angles on the tabs and stebilizer. The tail 1ift was indicated
by calibrated strain gages on the surfaces of the twin tail booms.
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TESTS

The airspeed range of the tests conducted in the Ames LO- by 80-foot
wind tunnel was from 75 to 150 knots.

The investigation consisted of five phases:

l. Tests to determine the convertiplane longitudinal cherscteris-
tics and the V-tab horizontal-tall chsracteristice with the rotor
blades and propeller removed.

2. Tests to determine the effect of the powered propeller on the
convertiplane longitudinal characteristics and V-tab horizontal-tall
characteristics with the rotor blaedes removed.

3. Tests to determine the convertiplane longitudinal charsacteris-
tles in both flight configurations with the propeller removed.

4, Tests to determine the effect of the powered propeller on the con-
vertiplane longitudinal cheracteristics in both flight configurations.

5. Tests to determine the drag of the convertiplane components and
means of reducing the drag. Figure 5 shows some of the pylon modl-
fications tested during this phase of the investigation.

During the powered-propeller tests, it was necessary in some cases
to allow pitch freedom above test airspeeds of 75 knots becsuse otherwise
the convertiplane developed undesirgble vibrations. Pitch freedom was
restricted to a total of 1/29 in the autogiro-type flight configuration
end 6° in the airplane-type flight configuration.

CORRECTIONS TO DATA

Strut drag tares were applied only to the data obtained in the
studies of drag reduction.  The drag tare of the pitch strut was obtained
by removing the pitch strut and its falrings from the wind-tunnel test
section, allowing the aircraft to float free. The chsnge iIn drag due to
the removal of the pitch strut was within the least count of the drag-
indicating system. Drag of the main support struts was obtained after
the convertiplane was removed from the test section and fairings were
added to the strut ball sockets. A value of ACp of 0.0006 was obtained
for the main struts alone throughout the speed range investigated.
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The least counts of the force coefficients when the convertiplane S
was restrained ln pltch are shown below: ' -

¢
Quantity Least count :
Lift coefficient +0.001
Tail 11ft coefficient +.,005
Dreg coefficlent +.0001 }
Pitching-moment coefficient +.0003
The least counts of all angular data, excepting Bi, were +0.25C with
the aircraft fixed in pitch. The least count in &y data was about
+0.59.
The least counts of force and angular data obtained during the free-
to-pitch portion of the testing were increased, as shown below: === _ = =
Quantity Least count
Lift coefficient +0.005
Tall 1ift coefficlent +,01 -
Drag coefficlent +.0002

Thg least counts of all the angular data with pitch freedom were gbout
=

Boundeary corrections were not applied for the convertiplane because
they were unknown; however, wind-tunnel wall correctlons to the data with
rotor blades removed wére calculated and found to be negligible.

PRESENTATTION OF FIGURES

Full-Scale Data

These full-scale tests of the XV-1 convertiplane were directed toward
en examinetlon of only the autogiro-type and airplane-type flight configu-
rations because the helicopter characteristics could be obtained relatively
safely and easily in flight tests.

The three-component force data presented in figures 6 and 7T apply
to the aircraft with rotor blades and propeller removed. These tests had
the following purposes?t (1) to determine the characteristics of the hori-
zontal tail, (2) to serve as a basis for examining the effect on stability
and control of adding & rotor to an airplsne configuration, and (3) to -
serve as a basis for examining the effect on stability and control of
adding the propeller slipstream. B
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The three-component force data presented in figures 8, 9, and 10
show the aircraft characteristics with the propeller removed 1n the
autogiro-type and ailrplane-type flight regimes. These data are the basis
for the stability and control analysis and performance evaluation pre-
gented herein.

The force data presented in figure 1l and table IT are the results
with power applied to the propeller with the rotor blades removed and
are also utilized in the stability and control analysis.

The strain-gage and selsyn data presented in figures 12, 13, and
14 show the characteristics of the V-~tab horizontal tail.

Figure 15 presents the measured downwash angles &t the tall with and
without the rotor. Calculated downwash angles at the tail in the autogiro-
type flight configuration are glso included for comparison.

The pitching-moment data presented in figure 16 are cross plots of
the data presented in figure 7. These data are presented in this form to
show the speed stability charsacteristics of the convertiplane without
rotor blades.

Figure 17 presents force data showing the effect of rotor operation
on the pitching-moment variation with airspeed. These dats were obtained
from the data presented in Tigures 8 and 10 for the propeller-removed
configuration. The corresponding powered-propeller data at a trim-tab
setting of -20° were those presented in teble ITI. Only the data from
the tests with the convertiplane fixed 1n pitch are presented in figure 17.
In addition, the calculated variation of pitching moment with airspeed for
powered-propeller conditions at a trim-tab setting of -60° is shown.

Figure 17 is concluded wilth calculated curves, corresponding to the
pitching-moment curves, showing the variation of stick position for trim
with airspeed. These data were used to appraise the stick-motion stability
of the convertiplane.

Figure 18 presents calculated values showing the control effectiveness
of the V-tab horizontal tail. These results were used in the calculations
performed to obtain the curves in figure 17.

Figures 19 and 20 present force daeta showing the effect on 1ift and
drag of the combination of a fixed-wing and rotor for both convertiplane
configurations considered. The data presented In figure 21 show the
apparent decrease In the wing angle of attack when the wing 1s submerged
in the rotor flow field. These data provide an estimate of the 1ift
interference between a fixed wing and a rotor in combination.

Figure 22 presents data showing sea-level maximum speed and the
inerease in maximum speed reslized by certain drag reductions. These dats
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were derlved Prom the fixed-pitch force dats in table IIT and the data
shown in filgures 8 and 10.

Small-Scale Tests

The results of certaln tests with the small models used to develop
the convertiplane are presented herein in order to assess thelr value 1In
predicting the behavior of the full-scale machine. Although small-model
tests are not strictly comparable to the full-scale tests, thelr use in
respect to convertiplane design and development is general, and an indi-
cation of thelr reliebility is therefore belleved to be of value. Because
an evaluation of the small-model data is not relevant to the principal
purpose of this report, the data are included without discussion. All of
the small model data were obtalned from reference 1.

Test results presented herein were obtalned as follows:

1. Rotor-blades, tail, rotor hub, and propeller-removed data were
obtained from an 8/3l-scale model of the XV-1 tested in the University
of Washington 8- by l2-fcot wind tunnel. Engine inlets, lsnding skids,
wing-tip skids, and tail fans were not reproduced on the model. These
dats are presented in figure 6.

2. V-tab horizontal-tail data were obtained from test resulis of &
geometrically and dynamically similar 2/5-scale model of the tail. The
wing and fuselage tested in conjunction with the tail provided a downwash
distribution similar to that expected for the full-scale convertiplane in
airplane-type flight. The tests were conducted. in the Unlversity of
Washington 8- by 12-foot wind tunnel. These data are presented in

Tigure 1h. . . SR

3. Downwash angle at the tail was measured with a complete 8/3l-sca1e
model. The model wes mounted in the return passage of the Wright Air
Development Center 20-foot wind tunnel. The dlameter of the passage was
L5 feet and the model rotor was mounted 12 feet abaove the lowest portion
of the duct. These data are presented in figure 15(a).

DISCUSSION

Limitations due to propeller-induced vibrations on the range of
varisbles that could be covered with the aircraft fixed in pitch made 1t
impossible to obtain a dlrect evaluation of the longltudinal stability
and control throughout the avtogiro-type and airplane-type flight ranges.
The data obtained in the investlgation were therefore extended by ana~
lytical means in order to determine more completely the characteristics
of the convertiplane. In order tc evaluate the worth of the analyses,
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comparisons of analytical results with spplicable full-scale data are
included. The details of the analyses are given in Appendix A for hori-
zontal tail characteristics, Appendix B for downwash, and Appendix C for
stability and control. A representative gross weight of 5,000 pounds
was used throughout since the weight varies in flight from about 4800

to 5300 pounds.

