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SYMBOLS
Alrfoil lift curve slope, /red.
Rotor blade precone angle
Mumber of rotor blales
Tip loss factor
Blade chord
Blade bending stiffness, lb-in°
Cravitationsl units, 32.2 xt/m:2
Demping factor
Blade torsional stiffness, 1b-in°
Tip engine thrust offset from the blade chord line, in.
Mass woment of inertis of the engine rotating parts, 1b-in-sec”

Unit mass moment of inertia of a blade section uha:% a vertical
axis through the section festhering axis, lb-in-sec</in.

Ratio of blade torsional -tiffhess to root control spring
stiffouess, (GJ/R)/k,

Root control spring stiffness, lb-in/rad.
1oad factor, multiples of g
Torque

Radial distance from the rotor centerline of rotation to a
point on the blade

Rotor redius

Rotor thrust, 1b.

Tip engine thrust, lb.
Tip speed, f,p.8.
Weight, 1b.
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SYMBOLS (CONTINUED)
Pitch-flap coupling angle
Blade geometric piteh

Blede i¥ist, positive if the geometric angle at the tip is
greater than at the root

Rotor infiow parameter
AMr wass density, slugs/ ftB

Rotor blade azimuth angle, measured in direction of rotation
from an aft position in the rotor disk '

Angular velocity of the engine rotating perts, rad/sec.

Rotor anguler velocity, rad/sec.
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1.0 SUMMARY

The studies discussed in this report pertain to dynamic and aeroelastic
phenomena of the rotor system for a heavy-lift helicopter employing
turbojet engines mounted &t the tips of the rotor blades. A majority of
the rotor blade frequency and blade flutter boundary work has been accom-
plished using a lumped mass rotor blade simulation on a direct analog
camputer and is completely docuwented in Reference 1. The important
results of these studies as well as other dynamic investigations which are
necessary to insure adequate helicopter performance are included in this
report. The scope of the meterial covered herein is summarized in the
following paragraphs.

1.1 Uncowled and Coupled Rotor Blade Frequencies

T™wo independent methods uave been used to obtain coupled &nd uncoupled
rotor blade frequencies. The first three uncoupled flspwise, chordwise,
and torsicnal natuysl frequencies have bgen calculated using a lumped
sass simulation of the rotor blade and employing standard digital computer
matrix iteration techniques to obtain both the freguencies and normalized
mode Bhapes. Completely coupled rotor blade frequeucies have been experi-
mentally determined using the direct analog computer simulation described
in Reference 1. The uncoupled flapwise and nhordwise frequencies are
plotted versus rotor angular velocity in order to grovide a visual picture
of fregquency placement to avoid rotor speed harmonics. A comparison is
also made of the untdupled and coupled frequencies to determine both the
effect of complete coupling on frequencies and to compare the frequencies
arrived at by using the two methods mentioned.

1.2 Periodic Engine Thrust

The effect of a periodically changing engine inlet envirorment for all
flight conditions except hover is discussed in terms of engine alternat-
ing thrust. It is difficult to treat this problem accurately since the
tip engines are to be governed, but & qualitative discussion is presented
wvhich points out an order of magnitude of in-plane excitation which could
result during forward flight.

1.3 Vibrations Resulting from One Engine Inoperative

The symmetry which exists for the four rotor blades when all eight tip
engines are operating properly is obviously destroyed if any one engine
fails and the remaining seven continue to operate. Discussions are
presented which consider the effect of unsymmetricel in-plane blade
deflection as well as unsymmetrical torsional deflection of the blade
supporting the inoperstive engine as it compares with the other three
blades, A hover condition at design gross weight is used for this analy-
sis so0 that the periodic loads which result with one engine out are not



confused with other periodic loads wvhich result at forward speed. Since
this study is directed toward determination of the order of magnitude of
excitation which could occur in the case of an engine failure, the hover
condition is adequate.

1.4 Mechanical Instability

A discussion pertaining to the avoidance of the phenomenon known as ground
resonance is presented. The rotor design under consideration uses the
ground resonance avoidance practive of designing for a first in-plane
rotating frequency vhich is above one cycle per revolution of the rotor.
Dats are presented vhich show the effect of collective pitch on the first
in-plane frequency for the coupled rotor blade simulation of Reference 1.
A simplified analysie of the effect of a blade tip-mounted gyroscope
(engine rotating parts) is presented so that the effect of this gyroscope
on fregquency can be estimated. This gyroscope analysis is presented to
compare the relative influence on blade freguency of the engine turbine
end compressor as a nonrotating mass as opposed to a rotating mass.

1.5 gg'rtioml Divergence

A simpiified approach to rotor blade torsional divergence, which assumes
no flapwise or in-plane motion of the blade, iz presented. The effects
of a tip muss and a root control spring are included as well as a tapered
blade torsional stiffness. A sample calculation of the rotor tip speed at
vhich torsional divergence would occur is presented using the same blade
properties vhich are used in the rotor blade flutter study.

1.6 Specisl Dynsmic Considerations

Any helicopter is likely to have design concepts which introduce dynamic
phenomena peculiar to that helicopter. Two such phenomena are considered
in this report. The very lcw rotor angular velocity makes it posgitle
for the pilot to excite the fivst in-plane cyclic mode of the blades, and
8 discussion is presented which describes the condition with comments on
the seriocusnegs of the prodblem. 'The concept of a heavy-lift helicopter
presents the possibility of carrying cargo as & slung load suspended
beneath the helicopter., A discussion of the possible influence of this
suspended cargo upon blade dynamics is iuncluded.

1.7 Rotor Hlinaes Flutter

Reference 1 presents resulis of & direct analog computer study which
includes a variation of parameters investigation of rotor blade fiutter,
The significant details of this dtudy have been extracted from Refer-
ence ) and are discussed in thie report. The methods employed for the
determination of flutter boundaries is described as well as the helicopter

.
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flight conditions considered. The influence of root control spring stiff-
ness, tip weight location, pitch-flap coupling (63), blade elastic axis

_ location, tip engine gyroscopics, blade chord and blade stiffness vari-

ations on blade serodynamic damping are Ciscussed.



2.0 CONCLUSIORS

The dynamic and aseroelestic behavior of the four-bladed univeresally
teetering rotor system proposed for the heavy-lift tip turbojet helicop-
ter is discussed and evaluated in this report. The conclusions concern-
ing the dynamic adequacy of the rotor system are outlined in the follow-
ing peragrephs for all phases of the dynamic investigations presented in
this report.

2.1 Uncoupled and Coupled Rotor Blede Frequencies

A comparison of uncoupled and coupled rotor blade frequencies, calculated
using independent methods, indicates that flapwise frequencies can be
satisfactorily epproximated using an uncoupled model of the rotor blade
vhereas coupling has a more pronounced effect on in-plane frequencies.
The frequency of primary interest from both a loading and dynamic point
of view is the first cyclic in-plane frequency. The flepwise/in-plane
coupling increases with collective pitch to reduce this frequency by 16
percent from minimim to maximum collective pitch settings.

The natural frequency study presented in Reference 1 shows that the first
six coupled cyclic and collective modes avoid resonance with their re-
spective airload excitation harmonics throughout the collective pitech
range.

