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ADVANCE RESTRICTED REPCRT
FLIGAT TESTS OF THE
WILFORD X0Z-1 SEA GYROPLANE
By FREDERIC B. GUSTAFSON

INTRODUCTICN ¥

During August 1939 a series of flight tests was mado
at Langley Pield on the 71lford sea gyroplane, designated ‘
by the Navy as the X0Z-1, These tests were.intended %o
permit rough evaluation of the stabllity and control
charascteristiocs of the machine, with particular roference
to possidble irprovements in rigging which might be made in
future machines with fixed wing end nonarticulated feathering-
control rotor, and to provide data on the bending and
feathering motions of the rotor blades,

The tests made in 1939 proved inadequate, chiefly because
the méhino as flown did not have sufficient propeller thrust
to give it an appreciable speed range in steady flight.
Purther tests were therefore made in August 1940 after
overhaul ing the engine and substituting a metal propeller
for the wooden one first used. The range of speeds covered
in steady flight was markedly extended, Sleady-flight runs
only were made in this serles, since it was felt that take-
offs and landings had been covered sufficiently in the
previous tests.
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APPARATUS
The X0Z-1 is a converted fleet trainer, nlaced or
£do floats and rigeed with a four-blade rotor in piaco
upper wing, The rotor of the X0Z-1 differs baslecal
all other available rotors in that 1t 1s nonarticuls

f -

that 1s, bending stresces in the spars are not rel

" .

hinges. Balance and control are achleved by featho

- -
FPlevatMm

blades, substantially ebout their span axss.

-

stabiliger, ailerons, end rudder are retalned, The e

1 L ]

and allerons are ‘nterlocked with the rotor control ™
menner shown in figure 1. It may be notsd that th»
fodhoriu has & 50° " ead" and that, allowing for this
lead, with the allerons and elevators in midposition the
feathering 18 zero fore and aft and 1,6° laterally.

The gyroplane as flown was equipped with a four-bls qe
w with a dlameter of 30 fec;t, The area of the fixed
wing, exclusive of the fuselege, 18 110 square feef; rotor
disk area is 707 square feet, The wing section used in the

wing is the Clark Y, and in the protor blades, the NACA 2,18.

Blade plan form is rectangular with eliptieal tips. The

blades were set at 0.8° pitch during these tests. The
fixed wing was rigged with a slight twist end at a small

positive angle of attack relative to the plane of the rotor.

Neasurements at the time of these flights gave the following
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sides of the wing spars: left wing at second rib from 4
t1p, 1.9%; left wing at third rib from reot, 2.6%

right wing at third rib from root, 3.1°%; right wing at

| second rib from tip, 2.9°, The wing chord has an angle

about O.7° lower than that which the spars give. The

rotor is mounted at an angle of 1° to the thrust axis.

Rotor-blade motion, Including blede angle £t the
0.75 radius and blade deflection in bending, waes recorded
by means of a moving-picture camera mounted on the top of
the rotor hub. The blade angle was obtained by the use of
metal targets extendins from the leading end trailing edge
at the 0.75 ’radiun. Blade deflection at the tip was
determined from a small metal target. The ends of blask
paint stripes were used as targets at the following
frections of the radius to ensble determination of
deflections at these points: 0.375, 0.500, 0.625, 0.75,
and 0.875. In order to permit & cormparison of blade-section
stelling on this rotor with that on other rotors tested
(reference 2), short pleces of wool yarn were attached at
30, 4o, 50, 62.5, end 75 percent of the blade radius.

Control and stability data were obtained by means of the
follow!ng recording instruments: ooutrol-t;u'« recorder,
control-position recorder, and inclinometer. A recording
tachometer was used to obtaln rotor speed and a recording ‘.
airspeed unit was connected to a swiveling pitot head.

t
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TESTS AND PROCIDURE
In the course of the 1940 tests, records were

fj? - @Guring three separate flights. During the first C1iqh
3' : only four records were obta'ned, The camera and Sacher
: failed to work; hence the data obtained ave not - s

in this repurt, although they wers avallable for noir;
with the subsequent records, During the fourth oo
run of this flight, the rotor suddenly becnme -
during the subsequent landing and taxying, vl i~k ware
rougher water than ususl, & heavy shake in the