All pitching-moment results apply to the rearmost possible center-
of-gravity position. Therefore, the convertiplane stabllity character-
istics reported herein pertain to the least stable extreme.

Due to the differences in rotor behavior, the autogiro-type flight
configuration will be considered separately.

Static Angle-of-Attack Staebility

Knowledge of the varistion of downwash angle and center of pressure
with angle of attack is insufficient, in the case of the XV-1, to define
the angle-of-attack stabllity about & given center of gravity location.
This is true because the V-tab horizontal tail and the rotor can also be
expected to influence angle-of-attack stebillty characteristics.

The effect of the V-tab horizontal tail on angle-of-attack stability
can be determined by examination of the following equation (derived in
Appendix A), which defines the tail floating angle.

<acmr B, + (chT>7aTo 6 2

= D)+

It can be deduced from this equatlon that the stick-fixed stebllity con-
tribution of the V-tab horizontal tail should be the same as if the
incidence were constant only insofar as explicit dependence on angle of
attack is concerned. However, the velocity at the tall influences (1) the
dynamic pressure, qT,‘and (2) the trim-teb ratio, 7, and it is apparent
that changes in wake-velocity magnitude with angle of attack can combine
to change the stabllizer angle, and thus the stability index.

q
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The effect of the rotor 1lift on the angle-of-attack stabllity 1s a
Yesult of the vertical displacement of the rotor hub from the center of
gravity. This means that the rotor thrust vector need not necessarily
act through the center of gravity and thus will introduce moments which
can affect anglie-of-attack stebility.

Autogliro-type flight.- The data of figure 8 show the XV-1 to be
unstable with angle of attack at the three test alrspeeds. Possible
causes are, of course, .

1., The adverse Variation of downwash engle snd weke veloclty at
the tail with angle of attack.

2. The adverse varlation of the magnitude and orientatlon of the
rotor thrust vector wilth angle of attack.

The effect of downwash and wake-velocity variation on angle-of-attack
stability 1s appraised by means of the equatlon for the variation of tail
angle of attack with fuselage angle of attack as & function of downwash-
angle and stabilizer-angle variation with angle of attack. This is

&LT 1 BGT BBST

— - +

g Swp  Saf
Examination of the data shown 1In figure 15 indicatea that aeT/amf is
nearly unity. Therefore, the first two terms on the right-hand side of
the foregoing equation combine in such a way that the angle of attack of
the tall is unaffected by changes of downwash angle with angle of attack
of the convertiplane. Furthermore the data shown in figure 12 indicate
that aszT/ao,f is negligible. Thus dcup/ S 1s epproximately zero,
which implies that the wake veloeclity is nearly constant with angle of

attack. One can therefore conclude that the taill contributlion to angle-
of-attack stability is negligible,

An indicatlon of the rotor effect on stability can be deduced from
comparison of the CLT = 0 pitching-moment curve of figure 6 and the

pitching-moment curves of figure 8. From the data in figure 6, it is

seen that the contribution of the tall to angle-of-attack stabllity wes
zero; in figure 8 the tall moment wae constant {contribution to stability
was zero). Therefore, the dlfference in the slope of the pltchlng-moment
curve in figures 6 and 8 is directly attributable to a difference in the
magnitude and line of action wilth respect to the center of gravity of the
rotor thrust vector. Thus, adding the rotor to the convertiplane brought
about an unstable change in angle-of-attack Btability,_acm/amf, of approxl-

mately 00,0009 per degree at 100 knots airspeed,
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The data in figure 9 show the angle-of-attack stebility with reduced
rotor 1ift and the rotor 1ift allowed to vary with angle of attack. This
brings about neutral angle-of-attack stability. Even in this smsell rotor
1lift condition, figure 10 shows that the rotar causes an unstable change of

Cn/dap of 0.0005 per degree.

Approximate calculations indicate that the neutral point of the con-
vertiplane was at about 18-percent M.A.C., or 2-percent M.A.C. shead of
the test center of gravity. Therefore, with a forward shift in center-
of-gravity location, the convertiplane could be made stable with angle
of attack in autogiro-type flight.

' The scatter of the date presented in figure 8 'is too large to show
a change in angle-of-attack stabllity with speed. However, examination
of the downwash data (fig. 15(z)) indicates that, although Jep/dar 1is
gbout unity throughout the autogiro-type flight range, a slight decrease
in Oep/dap with increasing airspeed occurs at the angles of attack for

level flight, This tends to increase stebility. In addition, the 1ift-
curve slope of the .convertiplane is shown in figure 8 to decrease with
increasgsing airspeed. This change is attributable to the rotor character-
istics, and indicates that the variation in rotor thrust with angle of
attack decreases with lncreasing airspeed, These effects probebly comblne
to produce a small increase in angle-of-attack stability with speed.

Angle-of-attack stabllity for autogiro-type flight could not be
determined with the propeller operating because of excessive vibration.
Bowever, a comparison of data obtained with the rotor blades removed both
with and without powered propeller (fig. 11) shows that the effect of pro-
peller power on stebility was negligible. It is believed that the addition
of the rotor blades would not significantly alter this result, Therefore,
it is believed that the angle-of-attack stability of autogiro-type flight
will be unaffected by propeller operation, '

In summary, 1t can be stated that in autogiro-type flight, angle-of-
attack stablility did not exist for the most rearward center-of-gravity
position. This result was a conseguence of the variations with angle of '
attack of rotor downwash, rotor thrust, and line of action of the thrust
vector under c1rcumstances where the rotor provided a lsrge portion of
the entire 1ift of the aircraft. Calculations indicate that a 2-percent
M.,A.C. forward shift of the center of gravity would give neutral angle-
of~attack stabllity. These results assume no lag between convertiplane
angle~of-attack changes and rotor rpm changes. The effect of lag will
be discussed 1n the dynamic stability section.

Alrplane-type flight.- The convertiplane angle-of-attack stability

characteristics in the airplane-type f£light configuration are shown by
the date in figure 10. These were due primarily to the following rotor

characteristics:
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1. Rotor 1lift coefficient constant with angle of attack.
2. Rotor 1lift small in comparison with the total convertiplane lift,

The implicetions of these rotor characteristics wlth reapect to _
angle-of-attack stability factors are: .

1., The rotor contribution to downwash at the tall was constant with
angle of attack,

2. The change with angle of attack of the rotor 1lift contribution
to pitching moment was small because of the malntenance of amall
rotor 1ift.

Ttem 1 indicates that the V-tab horizontal-tall contribution to stability

should be the same with the rotor blades removed as wlth the convertiplane

in the sirplane-type flight configuration. Item 2 indicates that the

large destabilizing effect of the rotor which is present in the autoglro-

type flight configuretion would be greatly reduced in the alrplane-type -

flight configuration., Therefore, the angle-af~attack stability with the -
rotor blades removed should be about the same as the stability of the

convertiplane in the airplane-type flight configuration. Comparison of -
the appropriate curves in figure 10 confirms this, The adverse effect on »
stability of allowing the rotor 1ift to vary with angle of attack even h
though the rotor 1ift is kept small is shown by the governor-inoperative

data replotied from figure 9.