2.2 Periodi: Engine Thrust

The thrust of the tip engines will vary periodically with rotor azimuth
position for all helicopter flight conditions except hover and vertical
flight. The megnitude and rhasing of this thrust variation will depend
largely upon the engine-governor dynamics, which have not been thorough-
ly investigated at this time. The quantitative effect of engine inlet
velocity changes on the engine alone is to change the engine thrust by
a8 lesser amount than the periodic variation of engine nacelle drag, and
80 the thrust variation should not be of primary concern.

2.3 Vibrations Resulting from One Engine Inoperative

The loss of one engine in flight would cause an in-plane circular motion
of the rotor system and an out-of-track condition. The in-plane motion
at one cycle per rotor revolution would result from a rotor system center-
of-gravity movement away from the centerline of rotation due to unsym-
metrical in-plane bending of tie four blsedes. The rotating load due to
this center-of-gravity displacement is in phase with the rotating unbal-
anced engine thrust vector. The net load for a hover condition at design
gross weight will probably not exceed 2,000 pounds, which 1s small com-
pared with the gross weight of the aircraft. With an adequate rotor
isolation system, this rotating force should be virtually unfelt in the
fuselage.

sttt
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The out-of-track condition would result from a pitch angle change on
only the one blade supporting the inoperstive engine. The helicopter
roughness wkich would result, however, is not expected to be more severe
than that caused by occasional out-of-track conditions for smaller hel-
icopters.

2.4 Mechanical Instability

Ground resonance, which is caused by a first cyclic in-plane natural
frequency vhich is close to one cycle per rotor revolution, will be
svoided with the proposed helicopter by designing the rotor blades to
have & first cyclic in-plane frequency well above one cycle per revolu-
tion. Increasing collective pitch tends to lower this frequency due to
flspwise/in-plane coupling, and so design steps have been taken to sssure
8 frequency margin throughout the collective pitch range. The influence
of the ¢ngine rotating parts is shown to have negligible effect upon this
frequency. :

2.5 Torsional Divergence

The prosgective location of the rotor blade shear center shead of the
blede section center of pressure makes the pure torsional divergence
problenw nonexistent. The torsional stiffnesses of the proposed rotor
blade and root control spring, however, are large enough that the di-
vergence tip speed would be far above normsl rotor speed even if the
shear center were located 15 percent of the chord aft of the center of
pressure.

2.6 Special Dynemic Considerations

Due to the low first cyclic in-plane natural frequency of the rotor
blades, it is well within pilot capebility to perform a cyclic stick
whirl which will excite this mode. This condition cannot be avoided and
80 is considered a design condition.

The possibility of carrying cargo wiich is slung beneath the helicopter
has been investigated from tne standpoint of dynamic coupling with rotor
blade frequencies. The frequency of oscillation of such a sling load
would be so far below any frequencies of the rotor system that no effects
on rotor dynamics are expected.

2.7 Rotor Blade Flutter

The rotor system as presently designed possesses positive demping for
all modes of vibration investigated in Reference 1. A variation of para-
meters study on blade flutter points out the following damping chenges
as functions of parameter changes.

a) The second cyclic mode (first in-plane mode) would be the first mode



f)

g)

to become unstable with decreasing root control spring stiffness.
This spring would have to be sbout 0.1 of its design stiffmes: to
epproach the stability boundary.

A chordvise movement of the blade tip mess from the nominal design
location (0.22 chord) affects the dsmping of various wodes in dif.
ferent ways. In no case does the blade flutter for center-of-
gravity locations between 16 percent and 28 percent of the chord.

An increase in pitch-flap coupling (55 engle ) decreases the aero-
dynamic damping of the second cyclic mode. For a structural damp-
ing factor of .03, however, this mode should be stable for 65 angles
up to k&5 degrees.

The aerodynamic demping is relatively unchanged with small chordwise
variations in blade shear center.

The rotational speed and direction of rotation of the engine rotat-
ing parts have a negligible effect upon flutter boundaries.

Increased blade chord provides an increase in aerodynamic dsmping
for a majority of the modes of vibration but hes a slight destabiliz-
ing effect on the second cyclie, sixth ecyclic, and the sixth collec-
tive modes.

A flepwise blede stiffness increase at the root of the blade has
negligible effect on damping.




3.0

The following recommendetions are presented to complement the analyticel
studies already conducted and discussed in this report.

“)

b)

It would be advantageous to study the dynamic conseguences of
engine failure operation using actual hardware. The necessity
of pilot corrective action (such as shutting dowr an engine on
the opposing blade) can best be determined on & flight vehicle
or vhirl stand.

A cyclic control whirl study using actual hardvare should be per-
forned to determine the in-plane bending moments vhich result from
this maneuver. 8ince these moments are inversely proportional to
structural damping, it is necessary to determine whether Reference
1 4s unconservative by assuming that G = .03.

The flutter analyses performed in Reference 1 were all conducted
for normal groes weight. 8ince the ratio of minimum flying
weight to normal gross weight is relatively lov for this heli-
copter, additional low inflow flutter studies should be performed
to insure flutter stability vhen operating st lower gross weights.




4.0 DYNAMIC, AEROELASTIC, AND FLUTTER STUDIES

In order to make possible a complete parsmetric study of rotor blade
dynamics, a direct analog computer simulatior was made of the tip turbo-
Jet rotor system, end results from these studies are recorded i{n Refer-
ence 1. Due to the availebility of this analog simulation, several
dynamic studies, not directly related to blade fiutter, vere performed
to complement the calculated data pertaining to uncoupled blade wotion.

k.1 Rotor Klade Frequencies

The flapwvise, in-plene,-and torsional natural fregquencies of the rotor
blades kave been determined both for uncoupled motion with the blade in
flat pitch and for completely coupled motion, inciuding aerodynamic ef-
fects, on the direct analog cosmputer. Preliminary work in this area wvas
concentrated on achievirg a sufficiently high first in-plane frequency so
as to avoid ground resonance problems as well as large chordwise loade
due to cme-cycle-per-revolution harmonic loads. The remaining frequen-
cies vere determined in ensuing work, and blade properties were adjusted
accordingly to avoid resonancc with rotor speed harmonics larger than one
cycle per rewvolution.

k.l.l- Uncoupled Prequencies

The first three uncoupled flepwise, chordwise, and torsicnal frequencies
bave been calculated using the blade properties plotted in Pigures 5 and
6. The flapwise and chordwise fregquencies were calculsted using s ten-
station lumped-mass simulstion of the rotor blade and standard matrix
iteration procedures such as those in Reference 2. The matrix iteration
procedure produces a normalized mode chape for each frequency and the
effects of centrifugal force are included. Figures 9 and 10 show the
first three rotating flapwise end chordwise uncoupled naturel frequencies
as functions of rotor speed. The torsional uncoupled naturael frequencies
of the rotor blade have been calculated using the equivalent torsional
system shovn in Figure 11 wherein the blade and tip mass pitching iner-
tias are lumped into seven concentrated messes connected by weightless
torsional springs which gepresent the rotor blade torsional stiffness.

A root spring of 100(10)° inch-pounds per rsdisn is used to simulate the
nominal control system stiffness as requirec by the current deeign.