)

and a weaving in the pyvlon were noted. A speed of °

a an hour was reached 'n this last mm. It
_~~-~;’. X bolts at the top of the pylon structure hnd 1-~=a-
: as bolts at the bottom of the pylon hed dere -0
of the previous year, New bolts were fitted rnd ro (v

trouble of this nature was encountered during the rether
limited time the ship wes flown, During the second ~ !
the camera functioned but the control-position rercyia-
— | the tachameter 4id not. Thirteen sevarate ro~ords wors
' : obtained covering the speed range of the machirs, T+ 4 -
g'i— ~ found possible to determine the rotor rem quite sccurnts
~$ ~ from oséillations on the Inclinometer records: herce ‘'a
: camera records were worked u> and used, as were thre re o
instrument records. In the third flight, all Instrument
| he csmera functioned and again 13 records were t:
J “h to take six or seven records at
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successively higher airspeeds up to the maximm, and “hen '
to take the remainder at successively lower speeds down ‘
to the lowest obtalnable with reasonably constant speed.

"hile 1t was not nossible to obta’n truly steady level

f1ight at speeds below 50 miles per hdm. by reason of
‘nsufficient power, records were taken and used for speeds

as low as 35 miles per hour,

In enalyzing the camera records, asimuth angles were .
de.srmined first by means of the spots left by the timing
device. Use was made of the presence of til!'ly clear
horizons in the pictures; both the horizon elevation and
the horizon angle, vhen sultadly plotted, will yield azimuth
values for the various plctures. Azimuths obtained by
studying the horizons were averaged with those fram the timing
narks,

Blade deflection at the varicus radii was based on
rerdings taken with the Llade still and unsupported.
Deflection on the film was converted into incheas of spar
deflection by means of constants obhim‘ by ‘taking still
pacm«-&m.nnna».eomammm

The effect of blade feathering on spar height, vhich results
mmmkmm.nombdtebymct @--,‘;
the blade-angle reading. A slight error, considered i

neglicible, is introdused by the existence of a =
anumnuu.
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K Peathering angles at the 0.75 radlus wers detormine
by readings from the eppropriate targots, corrosted Tor
the difference between the angle read for the lmage oI
the targets with the blade et rest anc the 0.8° pit
of the blade. In obtaining the correciion, the
held fixed at eporoximately neutral, picturcs wers
with the blade in four positions 900 gnart, and C.°
subtracted from the average of these four reoadings
readings were referred to the edge of the corresmorino
plcture.
In analyzing the records “rom the varifous lratruzsr
it "l usually necesssry to read mean valuves rnthor
WMMO values, In the case of the contreoi-forns
recorder, an instrument of different charector’stice wou
have to be used in order gctually to Measure thrae st'ciy
vibration forces, and it i1s only possible to ~rnelude -
E"‘ , this record that they were not particulerly large; this -
checked by the pilot's statement that the stick vibrot -
resembled that in an airplane. In the case of tre

inclinometer, the readings plotted in such srratic fash’o

that more dependence 1s placed on values determined from “he

horison-angle readings obtained from the camera records.
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RFSULTS
Fourteen of tho runs gave records which were sul table
for blade bending and feathering studies. Pigure 2 is
a sample of the mamner in which the corrected bending-
deflection data were plotted. These plots were used ac &
basis for harmonic mnalysis from which (1) the average
deflection,
bending or coning / .2) the magnitude o}‘ the varicus
harmonics which combine to represent the periodic blade
motion, and (3) the phase angle in azlmmth of these harmcnics
were determined. The harmonic analysis is based on the

equation

-

= e, + 8 cos ¢ +b1 sin ¥ +a20032

o
"‘bz.mzt‘.'oao

where the symbols differ from those in reference 1 in that
£ and the various coefficients represent deflection in
inches at the tip and not angular displacement, FPigure 3
shows the coning deflection plotted sgainst tip-speed ratio.
The highest and lowest points of the faired bending cycles,
of which tu'uro 2 1s an example, are also shown on this
figure, FPigure |, shows the half emplitudes of the first
and second harmonics, -hlch‘hu-onio' proved to be the only
ones of any importance in the bending motion,plotted against
tip-speed ratio,together with values from the PCA-2 autogiro
for comparison. (See reference 1.) Figure 5 shows the
phase angles for the X0Z-1, ’ |

-~

ot
P =
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Bending in the plane of rotation was not analyzod for
the 1940 tests, because it was felt that a sufficlent irdex
of this item had been cbtained from the 1939 data., Fipure 6
shows the displacement of the tip in the plane of rotation
plotted against azimmth for the best steady-flight run chiaired
in the 1939 tests, Corrections were mads for the effect of
feathering, usirg the feathering angle from the control-
position indications, together with the position of “he ©ir
as obtsined from the axial deflection and the built-in
sweepback. The mean forward displacement of the tip Ir
traceable to the eccentric umioﬁ loeding which the
centrifugal force exerts as & result of the plan form of
the spar. It is evident that the blade covering may be
stressed and distorted in a chordwise directlon to an
appreciable extent. It 1s also evident that the horizontal
deflection does not add materially to the total stress in
the dlade spar.