The effect of speed on angle-of-attack stability is shown by the
8g, = 10°, &y, = 20° curves of figure 10. Comparison of the 100- and
125-knot airspeed curves Indicates thaf little, 1f any, change in angle-
of-attack stability with alrspeed occurred for the airplane-type flight
configuration. This can be attributed directly to the rotor. rpm governor
which kept the rotor 1lift comstant. .. . . _ _ _ . . . - L

The effect of powered propeller on angle-of-attack stability with
the rotor hlades removed is shown by the data of figure 1l. Again, the
data indicate that very little change in angle-of-attack stability occurred
with a constant propeller rpm, These curves are believed indicatlve of o
the effect of power. om the airplane-type flight configuration as well as T
on the autogiro-type fllight configurstion. -

It can be concludéd that the XV-1 should have angle-of-attack sta-
bility in the airplane-type flight configuration. Thie 1s primarily a
result of keeping the rotor. lift coefficient constant with angle of attack,
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Statiec Speed Stability

Speed stability is defined by the slope of the pitching moment versus
veloeity curve at trim for constant angle of attack and control setiings.
A positive slope is steble. Speed stability 1s normally an lnherent
quality of powered rotors whereas autorotating rotors and sirplanes gen-
erally have neutral speed stability.

The neutral speed stability associated with the conventional auto-
giro and airplane can be changed by the introduction of anybthing which
causges an aerodynamic coefficient to depend upon airspeed. Propeller
operation, a spring in the control system, and Mach number effects are
some Of the possible causes of deviation from neutral speed stability by
an autogiro or airplane.

The pitching moment of the autorotating rotor in general and the
XV-1 rotor In the autogiro-type Fflight configuration in particular is
constant with airspeed because the rotor rpm is free to change with sir-
speed. This means that for a given blade pitch angle and alircraft angle
of attack, the tip-speed ratic, 1ift coefficlent, drag coefficient, and
downwash of the rotor tend to remain constant with changing airspeed.
The longitudinal data.(CL,CD) in figure 8 and the downwash-angle data of
figure l5(a) show that thls is essentially the case for the XV-1 in the
autogiro-type Tlight configuration. In the airplane-type flight configu-
ration, on the other hand, Cr, Cp, u, and ep vary with airspeed at a
constant angle of attack because the rotor rpm was kept constant. How-
ever, the rotor was so lightly loaded (Cr_ < 0.03) that these variables
had small effect on the speed stability compared to the effect of the
V-tab horizontal tail. From these considerations, it is apparent that
rotor-removed data will suffice to determine the speed stebllity charac-
teristics of the canvertiplane.

The important factors affecting speed stabillty are:

1. Variation of the tail irncidence angle with alirspeed, including
propeller effects, which can be expressed as OBgp/OVp. This brought
about:

(a) A stebllizing tail 1ift contribution to pitching moment with
changing flight airspeed. BExamination of figure 1k shows a
decrease 1n tall incidence with increasing airspeed, which pro-
duces & nose-up, or stsble, pitching-moment variation with
sirspeed.

(b) A destabilizing effect from the propeller slipstream. Con-
sideration of the momentum equation for propellers shows that,
at a constant engline rpm, the increment of airspeed at the tail
would decrease wlth increasing flight airspeed. This would tend
to counteract the effect of item (a).
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2, Variation of item 1 with trim-tab setting, which can be expressed
as B(BSST/BVT)BBT . Comparison of figures 1lk{a) and 14(b) shows that
the slope of the curve Qf stabllilizer incldence mngle versus &alrspeed
increased with increasingly negative trim-tab setting., This indicates
en increasing taill contribution to speed stability ag the trim-tab
deflection becomes more negative,

Because the rotor in hoth the autoglro-type and slrplene-type flight
configurations contributes very little to speed stabllity; the rotor-
removed data can be used to determine the speed stabllity of the XV-1
under both of these conditions. Figure 16 shows the pltching moment versus
velocity curves for the rotor-removed configuration. The curves of fig-
ure 16 are cross plots of the data in figure 7. The powered-propeller
curves in figure 16(c) were calculated by adding a plteching-moment incre-
ment due to the powered propeller, obtalned from tables II and III, to the
rotor- and propeller-removed pitching moments.

Analysis of figure 16 indicates that the pitching moment versus
veloclty curve for a given angle of sttack and velocity 1s a valid indil-
cation of speed stability at each trim-tab setting. The servo-tab setting
could be changed to bring about trim, but the speed stabllity at a given
speed did not change. It can therefore be concluded that the XV-1 will
have speed stability throughout the flight range investigated with the
propeller removed (power off). The magnitude of the power-off stability
increases with larger negatlve trim-tab deflections and decreases with
airspeed. The powered propeller decreases speed stabllity and 1s very
likely to produce speed instability at the higher englne rpm's and smaller
trim-tab settings. Large negative trim-tab settings can be expected to
improve the powered-propeller instability and may completely eliminate it.
The analysis 1n Appendlix A discueses these characteristics more completely.

Longlitudinal Stick Motion and Control

A more forward stick position for trim with increasing alrspeed is
defined as stable stick motion., Possgible stick motlon instability was
evidenced by the XV-1, both with power off (propeller removed) and at
rated power, for & trlm-tab setting of -20° S

The important factors with respect to stick motion for the given
configuration are a combination of the factors discussed in the static
angle-of-attack and speed—stability sections. They are:

1. The change in speed stability with ap (change in angle-of-attack
stability with speed), which can be expressed aB B(BCm/BV)C —o/amf

or 3(3en/dug) g _o/3V.
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2. Varlation of downwash at the tall with ag, which can be
expressed as BGT/Bmf.
W

3. Control linkage characteristics, which can be expressed as

OV _o/08g, -

k., Horizontal-tail characteristics with eirspeed, which can be
expressed as a&ST/BVT and B(BBST/BVT)/BSTO. Of these variables,

the trim-tab setting was the most easily changed. Therefore, an
analysis was conducted to determine the stick motion characteristics
at a trim-teb setting of ~-60°. The details of the analysis are given
in Appendix C.

Figures 17(a) and (b) present data showing the variatlon of pitching
moment to be trimmed out as a function of alrspeed for certaln test con-
ditions. The pitching moments to be trimmed ocut were obtalned from fig-
ure 8 or 10, depending on the convertiplesne configuration in question.
These dala were chosen at the 1ift coefficient required for level flight
at each airspeed. The powered-propeller data at a trim-tab setting of
-20° were obtained by adding an increment in pilitching moment due to the
powered propeller from table ITT to the power-off pliching moment obtained
from figure 8 or 10. The powered-propeller data at a trim-tgb setting of
-60° were calculated by the method described in Appendix C. The changes
in servo-tab deflection required to balance the moments discussed gbove
were obtalned from the calculated V-tab horizontal-tail characteristilcs
ghown in figure 18 and the corresponding curves of the stick position
required for trim versus airspeed. These data are shown in figures lT(c)
and (d). These calculations are believed to give only the gross effects
of power and control setting.

Autogiro-type flight.- Analysis of figure 17(c) indicates:

1. Power-off stick motlon with changing alrspeed at BTO = -20° is

unstable for the low-speed end and neutrslly stable at the high-speed
end of the autogiro-type flight range. b

2. The effect of powered propeller on stick motion with changing
alrspeed is to produce instability st STO = -20°, The stick travel

required for trim exceeds the forward 1imit at airspeeds less than
about 80 knots, so that the convertiplane then becomes uncontrollable.

3. The effect of changing the trim-tab deflection to -60° under the
conditions in Iitem 2 would bring sbout stable stick motion with
changing airspeed. This change in trim-tab setting places the stick
position for trim well within the control limits.
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It can be concluded that the XV-1 in the autogiro-type flight con-
figuration can have stick motion stability with powered propeller at a
trim-teb setting of -60°. Moreover, it is believed that the XV-1 can
have stick motion stability and be controlleble at & trim-tadb setting
as low as -40°. Free-to-float tests qualitatively support this conclusion.