The three flapwise frequencies plotted in Figure 9 are, in order of
increasing magnitude, the first collective (or built-in) mode, the first
cyclic mode, and the second collective (or built-in) mode. The defini-
tions of built-in, cyclic, and collective mndes are found in Reference 1
and pertain to root restraint conditions. A comparison of the freguen-
cles in Figure 9 at ncminel hovering tip speed with the results in Ref-
erence 1 for the blade tip angle of O degrees shows the following.

s T e T IR SO S !
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Critical Nearest
Excitation Excitation
Mode Figure 9 Reference 1 Harmonics Harmonic
(Cyeles/Revoluticn)
Collective 1.20 1.18 2,4,6,8,10,.... 2
Cyclic 5050 3.50 1,3,5,7, 9,;0-- 3
Collective k.70 b0 2,4,6,8,10,.... b

The three chordwise frequencies plotted in Figure 10 are, in order of in-
creasing magnitude, e cyclic (or built-in) mode, & collective mode, and
s cyclic (or Muilt-in) mode. A comparison of the frequencies in Pigure
10 at nominal hovering tip speed with the results in Reference 1 for the
blade tip angle of O degrees shows the following.

Critical NHearest
Excitation Exzitation
Mode Figure 10 Reference 1 Harmonics Harmonic
(Cycles/Revolution) :
Cyclic 1.38 1.36 1,2,3,5,6, 70000 1
Collective 6.81 5.9 0,4,8,12, vecvss hor®
Cyclde 10.10 9.12 1,2,5,5,6,7, 00 9

A comparison of the uncoupled freguencies of Figures 9 and 10 with the
completely coupled frequencies in Reference 1 ashows adeguate agreement
{less than T-percent difference) for flepwise modes, vhile the chordwisge
aodes show that coupling has & more proncunced effect on in-plane freguen-
cies,

The first three nonrotating, uncoupled torsiousl frequencies of the

. rotor blade have been calculated using the equivalent torsional system

shown in Pigure 1l. Comparison of the first natural frequency with that
of Reference 1 shows that centrifugal force has only a small effect on
torsional frequency and, hence, no effort has been made to calculate these
torsional natursl frequencies at nominal hovering tip speed. The first
three torsional natural frequencies are as follows: '

Mode Uncoupled Reference 1
(Nonrotating)  (Fotnating)
Firet 7.54 8.2k Cycles/Revolution
Becond 22.0 .e " "
mm 59. 5 -o " n

The nonrotating frequenciea are given as cycles per revolution at nominal
hovering tip speed for comparison with Reference 1 data.




k.1.2 Coupled Frequencies

Al)l rotor bBlade coupled natural freguency work has been accomplished on
a direct snslog computer using the blade properties plotted in Figures 5
and 6, with the results being tabulated and plotted in Reference 1. The
scope of the studies discussed in Reference 1 is far too large to repeat
in this repart, tut the first six natural freguencies for each of the
blede root restraint conditions are repeated in Teble 1 for convenience.
The selected conditions represent zero forward flight conditions which
include arrodynsmics, centrifugal force effects (for nomiral hovering
tip speed), end engine gyroscopic effects. These conditions are summa-
rized in Table 4, but it must be kept in mind that the condition emtitled
“Meximum Negative Collective Pitch” is a fictitious condition used only
for the fluttar study since the lower limit for collective pitch is en-
visioned to be O degrees at 0.75 redius and not -5 degrees.

Maximum
Hegative
Piteh
cyclic z‘l 1-09 lom 1.10 1.@
x-1 1.2k 1.12 1.18 1.18
z-2 3.52 3.68 3.61 3.40
z-3 1.30 7T.02 T.17 7.38
6-1 8.35 8.58 8.57 8.25
1‘2 8-% 8.& 8.& 9.@
Collective | 2-1 1.25 1.26 1.25 1.24
z-2 4.53 4,48 4,51 4,51
x-1 5.87 5.87 5.90 5.90
8-1 8.22 8.1k 8.18 8.11
-3 9.57 9,52 9,49 9.56
z-4 14,68 14,49 1k,39 15,46
Built-In z-1 1918 1.11 1. lh 1925
x-1 1,38 1.48 1.40 1.36
z-2 4,53 4,50 4,53 k.53
8-1 8.24 8,08 8.24 8.11
x-2 8.90 8.86 8.90 8.87
z-3 9967 9062 9058 9'75
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All frequencies are given in cycles per revelution at nominal hevering
retcrapnd The wode designations are defined in Referemce 1 and, in
mcn%, )lpe(:i.fy flapvise modes (2), in-plane modes (x), and torsional
modes .

Reference 1 also presents data vhich shows the effect of collective pitch
on coupled flapwise and in-plane frequencies wvhich are locsted nearest
to criticel excitation harmonics. This investigation was conducted with
no aerodynamics on the rotor blade and tip engines inoperative so as to
shov the coupling effect of varisble collective pitch only. Figure 12
is a composite copy of the curves in Reference 1 vhich summarize this
study. These curves show thet both the first cyclic in-plane mode and
ths third cyclic flepwvise mode are nearer to their eritical excitation
harwonics for large values of collective pitch than they are for flat
pitech or lg hovering collective pitch, but neither curve crosses its
resonance harmonic. Reference 1 also points out that this collective
pitch coupling which degrades the first cyeclic in-plane mode can be min.
imized by increasing the flapwise stiffness in the root area. This fact
has influenced the root stiffness buildup shown in PFigure 5.

k.2 Periodic Engine Thrust

Bach of the four blades experiences a one cycle per rotor revolution
induced and profile dreg excitation vhen the helicopter is in forward
flight due to the variation of tip speed and induced velocity with asi.
math. B8ince the engines cperate on the tips of the rotor blades, they
can be expected to experiemce & periodic thrust variation due to variadble
engine inlet veloeity occurring in forward flight.

The turbojet engines are to be governed to maintain constant rotor speed
and the governing device, in combination with the ungoverned engine ay-
nemics, will influence this periodic engine thrust. No literature or
completed studies are available at this time to evaluate this phenomensn,
but an order of magnitude calculation can be made to establish the sig-
nificance of this excitation source.

If the rotor tip speed is assumed to be 592 feet per second in forward
flight and the helicopter is flying at its maximum design level flight
speed of 125 miles per hour, the relative engine inlet velocities of the
advancing blade (y = 90 demel) and the retreating blade (¢ = 270 de-
grees) are as follovs:

Voo = 592 ¢ -G-‘i&?ﬂ- 15 £.p.8.
Vano™ 592 - 9-'1&221 = 409 £.p.s.

If it were further assumed that the engine ecomponent transfer functions
have sufficiently small time delay characteristics so that engine reac.
tion time to inlet velocity changes is small vhen coupared with the time

11




required for one rotor revolution (0.%9 secomd), then the engime thrust

varistion can be estimated from standard engine thrust curves. Jor a

constant turbine speed, the engine thrust change detveen inlet velocities

of k09 feet per second ard TT5 feet per second would be from approximate-

1y 1,520 pounds of thrust to 1,580 pounds for maximum turbine speed. The
1ght

There are several possible courses vhich may be taken in the event of

engine failure. One of these might be a pilot-performed action of siut-
ting down the corresponding engine on the opposing blade so as to bring
engine thrust forees and blade deflected positions into a state of sym-
wetry and thus avoid force unbalance in the rotating system. Another

course of action would be to contimue engine governing to maintain rotor
¢ch case the remaining engines would dbe reqiired to deliver

B
4

for eight tip engines. If the remaining seven engines following an en-
gine failure are assumed to be governed exactly alike until eguilibrium
1s restored, esch of these engines mist inacreass its thrust to 8,080/7 =
1,154 pounds. Including a nacelle drsg on each blade tip of 316 pounds,
the equilibrium rotor configuration would sppear similar to that shown in
Pigure 1.