" ”’0 7 surarizes the results of the feather’ng measure-
~ .ﬁ. the use of harmonic analysis on the curves for
& various runs, The equation on which the analysis

= -t ™ = r 4 Y 3 T
F
> - il
.

~..-~0A‘mvol'1-1nv+L2coe W
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where 0, A, and the various coefficients have meanings
corresponding to B, a,, and the various coefficients In
the flapping equation, but represent degrees piteh angle
at the three-quarter redius instead of inches deflection
at the tip, Harmonics other than the first were found to
be small in comparison with the first; the second harmonie
reached values of the order of 0,1°, but only at the higher
tip-speed ratios, and the third, fourth, and £{fth harnonice
were still smaller, It will be noted that the mean
value, A,, of the feathering angle 1s, within the accuracy
of the measurements, equal to the statie piteh setting, or
sbout 0,8%, It appears that s slight decrease in A
occurs with increesing tip-speed ratio, but the amount is so
small that the mean twist may be considered escentially
zero at all speeds,

The difference between the amplitude of feathering
as measured and the amplitude as calculated from the control-
position record may be ascribed chiefly to blade twist,
The difference indicates the ap- roximate magnitude of this
twist since, as 1s indicated in figure 8, the feathering
applied by the controle and the actual or observed feathering

are very nearly in phase, In this connection, the term
twist includes rot only torsional dqnocu;m in the blade

/

spar, but also the effect of any deflection in the control
linkages and bearing sup orts, since the controle-position

recorder 1s attached near the stick. In caloulating the
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| mt of blade-root bending stress chargeable to uss
'ﬂ the feathcring control for trimming or waneuviring the
~ machine, the increase in actual tlade angle over that
~ eslculated from control deflection, that ls, the twist as
‘m by the curves of figure 7, chould be taken Into
account. On the other hand, the increment of stress s0
mblo is dependent, not on the actual feathering,
but only on the difference tetween the actual feathering
‘and that wilch would produce zerc pitching and rolling
moments.

The data ottained from the Iinstruments are summarlizad
“4n figure 9. The stick force appears constant ensugh over the
g;x range of tip-speed ratios covered to sucrest that it

could te maue escentlally zero ty the use of a bunsee. The
‘ﬁ approach of the ailcron cCeflectl.r tc zcro at the Llgher
w shows that the cesign precauticns taken to achleve

: l@.ﬂl talance, that is, (1) offeet of lateral stick
wﬂon for neutral feathering, (2) offset of rotor-control

 metion in agimuth, end (3) twist used ir the fixed wing,

and shows thut longitudinal talance was not properly
: e of at any forward speed in the range covered.
g fu‘or in tils ir_roper balance 1s discussed
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The mglo-or-‘ttgok curve cannot very well be used
directly to determine the load distribution between the wing
and the roter, even if the scattered inclinomster data be
discarded in favor of the horizon lndioatim,-boomu of the
downwash or mutual interference between wing and rotor.
The rotor rpm, however, together with the coning deflection of the .
blades as shown Iin figure 3, should give a fair indication
which can then be checked by use of the angle of attack.
Assuming that the 1ift of the rotor varies directly as its
coening deflection for a ziven rpm, and as the square of its
rom for a given coning deflection, the load carried by the rotor
at 1 = 0.45 1s (3.10/5.58)(164/210)2 or 0.34 as great
as it 1s at u = 0.175. FProm this, it appears that the
rotor 1s carrying rather less than one-third of the total load
at p = 0.5, since it must have carried appreciably less
than the full weight of the machine at u = 0,175. The order
of magnitude of this value checks with the 1ift ‘hlcb' may be
calculated for the wing by using any reascnable downwash
factor, together with the wing area, the dynamic pressure,
and the angle of ntmk of the wing. In fjot, yll-lu = Jr»ﬁ
a 2:1 ratio of 1ift between wing and rotor for the purpose p
of obtaining an eqiivalent aspet ratio, and using reguler
biplane theory, the fixed-wing 1“.1 bo ul“l.“ “
1390 pounds, leaving 30 percent of the |
rotor, tall, thrust component, and
carry, the rotor, of course, sarryls