Alrplane-type flight.- Because of the difference in rotor character-
istics, there is considerable change in the stick position variation with
airspeed between the autogiro- and sirplane- type flight configurations.
Analysis of figure 17(d) indicates:

1. Stick motion with power off is stable at ST = -20° in the
alrplane-type flight range investigated.

2. The effect of powered propeller on stick motion is to produce
almost neutral speed stability at &p = -20°, The stick position

for trim i1s well wlthin the control limits.

3. The effect of changing the trim-tab deflection to -60° under the
condltlions in ltem 2 would bring about stable stick motion. This
trim-tab setting places the stick p081tion for trim well within the
control limits.

It can be concluded that the XV-1 in the airplane-type flight con~
figuretion can have stick position stability with powered propeller at
large negetlive trim-tab settings. It 1s believed that the XV-1 in the
airplane-type flight configuration can have stable stick motion and be
controllsble at the same trim-tab settings (&T = =409 to -60°) appropriate

to autogiro- type flight Free to float tests qualitatively support this
conclusion.- ' T

An interesting property of the V-tab horizontal tail 1s its ease of
modification. Increased stiffness of the trim-tgb spring would provide
greater control effectlveness, if needed, without large aircraft modifi-
cations. An increase in the stiffness of the spring would, however,
reduce the speed stabllity contribution of the horizontal tail as indi-
cated by the analysis in Appendix A.

Longitudinal Dynamic Stabllity

Within 1imits, indications of the dynamic stability characteristics
of the convertiplane could be obtained from the free-to-pltch test results.
The results are only an indicstlion because of the constant tunnel air-
speed, friction damping in the support system, and restraint in vertical
translation. )
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In the autogiro-type Flight configuration the small amount of pitch
freedom (1/2°) did not allow determination of the stebility character-
istice. However, it ie probable that the convertiplane would not be as
gusceptible to instebility during gusts and pull-up maneuvers as the static
angle-of-attack stabllity discussion would Indicate. -This is possible
because of the lag between changes in convertiplane angle of attack and
corresponding changes in rotor rpm. In conditions such as these, the
convertiplane would probably be as steble in the autogiro-~type configura-
tion as in the airplane~type configuration.

In the airplane-type flight configuration, the tests indicated the
aircraft would be dynemically stable with angle of attack. Dynamic insta-
bility did cccur in the sirplane-type flight configuration when the rotor
rpm governor had too much lag. Several slight modifications to the governor
corrected the excessive lag and made the convertiplane dynamically stable.

Interference Between the Fixed Wing and Rotor

Because of the general interest in the effect on an aircraft of com-
bining a rotary wing and a fixed wing, the datas in figures 19 and 20 were
replotted from figures 7, 8, and 10 in order to compare directly the 1lift
and drag contributions of the aircraft components in both the autogiro-type
and airplane-type flight configurations. Included are full-scale rotor-
alone date obtained from reference 2.

Autogiro-type flight.- The data in figure 19 indicate that the meas-
ured lift in the autogiro-type flight configurstion was less than the sum of
the rotor-removed and the rotor-alone 1ift for corresponding values of wing
angle of attack and rotor tip-speed ratio. This result is not surprising
for a biplane lifting system. 8Since the most tangible factor causing the
difference is the reduction in actusl wing angle of attack caused by the
rotor downwash, the calculated reduction in wing angle of attack (based on
the theory of ref. 5) from this source is shown in figure 21. For compari-
son, the change in wing angle of attack which would be needed to account
for the entire 1ift difference in question is also plotted. The comparison
indicates that rotor downwash can account for most of the difference under
some conditione and sbout half of it for the remaining conditions.

The effect on the 1lift-drag ratios brought about by sdding the lifting
rotor to this aircraft is shown below. The data presented are at the angle
of attack of the complete convertiplane required for level flight at three
airepeeds., The isolated rotor data in the two columns below were chosen
to match the corresponding rotor-tip-speed ratic and nominal rotor-~blade
piteh setting of the complete aircraft.



20 S NACA RM AS5K2la,

L/D
v, Qp, Theory -
H lcomplete( Sum of Rotor [Rotor | Rotor (clean Theory
knots| deg airoraft|components| Dledes [blades| blades blage) (including
removed|alone jand hubl| . a ¢ | bub drag)
75 { 3.65]0.23] 4.8 5.4 T.7 4.8 4.5 6.8 6.3
00| 651 .32] 5.0 5.8 6.2 5.6 h.g g.1 Tk
125 |-L.k | k1 k.1 5.2 4.6 5.7 4.6 10.9 T.h .

LThe addition of the hub caused air-flow separation on the pylon. These date
include both the hub profile drag and the air-flow separation drsg.

The lift-drag ratios of the complete aircraft were éppreciably less
than those derived on the basis of the sum of the components. This may
be attributed to the interference inherent 1n a biplane lifting system.

Theoretical rotor lift-drag ratios calculated from reference 6 are
included egbove. Considerable discrepancy between the experimental rotor
data and theoretical predictions is evident. Two possible explansations.
for the lower experimental values are (1) rotor blade profile drag higher
than estimated in reference 6, and (2) rotor hub and pylon alr-flow- i
separation drag neglected in the theoretical calculatlons, It ls believed
that the discrepancy at 75 knots weas due principally to item 1. This was
caused by tip burners, strain gages, and so on. It can be noted that the .
theoretically predicted trend toward higher lift-drag ratios with lncreas-
ing tip-speed ratioc was nqot shown by the test data. It 1s believed that
this was partially dune to the increasing importance of the hub- and alr- _
flow-separation drag with forward speed of the aircraft. In an attempt
to account for this type of rotor drag, the measured hub end air-flow-
separation drag (ACD = 0.0039) was used to modify the theoretical 1ift- .
drag ratios. The result of this calculation is compared above with the -
rotor-blades &nd hub data. This comparison indicates that the theory of
reference 6, when concerned with practical rotors, may be seriously limited
at the higher airspeeds because of the difficulty in accurately estimating
the drag of rotor camponents such as the hub, exposed linkages, and
mounting structure.

Alrplane-type flight.- Figure 20 shows that in the alrplane-type
flight configuration, interference between the fixed wing and rotor still
exists, the complete aircraft 1lift belng less than the sum of the com-
ponent lifts.

A summary of the effect of the rotor in the alrplane-type configu-
ration on the airplane lift-drag ratios is listed below for the angle of
attack of the convertiplane required for level flight at 125 knots.
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Configuration L{D

(2) Aireraft with rotor blades removed
(includes hub-and air-flow-
geparation drag) T

(b) Rotor-blades alone 4,

(e¢) convertiplane 5

(d) Sum of the aircraft components

((a) + (b)) 5.

. It cen be seen from the foregoing data that the addition of even a
lightly loaded rotor to an airplane will reduce the airplane efficilency
significantly. In comparison, it can be pointed out that the lift-drag
ratios of conventional airplanes having the same gross weight and maximm
speed are in the neighborhood of 10.

Aircraft Drag

A study was made to determine the drag contributions of the various
aircraft components in order to find out if the sea-level performance
could be improved. ’ T

The drag tests consisted of two parts: (1) Attempts to reduce the
alr-flow meparation due to hub-pylon interference, and (2) a general
aircraft clean-up.