A summtion of moments about the centerline of rotation in Figure 1 veri.
fies equilibrium for R= 56 feet as follows!
2

N=- 672[3(1,992) + aye] ek L it 10,1k (v’,',) rdr

N = 4,579,008 = 10,14(672)
N 4,579,008 « 4,979,06Q n O

Using the chardvise stiffness curve in Pigure 5, the in.plane deflection
of each blade oan be caloulated for the loade shown in Pigure 1., Then
using the blade weight distridution in Pigure 6 aleng with a tip veight
of 1,200 pounds on each blade, 8 center-ofe-gravity movemsnt avay from the
sentorling of retation can be estimated, Perfomming this ealeulation in.
dicates o conter-0f-gravity movemant 0f O.1% inshes in the C.degres asi.
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i
1,99 1b,

Figure 1, Rotor Equilibrium, One Engine Inoperstive,

muth direction if the blade with one engine inoperative is assumed to be
in the 90.degree asimuth position shown in Pigure 1. Bince s stmmation
of eugine thrust vectors gives an unbalenced foroe of 1,154 pounds at the
centerline of rotation and in the O~degree asimuth direction, the rotat.
ing oentrifugal force vector due to a displaced ocenter of grevity is in
phase vith the rotating engine thrust vector giving a total rotating loesd
at the rotor hudb as follows:

r-w-;-mwe¢ A't.

vhere: Wm = total rotor group weight, 1b,
8 = center of gravity displacement, in,
R = rotor angular velocity, red/sec,
A‘!‘ = unbalanced engine thrust, b,

13




.. Wy (0.13)(650)°

386(56)°

The rotor group weight is less than 20,000 pounds snd so the rotating
force vector due to one engine oyt in hover should not exceed 2,000
mt

The dynamic consequences of this rotating forece vector are not unlike the
harmonic loads at the rotor hub created in forvard t. If the isola-
tion between the rotating mass and the suspended mass (fuselage) resulted
in s natural frequency close to one cycle per revolution of the main
rotor, the effect of the rotating force could be amplified to,.the extent
of creating uncomfortable load factors in the suspended mass. With ade-

guate rotor isolation, however, this rotating force at the rotor hud
should be virtually unfelt in the fuselage.

b.3.2 Flspvise Excitation

In sddition to the in-plane excitation wvhich could result with one engine
inoperstive, there is also & possibility of vertical excitation at the
rotor hub caused by an out-of-trsck condition. The rotor blades are de-
signed to incorporate a 10-degree, built.in twist. The failure of one or
both of the tip engines on any blade vill result in a change in torsion
at the blade tip and hence a change in effective twist of the bdblade. In
order to evaluate the effect of an engine fallure, it is necessary to
ealeulate the change in blade twist. Oonsider Figure 2 as representing

& segment of a rotor blade vhich 1s dr inches in length and located a dis-
tance of r inches from the centerline ¢f rotation.

g /J: /‘;‘,*“r

IR Sz O
~

Figure 2. Rotor Blade Bectien.

* 1,256 = OMSh W + 1,156 1v.

By definition:
'r = Geometric blade pitch, * nose up, red,
.‘1‘ * Built-in blade twist, + vhen tip angle exceeds root angle, rad,

w(r) = Torsion due to section centrifugal centering and rigid blade
coning, * nose down, in-lb.

14
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It can be written that e.awgo (1)

vhere O' can be thought of as being the geowetric blade pitch at station
r {f the blede had no built-in twist.

. r+dr
hen: o +a0 =ol+ dar+ I3 (2)

Subtracting (1) from (2) snd dividing by dr gives

ae

'&'&*é% (3)
Differentiating (1) gives

as_ ae'

T T K% v}
Byusting (3) and (4) gives

% _“:"_“r_l'

- 20 2 i

from vhich it follows that

oo’ _ a%_  (ag/er 5
. et
But: n(r) = 4Q/dr = Alpozir + 'o‘og 02:

@
mn(r) = aQ/dr = Al’ﬂzcl', + e;—r o, ¢ .oaom"r (6)

vhere:
Axpu mass moment of inertis of the ssction about a verti
axis through the section center of gravity, inelbe

m, = mass of the blade section, n.-m*/m
(S rotor blade coning angle, red,

X = blade section center of gravity with respect to the
feathering axis, + forward, in.

0 = rotor angular velocity, red/sec.
Substituting (6) into (5) and rearranging gives:

R L L
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Denoting f.%‘f od x-z’:gf-

Bguatinn (7) can be written as
a%er e
;_,.l: fe! - (.T?; s N)r (8)
Bgation (8) hes the known solution
o
Ol’,-lmhﬁr*lliahnr-(-!-,#%)r (9)

The boundary conditions for the blade are:

At T = 0 (root), Q = -k(0_ - @)

A raR(tp), Q- GJ(%—)R

vhere: .c = collective pitch input by pilot, red.
k, = control spring at collective pitch imput horm, in-1b/red.

Now, imposing the boundary condition gives:

W - _oJ )
A TC-BB Qc &:81. R)\ (10)
8
A+ ctoh IR = T, A, S ch IR (11)
+ ¢ (m ;‘-’ m)cl
Denoting X = 9{1!

c

and solving (10) and (11) for A and B leads to the following general equa-
tion for geometric blade pitch at the tip of the rotor blads, or:

Op =6+

0,-ke, .i% . [(’m" %)(ﬂlB -KRT)+ :S,].mhm. [(‘-r R ?)(k-l)ﬁ :“:] cosh TR

cosh MR(1+ kTR tanh TR)

(12)

The concentrated torgue at the blade tip, &, is composed of gyroscopic
moments, one.engine-out operation moment, rigid ooning moment due to the
tip mass, and centrifugal centering moment due to the tip mass.
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Before quantitatively considering the torque at the rotor tip, Qg, Bqua-
two-engine-out

tion (12) can be used to obtain the effect of ome-or
tion on the geometric pitch at the blads tip as follows:

sinh TR cosh TR
* (] red.
R, ° SoE WL PN task W) Ta-TS,
The dlads parameters of interest are:

GF = 6.5(10°) 1b-1n° (effective)
R « 672 in.
AL - 2.4 1b-in-sec® (per in.)

8 = 11.6 red/sec. (nominel hovering rotor speed)
X = O (balanced blade)

ne, * superfluous since X «» 0

Thersfore:
=

A =0
IR = 0.150

sinh ﬂR - 001%
cosh T'B L4 1-0115
tanh TR = 0.1489

R . £
[ ¢
1 1,0113
2, 5,855,050 ' E, rad,
!‘g 1,0113% + M Ia-Ib.
[

Or, expresuving aR in degrees,
o+ 5
aoR _ 168,500 - ek
& 1,0113 +m nelb.
¢

opera~

(13)

(14)

The rigid coning and centrifugal centering torques at the blade tip are
functions of the tip mass location with respect to blade feathering axis
and the mass moments of inertia and, herce, will not change with engine
turbine speed, The gyroscopic torque and torgque due to vertically dis-
placed engine thrust with one engine inoperative sre, therefore, the only




concentrated torque changes involved for engine failure conditions. The
torque chenge caused by the three possible types of engine failure are as
follows:

2wo Engines Incperstive:
AQy = +2 T, @Rt = +2(1.67)(2120)(11.6) = +82,100 in.lb.
Lover Engine Inoperative:

AQB = +I,@yQ - hT, = +1.67(2120)11.6 -~ 13.5(1010)
Ag; = + 27,400 1n-1b.

tive:

OQy = +I o, 8 + b7y = +1.67(2120)11,6 + 13.5{1010)
A% = +5k,?00 mvlbo

vhere; I, = mass moment of inertis of engine rotating parts, = 1.67
ine1besec? per engine.