AL St



m of the stalled reglon for several tip-speed rotlos
h figure 11, and may ve compared with [igure 7 of refcrence 2.
While the stalling on the gyroplane blades reaches s vewlhial larrer
| redii than were foun. for the autogiro of refcrence 2, tl-=
;,k g ~ areas sre much narrower and the lo:.es repre.ented are
v i . probably smaller. It 1s not to te expected that the arcas
' should bDe the samej the interference of the lower wins
change thc shape of the gyroplane stalling Tcundery, wnd
lower pitch asrould reduce lte size. e supprcesion of the
,, -.-%1. should tenc to marrow the rezion anc to ¢ 1t 1
Purthor, the blade sectlons were different, anc core chotco
had been made in the technigue of »hservati-n. Corpurs
of the gyroplans boundaries with others which 'ave “een - cre
thoroughly analyzed leads to the conelusisn that the sto ol
region on this rotor 1s not & factor of any real 1 ror
in the dreg of the machne &t any speed up to 1tas top sroc
in level flight at least.

ACCURACY
Prodable errors in the faired results are thourl L te
about as follows:
Alrspeed, miles per hour +1
Rotor speed, T +2

Attitude angle, degree +0.5
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:

Elevator angle, degree +1 »
Alleron angle, degree *1
Control force, pound +1

Feathering coefficlents, cegree 40,1 .

Blade dsflection in bending, imeh  +0.1

Phase angles, degrees +3

Stel led-arse boundarlies, degrees

in azimuth #10 :

These velues include errors in zero readinge; the slopes
of the curves should be more reliable, They do not lnclude
inconsistenciee in the actual performsnce of the gyroplane
caused by a change in air density or from any other source, .
but only errore in instrument calibtration end response and
in the working up of the data. It will be noticed that
flight 3 does not duplicate flight 2, although the results
are parallel. A partial explanation for this is that the
rotor blades were cleaned off tetween the two flights.

DISCUSSION
The tending data obtalined provide an interesting
conclusion oooccrnlng m un huvi.nu ot the uhip

of the first and second harmonioc, nmouvoh. Pirst

hnnonio bending necessarily results In piuhmg or rolnl'
moments, or both. Its uiom in steady nxm n-uu
thet a rotor moment 1s mmt.yl_g;q frec )
the @tp. I the entp vere completaly
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e
both fore and aft and laterally, the feathering, “'h.

first hammonic, could bte adjucted to entirely remo
first harmonic bending at any given condltlon of .
Examinetion of figure L shows that the fir:t narmon.c
bending would then be emall cover the cntire rrfnce
speeds. The second harmonic tendlng canrot e
changing the feathering, unless seconc Laimi:

o

[
—

4s resorted to, neither does it affect the con.ro

at all., Its existence may te consldered «

variations in downwash sncountered by the l.cs =

revolution.

. Examination of figures 4 and § w!1ll show .o

harmonic bending ie such as to produce a po=it.ve |

soment, that 1s, & moment tending to make the “hi-

heavy, over the entire range of speecdr oo red, with r

indication of ites diseppearance shoulc this ran-e o

exceeded in either direction, unless, perhape, 1f vertilc
. descent should be approached. Calculati:ns ehow that

magnitude of this moment 1s such tiut It is & =a jor factor
| in the balance of the ship. For exangrle, at o = 0.2,
' W;‘f! .’11%\&0 is 1.9 inches at the tip, snd the rhacc
1s essentially fore and aft. One inch charce In tip
deflection corresp-nde to some 33C foot-pounds chance Ir

~ moment at the roots of the blades uncer theses condlt one,
" hence the pitching

moment of the four blade rotor is
o
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(0.636)(1.9)(4)(330) = 1600 foot-pounds -
This is equlvalent to moving the m of gravity ot

the ship 10 inches rearward, and must Won rmaut a
sufficlent source for the arnoying tail-heavy condition of the
machine. Calculations, necessarily orude, or the negative
oitching moment contributed by the horizontsl tall surfaces
gave an answer of the same order of magnitude as the positive &
pitching moment calculated for the rotor, although somevhat | . ;f.
larger. It appears, therofore, that the ship would trim ﬂ.ﬁ" b
elevators close to neutral if the feathering of the blades |
were adjusted to re=ove the rotor pitching moment. Some
{mprovement in performance and general handling characteristics