Hub-pylon interference.- Flow separation on the pylon due to the
infiluence of the rotor hub had been noted in small-model tests, and tuft
studies on the full-scele asircraft confirmed the small-model tests in
this respect. The tuft studies showed that the separated area extended
from the top of the pylon at the rotor center line down diagonally across
the pylen as shown at the top of figure 5. Even with unseparated flow,
obtained with the high fairing and sealed joints, the tufts indicated a
downward flow on the pylon. It is believed that the flow separation
originated at @bout the maximum-thickness point on the rotor-shaft housing,
between the hub and the pylon. Modifications made to the pylon in an
attempt to stop the air-flow separation are shown In figure 5. A list of
the drag increments realized by some of the modifications is presented
below. In all the high fairing configurations, the rotor blades were
removed. = ' '

Configuratlion ACDH
High failring 0.0002
Bigh fairing, all jolints
sealed -.0022
High fairing, low fence 0003
High fairing, high fence .0003
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A significant drag decrease was brought gbout by use of & high fairing
only with all the joints sealed. That the reductlion in drag resulted from
elimination of the alr~flow separation on the pylon was shown by tuft
studies; the high fairing would not, however, sllow the rotor to rotate.
Thus, it is not known if the rotatlng rotor would have caused separation
with the high fairing, In all cases, fences increased the drag.

An attempt was made to control the alr-filow separation on the pylon
by removing the separated alr through perforeted areas and holes. The
autorotating rotor was used as a pump. No decrease in drag was evidenced
by the avsilable suction through the perforated areas. Suctlion through
the holes decreased the drag coefficient by 0.0003, but the tufts indicated
the same separated region. Fences used with the holes brought about & net
increase in drag. Although suction-alr quantity wes not measured, it is
probable thaet insufficient alr was drawn through the perforated areas and
suction holes. In additlon, the perforated areas and suction holes may
not have been in advantageous locations. o . e

Alrcraft clean-up.- Aircraft clean<up wag the other attempt at drag
reduction. In the clean-up programs, external protuberances were falred
and gaps were sealed. Varlous components.of the alrcraft were removed
and thelr drag contribution determined. Finelly, the drag contribution
of the support system was evaluated. The results of the clean-up are
listed below for the angle of attack corresponding to level flight in
the alrplane-type configurstion at 125 knots. Drag coefficient of the
aircraft before the clean~up was 0.0230 at the angle of attack requlred
for level flight at 125 knots.

Configuration and components o .. &Cp
Rotor blades and hub sealed and faired 0.0000 T
Normal pylon, gaps sealed —_ . .. 0000 -
A11 practicable fairings - - -.0004
Rotor blades removed -.0063
Hub removed - .0039 _
Tall-fan assembly, pitot static mast wing tip i _
skids removed - - . 0002
Engine ducting unsealed .0006
Skid lending gedr removed -.0019
Piteh sgtrut and pitch-strut falrings removed .0000
Lift struts - .0006

Of the component drags listed above, the rotor blades and hub account
for 0.0102 or 45 percent of the total. If the hub-pylon interference dreg
were eliminated, the rotor blades and hub drag would account for 0.0080
out of 0.0208, or 38 percent of the total. This is in the configuration
where the rotor 1s merely an appendage to the convertiplane. Therefore,
in comparisons of the XV-1 type convertiplane with conventional alrcraft,

- 4
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the inherent high drag of the autorotating rotor system, even with low
rotor 1lift, introduces a severe performance penalty during high-speed
operation. '

When the landing skids, tail-fan assembly, pitot static masty and
wing-tip skids were removed, and all practicable fairings were used} the
reduction in drag coefficient was 0.0025. In addition, when the pylon alr-
Plow separstion was completely eliminated the total drag reduction was
0.00LT or about one-fifth of the drag existing with the airplane-type
configuration at 125 knots.

Figure 22 shows the Improvement in performance due to the aircraft
clean-up program in the horsepower versus airspeed form. The reduction
in drag that would be realized if the air-flow separation on the pylon
were completely eliminated is not included. An increase in maximum speed
of the aircraft from 120 to @bout 130 knoits at rated power 1s indicated
if the drag coefficient is reduced by 0.0025.

CONCLUSIONS

Results of the full-scale wind-tunnel investigation indicate that
the XV-1 convertiplane should successfully accomplish the autogiro-type
and airplane~type portions of its prescribed flight plan. Unexpectedly
high drag, however, could seriocusly limit performsnce.

In regard to longitudinal stability, control, and performance
characteristics:

1. By proper cholce of trim-tgb setiing the convertiplane can be
made statically steble with respect to speed and stick motion with the
center of gravity at the most rearward position throughout the airspeed
range investigated. Longitudinsl control should be adequate, provided
that large negative trim-tsb settings are used.

2. The convertliplane was statically unstable with angle of attack
in the autogiro-type flight configuration. This was with the center of
gravity at the most rearward positiomn.

3., The loss in 1ift due to interference between the fixed wing and
the rotor could not be calculated accurately using simple premises. This
interference caused the lift-drag ratios of the complete aircraft to be
eppreciebly less than those calculated from the individusl component data.

k, Although the rotor conmtributes little 1ift during airplane~-type
flight, the rotor blades, rotor hub, and hub-pylon interference are respon-
sible for 45 percent of the total drag. If the hub-pylon interference
drag were eliminated, the rotor and its hub would contribute sbout 38 per-
cent (based on the revised totel drag) of the total convertiplene drag.
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5. Use of the methods developed in the appendices, along with the
downwash theory of NACA TR 2912, permits & reascnably accurate estimate "
of the tall-contribution to longitudinal stability and control parameters.

Ames Aeronautical Laboratory

National Advisory Committee for Aeronsutics
Moffett Field, Calif., Nov. 21, 1955
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APPENDIX A

ANALYSIS OF A V-TAB HORTZONTAIL TATL

ek ——

Consideration of the longitudinal stability and control problems
of a convertiplane indicates that a free-floating horlzontael tail can be
made to glve desirsble contributions to the alrerafit!s longitudinel
characteristics.

A survey of free-floating tail configuretions indicates that a
satisfactory design from the standpoint of small control forces, rapid
response, and freedom from dynamic instebility is one where the hinge
line is located &t the aerodynamic center. Although hinging a surface
behind the aerodynamic center contributes more to longitudinal stabllity,
the anslysis herein deals only with the former arrangement to avoild the
complications due to the dynamic problems assoclated with the latter.

Modifications necessary to the horizontal tail hinged at the aero-
dynemic center are (1) a servo tab for control and (2) a linkage between
the stabllizer and the tabs to provide ertificial stability of the tail
with respect to itself. It would be convenient, for the sske of control,
1o have a trim tab on the tail so that control position could be varied.

If the linkage were also connected to the trim tab, more positive stabi-
lization of the tall would result; consequently, it will be assumed that
the linkage would be used on both tabs. Properties of the free-floating
tall mounted at the aerodynamic center with the aforementioned controls

and linkages are (1) the stebilizer incidence constant with angle of .
attack, (2) stabilizer incidence dependent only on the relationship between
the gervo and trim tabs. Since the stabilizer-tab linkage makes the tab
engles dependent on staebilizer angle, the stabillizer must adjust its ilnei-
dence until an equilibrium position is reached. These tall characteristics
meke the tail similar 4o an all-moveble horizontal tail. For this con-
figuration the linkage between the servo tab and stick can be adjusted to
give the proper stick motion. The tail, as described thus far, can pro-
vide stick-motion stability.

Speed stability properties can be introduced into the horizontal-tail
system by spring loading the trim tab so that the actual trim-teb deflec-
tion i a function of airspeed as well as the stabilizer angle and tab
setting. The result of the spring-loaded trim tab in the system is that
the stabilizer angle becomes Increasingly negative with increasing sair-
speed, the magnitude depending on the trim-tab spring rate.

In the usual configurabtion, the trim-tab spring may not be required

since neutral speed stebility is generally acceptable; however, in the
case of the XV-1, the location of the horlzontal tall in the propeller
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slipstream might introduce a large destsbilizing effect on speed sta-
bility. Therefore, the trim-tab spring acted in s direction to improve
speed stability.