@p = rotational speed of engine rotating parts, = 20,250 r.p.m.
(reference Teble k),

2 = nominal hovering rotor speed = 11.6 red/sec.

h = vertical dilplacmt of tip engines from the blade chord
11”, = t15.5 mr

fx-ensinethrust required to msintain nomingl hovering tip
speed, = 1010 1b. per engine (reference Table &),

Solving for blade tip geometric pitch change, &6, versus root control
spring stiffmess, k,, results in the data preunt§d in Teble 2 and plotted
in Pigure 13,

TABLE 2
ENGINE FAILURE EFFECTS ON BLADE TWIST
Blade Tip Pitch Change, AOR
Control (mgrgg.)

Stiffnees, Ko |“potn Engines | Lower Engine | Upper Bngine
{in.lb/rad, ) Incperative Incperative Inoperative

? +0,483 +0,161 +0.322

103 488 163 325

107 529 ATT 353

106 '%3 '512 0&2

10 k,265 1.h24 2,842

m




It fe from Figure 13 that a control spring stiffness, k , in ex-
cess of 10° inch-pounds per redian results in a negligidle différence in
pitch change at the dlade tip frow that vhich would occur if the cantrol
spring is initely stiff. The studies in Reference 1 were conducted
using k_ = inch-pounds per radian vhich resulted in desiradble dynamic
ch-mctgriauc: of the rotor blasdes. This value of control spring stiff-
neas for the blade pitch wmechanism is chosen as the design goal.

In order to evaluate vertizal roughnees of the helicopter caused by an
engine failure, it is conservative to assume that both engines on cue
blade become inoperative and that ell other engines sre kept operative
80 as to msintain s condition of dissymmetry.

It will be sssumed that wost of the torsional deflection of the blade
changes the spparent tvwist of the blade and that the root geometric
pitch does not change. This is very 2losely the case vith such a stiff
oot spring. The rotor thrust developed by a hovering helicopter can be
simply vritter as follows:

T = 3 paboR V' [(-'52- x*(-’;-) soir(g.) o‘,] (15)

vhere:
p " cea level air demsity, .002378 ulm/tt)

& * blsde section lift curve slope, 5.753/red.
b = nusber of blades

¢ * blade chord, 6.5 ft.

R = rotor redius, 56 ft.

Vg = hovering tip speed, 650 £.p.s.

B = tip loss facter: use B = 1 for simplicity
A * induced inflow angle, rad.

8, = collective pitch at blade roat, rad.

.T = biade twist, -10 deg.

Solving for the thrust of one blade (b = 1) and noting that by defini.
tion
A= 2
g P
it can be ahown that
2

pacV
Qb‘l - -mg- [32@90 + 2’&189,1, * 3ac - v*zca + lQlOd.O ¥ 1“““@]

Differentiating to find the thrust change (per blade) per unit change 1in
blade twist, 'T' gives:
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2
f.;&;&.f:z.[l. e , } L (16)
Voe?c®s 100cene_ + 1ikacene,

Using 6 = 16 degrees (Reference Table &) and sudstituting the parsmeters
defined for Bguation (15) gives:

'a%'!'. 261)%0 [1 S %] ﬂ“' 1%;350 lb/r“c

8ince from Table 2 the effective change of blade twist due to both en-
gines inoperative on one blade tip should not exceed +0.529 degrees, the
change of 1ift on the blade vhich supports the inoperative engines ie:

Az = +196,350 (gﬁ). +1810 1b.

This velue of 1ift change is conservative due to the simplifying aseump-
tion that tip loss factor, B, equals 1.0 instead of & wore conventional
m“eh“o.m'

The conseguence of this 1ift change on ane of the four blades cen gquali-
titively be seen to cause an out of treck condition since the tip path
of this “unpowered” dlade vill De above the tip paths of the thres “povered”
blades when viewed st any constent asimuth position. The dynamic effect
of this condition on helicopter rougimess is cousidered to be 5o more
severe than out-of.track conditions encountered on other smaller heli.
oopters.

k.h Mechanicsl Instebility

Aside from the obvious advantages of designing rotor blades so that their
nstural frequencies do not coincide with airlosd harmonics which would
aplify rotor blade stress levels, it is also adventegeous to design the
rotor blades so that their first in-plane rotating natural fregquemcy is
ebove one cycle per revolution of the main rotor., This design criterion
vill permit avaidance of the mechanical instebility known as ground reep-
nance without the use of blade dampers which cen add undue empty weight
t0 a hMelicoptar,

Bfforts vere meds in preliminary design studies to schieve a first in.
plene rotating naturel frequency of 1.38 st nominal hovering rotor speed.
The flapvise-chordvise coupling phencmenon evaluated in Reference 1, at
large collective pitch angles, indicated that it would de wise to in.
crease the uncoupled in-plane frequetiay so that there would still be
adaquate frequency margin st high colleotive pitoh settings to svoid
ground resonance, The in-plane rotating nstural frequencies tabulated
in Reference 1 renge from 1,36 ayoles per revolution in flst piteh to

tely 1.19 cyclss per vevolution for the blads at its meximum
eollective pitah satting of 15 dsgrees at 0,TAR,
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T™he use of tip-mounted turbojet engines raises the question as to vhether
or not the gyroscopic moments at the blede tip affect this in-plane fre-
gpeticy 00 as to enhance the possibility of ground resonance. Reference
1 presents tsbulated frequencies for several flight conditions, eech of
which is analyred with tip engines operating ant not operating. These
studies showed that the tip engine gyroscopics do not affect the first
in-plane rotating naturel frequency. In addition to the direct analog
computer study, sn analysis of the gyroscopic contribution of the engines
to rotor blade dynamics hes been conducted on a simplified model of the
rotor blade. The method used is based on a linearized, small damping

spproximation to simplify the analysis.

The eguations of motion of a linear dynamic system may be written in
satrix fors as follows:

a{a} + ok« x}la) - 1o} (17)
where: [m] 1s the mass matrix

{D] 1s the demping matrix

[k] is the stiffness matrix

{a} 1is the generslized coordinate vector

{Q} 1s the generalized force vector

The gyresoopic damping matrix {commonly called the gyroscopic coupling
matrix) can be found by considering the simplified model of Figure 3.

Flgure 3. Cantilever Bent.

The roteting parts of both engines are lumped into one gyroscopic disk,
vhich 1is placed on the end of a weightless, clastic cantilever bent, as
shown.
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¥or purposes of this analysis, consider the following definitions:
n = mase of the gyroscopic disk.

I]. = magas woment of inertia of the disk about an axis in the

plane of the disk {i.e., one of the disk diametral axes).

12 = mass moment of inertia of the disk about an axis perpendicu-
lar to the plane of the disk (i.e., the polar mass moment of
inertia).

X,¥,Z = the moving axes defined in Figure 3.

X,Y,Z = fixed axes in space.

EX = uniform bending stiffness of the cantilever bent in the plane
of rotor rotation (i.e., the chordwise stiffness of the blade).