and the rotor are working against each other in achieving
balance. Maximum blade stress would be reduced, both during
steady flight and during maneuvers. e
The sources of the fore-and-aft bending include (1)
difference in the downwash angle of the air met by the 1
shen ahend and vhen behind, and (2) lag in the bending @ £,
of the blade after the forces causing it, which -
the effect of any excess of 1ift on the advanoing ‘} q
that on the retreating side, nm*m&
inertia at the point where it opours, will be felt as
moment at a later phase angle, when the ¢ '
time to bulld up. M!uu.ﬁom 1
murq. this mhl B “t
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force and resulting deflection. It 1s herdly concelvabls

that item (1) could ever disappear campletely. Iten (2]
4 approaches gero as the blades aoproach infinite rigldity,
since both the phase leg and the bending motlon approach zero.-
Since there are advanteges in havlng scme flexibility, this
factor 1s not likely completely to disecppesr ol hor.
may be concluded, therefore, that the tendency Howard fora-an
aft unbalance shovld be given considerstion comoss on o &
with the tendency toward laterai unbalensce whon dacic’
the initlal feathering or feathering with conirols
to be used in any machine with a nonarticulstod roor

While the second harmonic does not affec. alan:

control, it 1s a source of blade-bending stress, rnc !

| rate of rise st the upper end of the speed range {(sec 71

together with the fact that it has reached a valus lsrpa-

than the first harmonic, suggests that largs hliccde =irass

,‘:--} might be encountered before the rotor could be complete!

: unloaded. It is curioues that the second harmonic shou 1
just as large as that for the hinged rotor of the PCA -7
(see fig. L), while the first harmonic is grestly subdied

mfm thought that the natural frequency of the gvro

m might be emplifying the second hermonic but not i

| #hile this factor may have contributed, it arpen-s
h be the major item, because (1) no abrupt phase shi '+
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rpm (see fig. 12), rflights 2 and 3 separats distiﬁotly, vherea:
they blend together when plotted against tip-speed ratlo

(see rig. lj), showing that rpm 1e not the controlling factor
which it would be if natural frequency were responsible for

the phenomenon in question. One reason for the relative

glze of the first and second harmoniocs of bending is, of
course, the reduction of the first harm?nic by feathering.

The bending data telen at the various radil can be cross-
plotted te pgive the blade-bending curve for a given azimuth
st a ~iven tip-speed ratio., Figures 13 and 1l; 1llustrate
the nature cf the curves so cbtained, "hile the accuracy
is insufficient toc warrant detalled cslculation cf blade
stress and loading distribution, it 1s clearly evident that
the cuter L0 percent of the blade 1s very nearly a straight
lina; spparently, the centrifugal loeds and the air loads
are almost balanced on this portion of the blade. The
straichtness of the outer portion alsc means that if the
root stress should be casiculated from tip deflection on the
assumpticn of a perabolic curve in the blade- spar, the
calculated stress woulé be less ﬁban the actual.

CONCLUSIONS
1. A rotor of the nonarticulated type, if used in
trenslation, should be ziven an initisl feathering, not only

for lateral balance, but also for longitudinal balence.
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2. The annoying tall heaviness of the X0Z-1 res . o°
in large measure fr-m the rotor piteh'ng mcw:nt eanc oo
have been prevented by using an edditicnel Initinl oo
similar to that successfully used to achileve lators.
but applied 90° later 1in azimuth,

3, Control forces and stick vibraticn in the X
gyroplane are reasonable In ragnitude.

. Blade-tip deflection of the X(Z~1 ro%or reschs. 9
maximum value of the order of.7% inches in steady fligh®

over the ranre of speeds covered, ngme .y from 29 fc
miles per hour.

oy 7
{

5- Second harmonic forces exist in the X0Z-1 rmyrorisns
rotor which are rapidly becoming important relative tc
blade stress ss the hiphest speeds are reached.

6. Observed blade feathering in the X07-1 py»=orier-

-

rotor reaches a half amplitude of 2.6° at . = 015

7. Periodic twiet accounts for 0.5° of this 2.64°
feathering; meen twist is essentlally zero.

8. Observed blade featherins in the X0Z-1 gvroplene

rotor is almost entirely first harmonic.
9. lotor bllg.:agct;}gg atalling 18 not an important

| factor in the drag of the X02Z-1 gyroplane up to 1te top
,, :-' speed in lgvol flight.

e e e e S
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10, The rotor of this gyroplane was successfully
unloaced in these tests to the extent of carrying one-third
or less of the weipght of the machine,

Lanzley Memorial Aeronautical Laboratory,
Nzt onal advisory Committee for Acronautics,
Langley Fleld, Va., September 12, 1941.

il & Mot

Assistant Aeronautical mgin.u-.

Ty 4’/!4 ~ A

Approved: R
ntm wt .111011‘, —!("-f';:'r&:'!
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