On the XV-1, an additional spring was incorporated to hold the sta-
bilizer at an incidence angle of 60° to LO knots flight speed in order
to avold large down loads from the rotor downwash in helicopter flight.
At speeds greater than 40 knots the tabs became effective and the tail
had sufficient aerodynamlc moment to overcome the stabilizer downspring.

In order to understand better the flying tail properties, the govern-
ing factors are presented in equation form, A similar analysis is pre-
sented 1n reference 1., The stabllizer-tab linkage ratio is defined as

d8 3%
T aaT o ass (1)
ST
ST /% 85,
Then actual teb deflection 18, for the linear range,
tole]
8g = B8g +<b S)ssr=5s + Tdgp (A2)
o dar o
(aaT ) 5 5 (a3)
= + = 4T
5p = O, Soag/ ST &7, ST
The effect of spring loading the trim tab can be expressed as
B¢ = 787
for a glven configuration in incompressible flow
&
7 =5 = 1(V) (ak)
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The hinge moment introduced by the trim~teb spring can be expressed as

_ K(dp - 84)

Chepring A
a4 5 Stet

Furthermore, at same equilibrium position, the hinge moment of the trim
tab must equal the moment of the trim-tab spring

K(&p - 54)
Chm(mqﬁ + Cha(st) = —ffz———z- (45)
93 St
substituting equations (A3) and (Ak) into equations (A5) yields
, - (46)

<Ch5q L ste + K) <§To + -rssr>

In comparison with Cha’ Cha is small. This is verified by comparison
of the computed curves in figure 13 in which the simpler equation for 7

K

7 = (AT)

P |
hgd g Syegp + K

is compared with equation (A6). The value of -0.006k for Ch5 used for
the computstions was obtained from reference 7.

An equation for the stebilizer angle may be cbtained by writing the
equation for the moments sbout the stabilizer hinge line.

d O
C"’T = balance moment + Og (___CE + 51;< CmT) + downspring moment = O
BSS as-t - ( 8)
A
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Calculatlions showed that the moment due to tail and tab unbalance was
negligible for the XV-1l. _In_ the linear range the downspring moment equals
6.2 + 0.288gp foot-pound per degrée (fig. h%B)) The substitution of
equations (A2), (A3), and (Ak) into equation (A8) leads to the following

expression for 8gp:

R

Equation (A9) is evaluated by the comparison of the theoretical,
experimental full-scale, and interpolated small-model data showing the
change in stebilizer angle with alrspeed for several irim and servo-tab -
combinations in figure 14. The value of -0.004k for (acmT/aas) or

(BCmI./BBt) was obtained from reference 8. As can be seen, equation (A9)
provides a failr estimate of the absolute values of stabilizer angle and

a good estimate of the slope of the curve of stablllzer angle versus alr-
speed. The lack of correlatlon was traced to the difficulty in sccurately
determining the trim-tab ratio, y. BSBubstitution of experimental wvalues

of 7 in equation (A9) gave calculated agreement within 1/20

9 ST (a9)
acmT)] 0.28

o)

ap =

d8g

In view of this, it is concluded that the simplified analysis pre- . -
sented herein can be expected to provide reliable estimates of the V-tab
free-floeting horizontal-tall contribution to longitudinal atabillty and
control parameters.

The change in pltching moment of the complete aircraft with servo-
tab or trim-tab setting may then be calculated by the usual equation for
the horizontal-tail contribution to plitching moment.

ip

g '
ACy = ? —EQTABST (A10)

Rl

This equation was used to calculate the V-tab floating-tail effectiveness
shown in figure 18. .
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APPENDIX B
ESTIMATION OF ROTOR DOWNWASH

In order to estimate the stability characteristics of an aircraft,
it 18 essential to know the downwash-field properties with some sccuracy.
Therefore, an evaluation of the existing downwash theory as applied to
the XV-1 type of aircraft was considered to he of interest.

Figure 15(a) compares the downwash angles calculated using the theo-
ries of referencee 5 and ¢ with the downwash mesasured from the V-tab
floating tail in the. investigation reported herein. Reference 9 allows
calculation of downwash through the rotor disk only. Reference 5 extends
the theory of reference 9 to allow calculation of the downwash angle at
any point in the flow field.

In order to calculate the resultant veloecity at any point in the
rotor wake and thus the angle between the axis of the wake and the free-
stream direction, the following must be known: OCg, p, and angle of the
tip path plane with respect to the free-stream direction. When these are
known, the vertical component of the velocity at a desired point in the
flow field can be calculated or read from the charts provided. Then the
downwash angle can be calculated from

For the XV-1, full-scale rotor data from previously conducted tests were
available so that the rotor-alone 1ift could be accurately obtained for a
get of given conditiona. With these experimental values, the vertical
component of the veloeclty, w, at the tall could be calculated and the
downwash angle at the tail due to the rotor determined.

For the XV-1, both the rotor and the wing contribute to downwash at
the tail. In order to allow for the unloading of the wing by the rotor,
the average change In angle of sttack of the wing due to the rotor down-
wash was calculated as ocutlined sbove for the case of the tall. These
calculations are shown in figure 21. The corresponding downwash due to
the wing for the revised angle of attack of the wing (mf - Gw) was found
from figure 15(b) and added to the calculated rotor-alone downwash to give
the curves presented in figure 15(sa).

As can be seen in figure 15(s), the full-scale and small-model meas-
ured downwash at the tall were in good agreement, but the calculated abso-
lute values show poor agreement with experimental absolute values and only
fair sgreement with respect to slope. However, stebilitywise, slope is
the most Important. In view of this, it can be concluded that the theory
presented in references 5 and 9 will provide estimstions of the downwash
at the tall with sufficient accuracy to permit first-order approximations
of the longitudinal stability parameters of an XV-1 type aircrarft.

— L
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APPENDIX C
ESTIMATION OF STICK-MOTION STABILITY

In order to obtain an indication of the effect of trim-tab setting
on stick-motion stability for both aircraft configurations considered
herein, it was necessary to extend the limited dats obtained in the wind
tunnel. This was necessary since very little data were obtained in this
Investigation with large negative trim-tab settings and the propeller and
rotor operating simultaneously.

Ag mentioned in the discussion of stick-motlion stabllity, the curve
of pitching moment at the lift coefficient required for level flight at
a glven airspeed versus alrspeed for constant control settlings can be
used to calculate the stick position for trim variation with flight air-
gspeed. The procedure followed arnd assumptions employed in calculating
& curve of this type asre presented below.

The analysis in Appendix A provides a means of determining the sta-
bility contribution of.the horizomtal tall for a range of trim- and servo-
tab deflectlions over a range of velocities. The calculated characteristics
are shown in figures 1k and 18. The degree of reliability that can be
expected from the analysis in Appendix A is shown by the comparisons made
in figures 13 and 14 with experimental values. Since the tail character-
istiecs are a function of airspeed at the tall, the additional increment .
of velocity at the tall due to the propeller slipstream must be considered
before applying the results of the analysis in Appendix A to estimate
stick-position stabllity at another trim-tsb setting.

Evaluation of Method .. ._____ . o e

In order to egheblish & valid method of calculating the increase in
alrspeed at the tall due to the powered propeller and its effect on the
pltching moment, calculations vere made for conditions which correspondeéd’
to available data points. The method of the caiculation was as follows: -

1. The velocity increment at the tall due to the propeller slipstresm
was calculated by the momentum method assunling 25-percent propeller disk
blockage.

2. A ACp due to the change in alrspeed at the tall was foumd from
figures 18(a) and (b).

3. The A&C, of ltem 2 was corrected to free-stream gq.

L
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4, The ACp due to the propeller thrust acting on a point away
from the moment center was calculated.