EI, = uniform bending stiffress of the cantilever bent out of the

% plane of rotor rotation (i.e., the flepwise stiffness of the
blade ).
GJ = uniform torsional stiffness of the cantilever bent,

&,b = dimensions which position the gyroscopic disk with respect
to the cantilever bent and the rotor ceanterline of rotation
{eee Figure 3).

0 = the angular rotation of the plane of the disk about the y exis
(1.e., pitching angle), + nose up.

# = the angular rotation of the axis of the disk about the x axis
(i.e., flepping angle), + upward,

4 = the angular rotation of the plane of the disk about the z axis
(1.e., lead-lag angle), + forward.

ﬂl = rotor angular velocity.

02 = disk anguler velocity about its own axis of rotation,
Writing the equations of equilibrium of the system shown in Figure 3 pro-
duces the following linearized equations.

L forces parallel to the x axis at center of the disk:

() (B
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L forces parallel to the z axis at center of the disk:

. oo .3;2_3;—) . (12331 ) (.Efi_ ,; Q (19)

L moments about the y aris at center of the disk:
12aEl
. s 2
'}Ilé— " $ 1 Izﬂegu(—j-—b )2-35(12-11)0* mﬂiz*

o5 12a°E1_ 6k
("6’ T )6 +( ¥ )’5 L% 7 % (20)
£ woments about x axis at center of the disk:
. 2 631z éaEIz hEIz
18 Ilgle’“‘mlz‘( 2 ) *( 2 )° *(T)¢‘ Y (21)

I moments about z axis at center of digk:

€E1 LET
*Ilg—IQS—wax* T)X*(T €= Q (22)

}

Equations {18) through (22) can be written in the matrix form of Bquation
(23) wherein the bending stiffness matrix for the cantilever bent is
written separately from the etiffness metrices involving centrifugal
force and gyroscopic moments.

The total polar mgss moment of inertia, I, at each blade tip is 3.34
pound-inch-second”, and the maximum angular velocity, R,, of these rotat-
ing engine parts 15 2 ,304 radiens per second; and so the gyroscopic co
ling terms in the damping matrix of Equation (23) will never exceed 1
inch-.pounds per redian per second. The structural stiffness terms in
the uncoxgled moment equations (i.e., the diagonal stiffness terms) all
exceed 10! irch-pounds per radian.

The relative significance of the gyroscopic coupling terms can be shown
by rewriting the three moment equations using the operator 's' to denote
a derivative with respect to time, d/dt, and expanding the resulting de.
terminant in 8, @ and £ to obtain the characteristic equation, It is
immediately evident that the terms which contain R_, the gyreoscope ro-
tational speed, are small in comparison with the s%ructurnl stiffness
terms and would not alter the roots of the characteristic equation., It
is thus concluded that the gyroscopic effects of tip-mounted engines will
not significantly alter either the natural frequencies or the mode shapes
of a rotor blade which has the relative mass and stiffness properties of
the one considered in the subject design.
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k.5. Torsional Divergence

Torsional divergence of a lifting aerodynamic surface occurs when the
rate of change of torque from external sources exceeds the rate cf change
of internal torque due to structural stiffness. A simplified approach to
torsional divergence, used in this report, assumes no flapwise or in-
plane motion of the rotor blade, whereas a more detailed approach to the
problem would be to couple the “lapwise, in-plane, and torsional motions
of ihe blade,

The strain energy in torsion of a rotor blade which is restrained at the
root by a finite control spring cen be written as follows:

ke
T2
To
or dr + ~ T (24 )
L ( R L
vhere: GJ = blade2torsional stiffness, a fur-tion of radial positionm,
1bein'

k, = root control spring stiffness, in-lb/rad.
ep = pitch at the blade root
T, = torsion at the blade root, ec)/kc

The potential energy assocleted with the eerodynamic 1ift and centrifugal
centering moments can be written as follows:

R R
1 1 2.1 2
Pa E_LA“*“" += ALTeTe,.,- j; AIp026 dr- EAITQQQT (25)

vhere: A4= cheange in aerodynamic 1lift

e = distance of aerodynamic center forward of the blade
elastic axis, in.

& = rotor angular velocity

AI = unit mass moment of inertia of a blede section about a
P yerticel axis through the section feathering axis, lbein.
sec</in.

AI’I‘ = T{p mass yawing mass moment of in ngrtia less the rolling
mass moment of inertia, lb-ine.sec

Subscript T refers to tip mass.

The change in aerodynamic 1lift on a section of rotor blade can be written:
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AL = % o{rd + v sin v)239cdr

and for the tip mass
AN % p(R2 + v sin v)ea,rATeT

= air density, s].ugts/f‘t;3

= helicopter forward flight speed, f.p.s.
= azimuth angle

= 11ft curve slope, per radian

where:

= blade chord, assumed constant
reference lifting area of tip maess

= change cf pitching angle

db.é‘boﬂ“<'b
]

The average of the velocity squared at a radial distance r from the cen-
terline of rotation can be written:

2n

v - -2};!- (r232+ 2rQv siny + vesin2v) dy
. 2 2 2
S-S T o
LEEIRE R [(R) * 2]
Therefore:
1 2,2 512
Ab ==zpacVy (xX° + &=-)edr
2 T 2
1 N u2 (26)
Al = 5 pe AV (1 + 55) 8y
wvhere: x =r/R
VT = rotor tip speed, f.p.s.

A torsional deflection curve for the blade, as well as radial distribu-
tions of torsional stiffness and blade Inertia ~roperties,must be assumed.
Assume that:

X
e o GT sin >

GJ

GJ, - GJg
GJ, -(—-—-—-R——) r = GJo(l - xe)

AT, -AT
Po PR \ .
A1) = ATy - ) = = AL (1 - Apx)
where: Ayl GJR/GJO

o=l -ATDR/AIPO
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de ~
Therefore: i ER ST o7 >

Substituting the preceding expressions into Equations {24 ) and (25},
integrating, and equating the strain energy to the potential energy
glvee the following expression for the speed at which torsional diver-
gence occurs.

2
" 5 [1- .Ki(]_ - .)i.)]q-k RS+
BR 2 “2 c 8

A ) AT
Alpoﬂzi(l-?I)R2+-(1-f}—)a-=[1-x (l ;]- s

Tp
1 2,18 16, 2y (1,1 a'r“T
2pacRe'( = )Re ( -:2- JRg* ( z* —2- !i-)*- cR)_(h )
(27)
vhere: is the ratio of pitch angle change at the blade root to the

pgtch angle change at the blade tip.

Several observations can be made which allow Equation (27) to be greatly
simplified.

a) The advance ratio p = V/VT at divergence is a very small number and
the terms containing u.e are relatively unaffected if p is assumed to

be zero.

bt) The centrjifugal centering terms are stabilizing and the omission of
the AIp term is conservative for torsional divergence calcula-
tions.

c¢) The ratio a A /acR is very small compared with other denominator
terms and cén“be omitted.

Ecuation (27) can then be reduced to the following approximation:

Y
nEGJo - ;g- (1 - -::‘2- )]+ BRK,_ Rg
2 _
VTD = 5 (28)
4 6.8 ,1 3
hpache ..—-g—* (8-%)?*-(-6*;—‘2- ]

For any finite value of k., the ratio Ry must be less than unity; and for
an infinitely stiff root spring, Re = 0 since the pitch gt the blade root

cannot change. Section 4.3.2 indicates that for k, = 10" inch-pounds per
radian, which is the design value, the major portion of the torsional
deflection is due to blade twist, and so Re can be assumed to be less
than 0.1.
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= 12(109 ) 1b-in>

= 0.75 (Reference Figure 5)

= 10° in-1b/red.

0.1

002378 slugs/ftj (sea level)
5.7 per rad.

$ 6.5 ft.

56 ft. = €72 1in.

Using:

L} L} "

'J’ﬂﬂ'b?nl"&‘?‘e
o
L}

Equation (28) can te reduced to:

v.2 = 200y + 5.4010) oh.3(10)f 2
T _%’—T_Ti(ﬂ'}eLL ~$35(0.3 5= 0 ol
23%9 f.p.s.

where e 1s dimensioned in inches.

N

<
&
"

The .otor blade which is proposeda for the heavy-lift tip turbojet heli-
copter is designed with most of the torsion-carrying material forward of
the semichord, and the shear center is estimated to be slightly forward
of the blade quarter chord. Since pure torsional divergence cannot occur
if e is negative, it is doubtful that there is a finite torsional diver-
gence tip speed since the aerodynamic center for an NACA OOl airfoil
section is nominally taken at either the 2i- or 25-percent-chord point.

If the shear center were located as far aft as S50 percent of the chord,
the torsional divergence tip speed would still be safely above the design
tip speed.

The static stability of the subject rotor design, including the effects
of in-plane and out-of-plane bending, is further assured as a result of
the analog computer simulation described in Reference 1. This simulation
included in-plane and out-of-plane conditions (i.e., 2.5g¢ pullup) which
result in the highest in-plane and out-of-plane def ections. If static
instability were present in the rotor, it would have become evident dur-
ing these studies.

4.6 Special Dynamic Considerations

There are two dynamic considerations worthy of discussion which are
peculiar to the large tip turbojet helicopter. One of these concerns the
very low design rotor speed and the possibility of inadvertent cveling of
the controls so as to excite the first cyclic in-plane mode of the rotor
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blades. The gecond consideration involves sling suspension of the cargo
and its possible dynamic consequences.

4.6.1 Cyclic Stick Whirl

Reference 1 points out the fact that it is well within pilot capability
to cycle the controls at such & frequency as to excite the first cyeclic
in.plane mode of the rotor blades and cause high in-plane bending moments.
Yor the case considered in Reference 1, the first cyclic inplane frequency
18 1.247 cycles per revoluiion in the rotating system and, hence, 0.2k7
cycles per revolution in the nonrotating system at the cyclic control
stick. This relationship of rotating frequency less one cycle per revo-
lution equalling the frequency in the nonrotating system is immediately
obvious when one considers that a steady cyclic pitch input by the pilot
causes a one-cycle-per-revolution input of cyclic pitch to the blades.
For a nominal hovering ro.or speed of 11.6 radians per second (= 1.846€
cycles per second), it is seen that a rotary motion of the cyclic pitch
control of 0.247(L.84€) = 0.46 cycles per second will excite the first
in-plane mode.

It is concluded that the avoidance of cyclic stick whirl by the pilot
cannot logically be assumed even though the phenomenon is recognized as
undesirable, and so the peak in-plane bending moments shown in Reference
1 must be considered for rotor blade design.

4.6.2 Sling Load

Reference 3 considers the useful load (cargo) to be secured to the heli-
copter fuselage =0 that the cargo mass is merely .onsidered to be added
fuselage mass for helicopter stability calculations. It is also envi-
sioned that the cargo mass could be carried on a sling suspended below
the helicopter as shown in Figure 4.

.
CT"‘!

| o

Flgure 4. Cargo Sling Load.
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The linearized equations of motion of Reference 3 for a hovering helicop-
ter have been altered t. include the sling load, end the frequency results
of this study verify that the cargo and sling behave like a simple pendu-
lum. The sling length was varied from 1€ feet to 200 feet with e cargo
veight of 2k,000 pounds, and the frequency of the slung cargo was found
to vary between 1.3 radians per second to 0.h radians per second for the
sling lengths noted. Thus, there is little chance that the sling length
vill ever be short enough to produce frequencies which approach the rotor
blade natural frequencies; and therefore, it is concluded that a conven-
tional sling load will not affect the dynamics of the rotor blades.

4.7 Rotor Blade Flutter

A study of rotor blade flutter and dynamic response characteristics has

been conducted and is completely documented in Reference 1. This study

was conducted for the purpose of determining rotor parameter variations

on flutter as well as to evaluate the effect of tip-mounted turbdojet en-
gines on biade dynamics.

Sc that the effects of rotor-induced inflow, blade deflection, and col-
lective pitch could be included in the variation of parameters, four
flight conditiors were assumed. These conditions are as follows:

a) 1g hover at Wg = T1,6€0 1b.

b) 2.5g vertical acceleration at W, = 71,680 1b.

¢) Maximum vertical rate of climb at W = 71,680 1b.
d) Minimum collective pitch (q75R = .5 deg. )

Conditions b) and d) are not completely realistic flight conditions since
the rotor cannot develop 2.5g of thrust in hover, nor will the collective
pitch limit be less than zero degrees at 0.7T5R. These conditions are
included, however, since they represent conservative boundary conditions
for positive and negative inflow. Figures 12 and 13 present estimated
curves of blade deflection and rotor inflow velocity, respectively, for
the four conditions under consideration, and Table 4 defines collective
pitch settings, turbojet engine thrust, and turbine speed (r.p.m.) for
eech condition. Figures 5 and € precent the stiffness and mass data that
are required for the flutter study. Some of the pertinent date which are
held constant throughout the study are ar follows:

Q = rotor angular velocity, 11.62 rad/sec.
GT = blade twist, -10 deg.

R = rotor radius, 56 ft.

a, = precone angle, 1.2 deg.

WT = +tip weight, 1,200 1b. per blade

Tip engine mass properties
Ch~rdwise center of gravity, 0.25c
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The parameters which were varied during the study, snd the ranges of
variation, are as follows:

k. = root control spring stiffness, Sx 10! to 15x10' in.1bjred.

5} = delta three angle, O to 45 deg.

@, = turbine (engine) speed, -66,000 to +66,000 r.p.m.

¢ = blede chord, 5.5 ft., 6.5 ft.

Shear center, 0.2Cc to 0.25¢

Tip mass chordwise c.g., 0.16c to 0.28¢c

Flapwise EI of rotor blade
Chordwise EI of rotor blade
Weight distribution of rotor blede

Compatible vith
blade chord, c

The rotor blade simuletion and direct analog computer circuitry are ex-
plained in detail in Reference 1 and are not repeated here, The method
used to evaluate the stability of eech configuration tested is also docu-
mented in Reference 1, but will be repeated here to aid in the interpre-
tetion of those curves which are taken from Reference 1 and reproduced
herein for convenience.