5. The AC,'s of items 3 and Y were added to the propeller-removed
data to give the final estimation.

A comparison between the measured data and célculated dsta 1is pre-
sented below.’

V, knots ™ 100 125
Propeller rpm 1500| 2100| 2250| 1500 2200 2350| 2h0O
Cp, experimental 0.016]0.025|0.029[0.0130.022|0.024}0.010
Cm, computed 0.025]0.031}10.037}0.012|0.0120.022{0.007

The data at T5 and 100 knots are for a constant angle of attack for each
airspeed with a trim-tab setting of -20° and a servo-tab setting of 10°.
The aircraft was 1n the autogiro-type flight configuration. The data at
125 knots are for the same tab settings, but with the rotor blades
removed. - ' )

Although the agreement between computed and experimental values of
pitching moment was acceptsble at 100 knots, the agreement was poor at
75 and 125 knots. This lack of agreement 1s believed to be mainly due
to the inadequacy of the momentum theory used to prediet the average
change in velocity at the horizontal tasil. Based on the foregoing com-
parison, corréction factors to the calculated velocity at the tall were
obtained for each free-stream velocity and power setting shown above.
The correction factors were extrapolated to the desired engine rpm.

Estimstion of Pitching-Moment Increment
Due to Trim-Tab Deflection

The effect of chenging the trim-tab deflection from -20° to -60°
with powered prapeller was calculated by the following method:

1. Velocity at the tail was calculated by the momentum theory and
corrected by the required factor.

2. The AC, caused by a change in trim-teb setting from -20° to
-60° at the appropriste tail airspeed was found from figure 18.

3. The ACp of item 2 was corrected to free-stream airspeed.
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4, The ACp of item 3 was added to the powered-propeller pltching
moment for ®g, = 10°, dp, = -20° (shown. in figs. 17( ? and (b)) to give

the Bg, = lOO, &P, = -60° pitching moments.
Estimation of Stick Position for Trim

The stick positlion for trim was calculated using the above piltching-
moment increments. A point by point construction of the curves 1s shown
in figures 17{(c) and (d). The method was es follows:

1. The pitching moments for &g = 10°, &p = -60° of item 4 above

were changed in order to reference them to the actual tail alrspeed. The
ACp  to be trimmed cut by the servo tab was then obtained from figure 18.

2. The servo-tab setting for trim was then found from figure 18(b).
This was converted to equivalent stick position by use of the equation
p=1.98g - 21.6

Accurecy of Calculated Tall Characteristics

Because of the influence the calculations shown in figure 18 can have
on the stick-motion.stability analysis, an indicatlion of the accuracy that
can be expected from figure 18 is gilven below. The data show the experi-
mental ACy/AV from figure 16(b) and the corresponding calculated values.

Trim-tab setting |ACL/AV, experimental | AC,/AV, calculated

-20° 0.0001T7 0.0001k
-40° .00023 .00022

These comparisons indlcate that the accuracy of equations (A9) and
(A10) and the curves in figure 18 were sufficlent for use in estimating
the stlck-motion stability shown In figure 17.
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TABLE I.- PHYSICAL CHARACTERISTICS OF THE XV-1 CONVERTIPLANE

Rotor . : : = e
Diameter, f£ . ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 4 ¢ o o o ¢ ¢« o + ¢ o @ 31
Disk area, sq ft . . . . e e e e e e e e e e e e e 758
Solidity ratio (or factor) e e e e e e e e e 0.09

AITPOIL + 4 o v v o o o m v v m i w e o .. NACA 632A(1 5)15
Blade twist, center to tip, deg e e s e e e s e e e -8
Blade chord, ££ + & « « o = o o « o o o s o « o o o s @ 1.162

Mass constant, per radian . . . . v 4 e 4 4 e e e e o . k.2
Wing
Area, BG fL « o « o o o o o 2 a4 o « o o o s s e o 4 o o 99.6
Aspect TBEI0 v v v 4 i et 6 6 e o s e e s e e e e e e 6.76
Span, Tt o« ¢ ¢ 4 ¢ ¢ o 6 e e 4 4 e e s e e e s 8 s e o o 26
MACoy T 4 ¢ v 6 v 6 6 o o o o o « o o o a s o & o o o 3.91
Airfoil « & 4 & v . © e+ e e e s e s « « o« NACA 6308215
Incidence of inner p&nel deg T 8
Incidence of outer panel at boom, deg . « « « ¢« « « o & 8
Incidence of outer panel at tip, deg . ¢« « « + « o« &« « & 5
Dihedral, deg « « ¢« o o ¢ o o o a « o s « o o =« ¢ o & o o
Sweepback of the gquarter-chord line, inner panel,
GEZ ¢« ¢ ¢ ¢ e 4 4 4 s e 6 s s s s e 8 o o o & o o a o 0
Sweepback of the quarter-chord line, cuter panel, S _
AE€E ¢ ¢ & o ¢ 4 e e.8 s s o s 6 2 s s e s s o & 8 & = 11.5
Horizontal tail
Ares, 80 £t « ¢ ¢« ¢ ¢ 4 o o o s s 4 4 4 s & se a a o s 16.97
Span, £t v v & 4 ¢ o 4 o o ¢ e o e e 8 4 6 4 e e e e 8.17
Chord, £ & & 4 ¢ e o o o ¢ o ¢ o o o o o o o s o o o & 2.08
Aspect ratio . . S A ot " 3.92
Hinge-line location, percent chord . « « & ¢« ¢« o ¢ o o & 22.5
BIrToll o ¢ 4 o o % o o o o o o o o s o s 6 o o s e NACA 0012
Distance from rotor center line to tail hinge line, ft . 16.71
Tabs
Ared, BQ £t ¢ o 4 4 ¢ o o o e s o s o s s 50 o o e 0" 1.28
SPan, £ o« « « o o o o o o o s o o o e s 8 o s o e s s e .08
Chord, ft . . . « o e s 4 4 s e e s s » 0.312

OVEeYhaNE o o« ¢ « o o ¢ o« o » o o o s o o o e « o o o 0.10 ¢

Spring constant (trim tab only), Per deg « « « o « « » o« -0.05 £t-1b
G’ap ¢ 6 @ ¢ @& & o6 .6 & e 8 s s & e " e e @ o s e & & & o O-Ol C't
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TABLE IT.- AERODYNAMIC DATA WITH PCWERED PROPELLER AND ROTOR BLADES

ol

+REMOVED; V = 125 KNOTS

8
Sg? | Bmys [ c C
deog deg | deg Engine rpm L D Cm
10 -20 | -2 2L00 0.044 | -0.0063| 0.0110
10 -20 0 2400 070 | -.0060| .0100
10 -20 2 2400 .095 ] -.0051L] .0083
10 -20 i 2400 Jd19 | -.0034k{ .0068
10 -20 6 2400 k2| -.001k| .o00L8
5 -20 |-2 1500 .053 .0107 | -.0005
5 -20 o} 1500 .078 0116 | -.0029
5 -20 2 1500 .101 .0127| -.00L5
5 -20 Ny 1500 .123 0145 | -.0060
5 | -20 6 1500 J1hh 0168 | -.007L
5 -20 | -2 2k00 .050 | -.0072| .00L6G
5 -20 o 2400 O7h | -,0067| .0036
5 -20 2 2koo .098 | -.0056| .0019
5 ~4o | -2 2400 .053 | -.0063} -.0069
5 -40 o] 2Loc 078 | -.0057} -.0079
5 -0 |[-2 1500 057 0121 | -.0115
5 . =40 o] 1500 .080 0128 | -.0120
11.5 {-30 -2 1500 - .07 ol1k (1)
12 -30 0 1500 .07 0117
13 -30 2 1500. .10 0126
1k -30 i 1500 .12 oiks
15 -30° 6 1500 Jak LOL7L
5 -30 |-2 2400 .06 -.0072
6 -30 0 2L0oo 07 -.0071
8 -30 2 200 .10 -.0050
9 -30 by 2400 A2 -.0035
10 -30 | 6 2h00 .15 -.0007 v

IAireraft free to flost

35



TABLE III.- AERODYNAMIC DATA WITH POWERED PROPELLER

Y, [2807|0Tos{ %t |Contigu-|Rotor|Engine o Cp Cn v, |%®ss; |8p:]ers |Configu-|Rotor [Engine c, | cp |cm
knots | deg | deg|deg|ration? | rmm | rpm knots |deg |degldeg| ration | rom | o
™ |10 |-20 [0 2 118 | 2050 [0.093]-0.0360]0,0190f] 100 [ 0 |-30]-1 2 180 | 1500 0.09{0.0149|(=2)
75 | 10 |-20 |2 2 178 | 2250 | .119{ -.0352] 01874l 100 | 5 [-30]-1 2 180 { 1500 { .0B| .01TT
75 | 10 [-20 L 2 118 | 2250 | J147| -.0335) L0163 |f 100 | O |-30]-1 2 175 | 1500 | 09| OLLs
75 | 10 |-20 {6 2 18§ 2250 | JA71| -.0309) .0126(] 100 | O [-30{-1 2 175 { 180a | 09| 0073
75 | 10 (~20 {k.2] 1 345 { 1500 | .372( 0598 .0165 00 {0 (-30{-1 2 175 | 2250 | .04 [-.00Th
7 | 10 [~20 k2] 1 35 | 2100 | .361| .0#BA| .02k || 100 10 [-30] 2 1 330 | 1500 | .22] .0kOO
79 |10 {-2¢ {k.2] 1 345 | 2250 | .336] .01B5( .0200 || 100 |11 |-30] 3 2 175 | 1500 | J14) LOLTh
™| 5 [-30 |3 1 325 | 1500 | .332| .051%(-.0c0B |} 100 | 1.8/-30} O 1 325 | 1500 | .20] .0337
75 | 5 |~bo |3 1 325 | 2300 | .333| .0lao|-.ocho |t 100 } 5 |[-ko} O 1 325 | 2300 | .19} .0058
100 | 10 |-20 {0 2 17 | 2350 | .084| -.m153] 0159 || 125 | 0 |-30}-1 2 175 | 1500 | .08] .017T
00 | 1p |=-20 ]2 2 175 | 23%0 | 109] -.0137| 0129 125 15 |-30f 2 2 175 | 1500 | W12] 0201
100 | 10 |-20 L 2 i | 2390 | .135 ~.0127| 017 125 |5 |-30) 2 2 175 | 1900 | 12| 0147
100 | 3D |-20 |6 2 175 | 2380 | .157| ~.0100| DOk 125 | 5 [-30f 2 2 175 | 200 | .12f .0118
100 | 10 (=20 (1.4 1 350 | 1500 | .22k .0379] OL27(| 125 [ 5 [-30| 2 2 175 | 2200 | .12( .0085
100 | 10 |-20 |1.4| 1 350 | 2200 | .216) .OL62| .pAT|| 125 | 1.8{-30] 2 2 17 | 2300 { .12{ .0059
100 | 10 |-20 |1.h| 1 350 | 2350 | .212| .0097| .0237|f 129 | 1.8]-30} 2 2 175 | 240 | .12] 0029
100 | 10 |20 |2 2 175 0| Jax7| .oess| 0007 || 125 |12 {-30] 2 2 175 | 1500 | .11 .0190
100 | 10 |-20 |2 2 175 | 1500 | L118| .0150| ,0015 || 185 |13.5]-30{ 4 2 180 | 1500 | .14{ .0215
100 | 10 |-20 {2 2 175 | 155% | .117| .0130| 0026 {| 125 |1k,5]-30| & 2 180 | 1500 | 15| .023L
100 | 10 |-20 |2 - 2 i | woo | vyl .oie2] ooer|] 125 | T [-30) 2 2 s | aws0 | ,11] .po1o
100 | 10 [-20 |2 2 175 | 1650 | 6| L0108 .003410] 125 | B8 |-30] L 2 150 | 240 | .13 0031
100 | 10 |20 |2 2 175 | 1700 | L136] 0100 L0036 |1 125 |10 [|-30| 6 2 180 | 2150 | .15| 008
100 | 10 (=20 |2 - 2 175 | 1750 | 115 .0088{ .00k0 || 125 | B |[-30f 2 3 195 | 1500 | ,12| 0204
100 | 10 |-20 |2 ; 2 175 | 1800 | J115| .0062] 0057|] 125 |0 [-30] 2 3 200 | 1300 { .12| 0209
00 |10 |-20 |2 2 175 | 1850 | .11k| .DOSS| L0055 19 |5 |-30] 0 1 330 | 1500 | .15] .032L
100 | 10 |-20 |2 - 2 175 | 1900 | 15| L0038 0059 123 |5 (-301 & ] 75 | 1500 1 .12] 0200
100 | 10 |-20 }2 2 175 | 1950 | J5| L0022 0071 || 125 | 1.8[-30)-2 1 395 [ 1500 | .13] .0281
100 {10 |-20 |2 2 179 [ 2000 | .114| .000W| .cOTE || 125 | L.8|-50}-2 1 310 | 2450 | .12} 0091
100 | w0 |-g0 |2 2 175 | 2050 | J113| ~.00L7| 0083 4| 1%0 | 1.8]-30} 0 2 175 | 1700 | .10} 0196
100 | o |-20 |2 2 175 | 2100 | 113 -.0030| .DOB7 || 150 | 1.8/-35] 0 2 s | 2100 | L10f 0146
100 | 10 |-20 |2 2 175 | 250 | .113| -.poko| 0006 || 150 | 1.8{-351 0 2 175 | 2200 | .10{ .0130
100 |10 |-20 |2 2 175 | 2200 [ 113t -.007h| 0105 |] 150 |10 |[-30[ 2 2 180 | 1500 | .11{ .0203
100 [ 10 [-20 {2 2 175 | 2250 | .112) -.0089) o117} 150 | 7 |-30] 2 2 180 | 2300 | .12| .0117
100 | 10 [~20 |2 2 175 | 2300 | .110| -,0119| 0128 |] 150 | 7 {-30]| 2 2 180 | 2¥00 | .12] L0097
150 | 6 |-30} 2 2 180 | 2500 | 12| .0OTB J/

onfiguration 1 - autogiro-type £light
Configuration 2 - airplane-type flight

Configuration 3 ~ seme as 2, but rotor rpm governor inoperative

2piraraft free to float

gt
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(a) Front view. A-18328

Figure 1l.- Photograph of the XV-1 convertiplane mounted in the Ames
4o- by 80-foot wind tunnel.
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A-18327

() Three-quarter rear view.

Figure 1.- Concluded.

SRR
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Figure 2.- General arrangement of the XV-1 ¢onvertiplane.
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Figure 3.~ Sketch of the V-tab horizontal tail and linksages,
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(a) Stabilizer downspring hinge moments.
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Figure 5.- Pylon fence and suction configuraticns.
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Filgure 8.- Longitudinal characteristics of the autogiro-type flight configuration; propeller
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Figure 20.- Lift and drag of the convertiplene and 11;3 components in the airplane-type flight
configuration; propeller removed, 8g, = 10° » Bp, = -20%, Vv = 125 kncte.
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