The serodynamic damping for each rotor blade configuration and naturel ,
frequency is obtained by driving the analog computer circuit with an oscil-
lating voltage source. The drive point is selected to give large response
in the desired mode and small response in the other modes. The mode fre-
quency is determined as the frequency at which the drive current is a mine
imum (corresponding to minimum force for a given drive velocity). The
demping is determined from the shape of the current versus frequency curve
near the resonant frequency. The damping factor, G, 1s numerically equal
to twice the per-unit criticel damping factor, {. Because inherent damp-
ing exists in every analog computer circuit, each rotor blede configura-
tion was tested both with and without eerodynemics so that the demping

due to the analog circuitry could be subtracted from the totel damping

to yield only that damping which is attributeble to aerodynamics,

No ettempt has been made in Reference 1 to edd structural demping to the
rotor blade simulation, end so a value is assumed for discussion purposes
only, It is not uncommon to achieve structural demping fectors of { = .015
(per-unit critical demping) in dynamic systems which are constructed en-
tirely of metallic components as is the tip turbojet rotor blesde, Based
on the assumption that {, = ,015 for this rotor blede, then, the atruc-
ture.. damping is assumed to be

Gg = 2 Ca = ,03 (structural demping)

Before discussing the effect of variation of paraweters on blade flutter,
it {s well to note that the only mode of vibretion which has negative

31




eerodynamic damping, using the nominal hlade parameters, is tve second
cyelic mode for the 2.5g hover condition and the maximum nega- ve collec-
tive pitch condition. Aside from the fact that the assumed structural
damping is more than sdequate to meke this mode stable, it is pointed
out that these two condlitions are rot realistic, as was mentioned previ-
ously. The lg hover and maxizmum vertical climb conditions have no un-
stable modes, even excluding structural damping.

The influence of root control spring stiffness, k., on Llade flutter 1is
best shown for the second cyclic and second collective modes, the only
modes for which aerodynamic damping becomes more negative (destabilizing)
with i{ncreasing control spring flexibility. The 2.5g hover condition is
shown since the aercdynemic damping is most destabilizing for this condi-
tion. Figure 14 points out the need for a control spring stiffness at
least equal to the btlade torsional stiffness to avoid flutter if the
structural damping factor is essumed to be .0) as previously discussed.
This requirement is easily met since the design gosl at present is for

a stiffness ratio of 10:1 (flexibilaty ratic of 1:10).

The effect of the tip weight, chordwise, center-of-gravity-position is
also shown in Figure 14. It is apparent that an extreme travel of the
tip weight center of gravity either fore or aft on the blade does not
affect all modes in the same way. Whereas the second collective mode is
more stable for an aft tip veight center of gravity, the second cyelic
mode is more stable for a forward center of gravity location. Present
design calls for a tip weight center-of-gravity placement at the 22-per-
cent chord point and so a compromise is affected for both modes.

A variation of 8, angle (pitch-flap coupling) affects only the second
cyclic mode advetrsely and results in the largest negative aerodynamic
damping for the 2.5g hover condition. Figure 15 shows the effect of in-
creasing angle on aerodynamic dsmping for this mode. Assuming & struc-
tural demping factor of .05 guarantees avoidance of flutter for angles
up to 45 degrees. Present design shows no advantage to pitch-flap coup-
ling angles spproaching 45 degrees, and so the present design calls for

a 8} angle of 10 degrees.

The effect of chordwise location of the blade elastic axis is also shown
in Figure 15. The tendency toward a more stable dynamic system for a
wore forward elastlc axis 1s indicated both from Figure 15 and elsewhere
in Reference 1, at least for the second cyclic mode. The other modes are
not of immediate interest since they all possess positive aserodynamic
damping when using nominal blade parameters. The elastic axls for the
existing blade design 1s estimated to be forward of the quarter chard
and, hence, in the proper location to reduce the aerodynamic instability
of the second cyclic mode.

The rotationai speed and direction of turbine rotation of the tip-mounted
engines is concluded to have a negligibie effect on blade flutter in Ref-

32



erence 1. The general trend is for turbine rotation in either direction
to increase the damping. For the modes where this generslization does
not epply, the change in aerodynemic damping up to meximum turbine speed
in either direction is less thar AG = -.00k when using nominal rotor
blade properties.

The influence of blade chord (or biade aspect ratio) on flutter was not
systematically investigated through a range of dimensions since subtle
changes in blade stiffness and distributed weight must accompany changes
in cbhord in order to be realistic. As an slternstive procedure, however,
the estimated rotor blade paremeters for a 5.5-foot-chord blade and & 6.5-
foot-chord blade were calculated and the serodynamic demping factors com-
pared for eimilear flight conditions. Table 3 presents a comparison cf
the serodynamic damping factors, G, for the 1g hover and 2.5g hover con-
ditions. These cases are chosen since they all have shear centers lo-
cated at 0.25 chord and tir weight center-of-gravity locations at 0.22
chord. All other varisbles such as control spring stiffness, engle,
engine turbine speed, rotor espeed, tip weight, and blede twist the
same for ell cases. Those variables which are infiuenced by rotor solid-
ity, such as collective pitch, have been calculated for each case.

TABLE 3
%
Aerodynamic Demping Factor, G
Mode 1§r Hover 2.5¢ Hover
c=55f. lc=651, |c=551, | cn6.5 1,

1st cyclic 300 % 307 L

2nd " -.00% .030 0 «.01%
3rd ¢ 079 .116 075 .109
hth " 017 045 .018 027
Sth " .016 * .009 *

6th " b1 .029 .140 .012
1st collective .288 * 324 "
2nd " .09 .120 .070 .096
3rd " -.002 .028 020 .015
hth " .005 257 .01% .238
5th ¥ » 073 * .06k
6tn " )22 .035 .013 .002

lt Not available in Reference 1.

-

The 6.%-foot-chord blade has more aerodynamic damping for every mode ex-
cept the sixth cyclic for the lg hover condition and has more damping for
every mode except the second cyclic, sixth cyclic, and sixth collective
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for the unreelistic 2.5g hover condition. Keference 4 states that for
moderate values of torsional structural damping (G = .03), e design flut-
ter parameter (om /2a) in excess of 0.3 should guarantee flutter-free
operation. In th?s expression, ¢ = blade chord, @, = first nonrotating
torsional natural frequency, a = speed of sound at sea level. This de-
sign flutter parameter varies directly with blade chord and supports the
conclusion drawn from Table 3 that the larger chord blude provides more
aerodynamic damping for a majority of modes.

The influence of a blade root flapwise stiffness (EI) buildup on eerody-
namic damping for the €.5-foot-chord blade has been shown in Reference 1.
Once again, the 1lg hover and 2.5g hover conditions can be compared for
identical blade parameters to show thet the aerodynamic damping incresses
slightly with increasing flapwise EI, but the change is so small as to be
of academic interest only.

Reference 1 presents several different blade parsmeter variations than
are discussed here, but none of these variations indicate a significent
tendency toward instebility. A summery conclusion for the work described
in Reference 1 indicates that the rotor bledes are flutter-free for the
noxinal four-bladed rotor design proposed in this report.

TABLE 4
ROTOR OPERATING DATA
Collective Tip Engine Tip Engine
LR Pitch at 0.75K Thrust# Speed
lg hover 8.5 deg. 2,020 1b. 20,250 r.p.m.
2.5g hover +16.5 deg. %5,080 1b. 22,000 r.p.m.
Max. verticel .
+ 9
pryd fliniiga 1%.1 deg. 3,080 1b. 22,000 r.p.m.
Max,. negstive
coll. pitch -5.0 deg. 1,060 1n. 18,700 r.p.m.
* Total for two engines.
# Maximum availsble thrust, not sufficient to maintain 8 = 11.62
rad/sec. (Equilibrium thrust = 6,040 1b/tip.)
e e e e e e e e e e e
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