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SfMBOIM 

« Mr«©il lift carve slope, /rad. 

a letor blade preeone ingle 

b »aber of rotor blMes 

1 ftp low factor 

e BliAe idiorä 

EX Blaöe l»adlni stiff&is0f lb-is2 

g ar«ritati©B«l »aalt«, 52.2 ft/seo2 

0 Qaping factor 

QJ Blaäe torsioaal stifföeas, »-in2 

h Tip «niiiie tteaat offset fr©» ttoe blaäe ehori lim, in. 

^ Mass ttO«mt of irasrtta of tist «agine rotatlj^ jprt», Ib-ia-iee 

ÄI Utalt aaas wammt of iaertia of a blaäe section about a vertical 
' axis tbrougb Ac sectlcm featl»rlag eacls, Ib-ln-tecr/ifi. 

k latto of blaie torsion^, stifftaes« to root amtrol spriag 
stifföea», (0J/1)/1EC 

ke loot ©atrol apriag ttlff&tss, lb-ia/rad. 

a Load factor, aaltiplea of g 

Q torque 

r iadlal diata&ce from tbe rotor eeaterliiie of rotatios to a 
point on the blade 

B lotor x«iiua 

T lotor thrust, lb. 

3L Ttp engine «mist, lb. 

VT Tip speed, f.p.s. 

V Ifolght, lb. 



SKMEOLS (OOHTIHÜS)) 

S- Pitch-flap cmipling angle 

t Blade ieoaetric pitch 

®„ Ä^e ^yl®t> i«5Sitiire if the feowetrlc single at the tip is 
greater t'ma at the root 

% „Botor Inflow p&rafflcter 

p Hr «ass density, slugs/fir 

t lotor blade azimth angle, seasured 1» directioa of rotation 
from an aft position in the rotor disk 

«%f Su   Angular velocity of tte engine rotating parts, rad/sec. 

0,0,      Rotor angular velocity, rad/sec. 



1>0 SJMittBY 

Ihe studies disciissed in this report pertain to äynaaic and aeroelastic 
ph®ic«Mm of the rotor system for a heavy-lift helicopter «sploying 
turbojet «aglaes counted at the tipt of the rotor blades. A aajorlty of 
the rotor bilde frecpiency ami blade flutter boundary work has been accom- 
plished using a lumped aass rotor blade simlation em a direct analog 
cosputer waA is cwpletcdy docui^mted in Beference 1. The iaportant 
results of these studies as veil as other dynamic investigations «hieb are 
necessary to insure adequate helicopter performance are included in this 
report. She scops of the material owered herein is suaBarised in the 
following paragraphs. 

1.1 Haeoigled apd Coupled Rotor Blade Frefnencies 

Two independent methods bave been used to obtain coupled and uncoupled 
rotor Made frefueneiee. The first three uncoupled flaprlse, chordirlse, 
and torslüftal natUpd freuendes have t«en calculated using a lumped 
mmsB slmuLation of the rotor blade and «ploying standard digital computer 
matrix iteration technifues to obtain both the frequencies and aonallsed 
mode ihapes. Completely coupled rotor Wjaä® frequencies have bam eaqperl- 
aentaUy detenadned using the direct analog computer siaulatiGn described 
in Reference 1. The ancouplea flaprise and choriirise frequencies wm 
plotted versus rotor angular velocity in order to provide a visual picture 
of frequency placement to avoid rotor speed harmonics. A eoapwisoa is 
also made of the tetöupled and coupled frequencies to determine both the 
effect oC complete coupling on frequencies «id to compare the frequencies 
arrived at by using the two methods mentioned. 

1.2 Periodic Engine Thrust 

11% effect of a periodically changing engine inlet environment for till 
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 a qualitative discussion is presented 
vhlch points out an order of magnitude of in-plane excitation which could 
result daring forward flight. 

1.3 Vibrations Beeultlnf from One Imagine Inoperative 

Hie syapetry which exists for the four rotor blades when all eight tip 
engines are operating properly is obviously destroyed if «ay one engine 
falls «id the remaining seven continue to operate. Discussions «re 
presented which consider the effect of unsymetrleal in-plane blade 
deflection as well as unsymmetrlcal torsional deflection of the blade 
supporting the Inoperative engine as It compares with the other three 
bladms« A hover condition at design gross wei$it is used for this analy- 
sis so that the periodic loads which result with one engine mit are not 



eonfusea vith otltr periodic Ismä» «faich result at forward s^eä. Since 
this atwSfy is directed toward det«raiö»tlo3a of the order of nagpltuie of 
exseit&tico ■which could occur in the case of an engine failure, the hover 
condition is adefuate. 

I*   ^ehanieal ^it&hility 

A dltcuisi» pirtalning to the «roidaaee of the fheocwenon komm as ground 
is presented. The rotor deslga under considssmtion uses the 

avoidance practice of designing for a first in-plane 
rotating frequeney vhieh is above one cycle per revolution of the rotor. 
Bat« are presented vhich show the effect of collective pitch on the first 
in-plane frefueaey for the coupled rotor blade aiwulatlon of Beferenee 1. 
A simplified analysis of the effect of a hlade tlp-aounted gypmeowt 
{engine imitating i«rt«) is presented so ttot the effect of this gyroscope 
co frefuency can he estlaated. IMs gyroscoi« analysis is preseatM to 
ecnpare the relative influenee on blade frequency of the engii» turbine 
«fid eonpressoi' MI a »onrotating stase as opposed to a rotating nass. 

1.5 loigiOBal J^j^genee 

k .sla^Llf led approach to rotor blade torsional divergmice, vhich mi 
no flaprlse or in-plane notion of the blade, is presented. The effects 
of a Tip Äjss end a root control spring are included as «ell as a tapered 
Made torsional stiffness. A saaple calculation of the rotor tip speed at 
vhich torsional divergence would occur is presented using the sane blade 
properties vhich are used in the rotor blade flutter study. 

1.6 Special dynamic Considerations 

Any helicopter is likely to have design concepts vhich introduce dynastic 
phenosiena peculiar to that helicopter. Two such phenosena are considered 
in this report* Äe very lev rotor angular velocity stakes it possible 
for toe pilot to excite the first in-plane cyclic mode of the blades, «ad 
a discussion is presented vhich describes the condition vith cements on 
the seriousnefs of the problem. The concept of a heavy-lift helicopter 
presents the possibility of carrying cargo as a slung load suspended 
beneath the helicopter. A discussion of the possible influence of this 
suspended cargo upon blade dynamics is Included. 

1.7 Hotor Blade Flutter 

Befarenee 1 present.» result« of a direct analog computer study vhich 
includes a variation of parameters investigation of rotor blade flutter. 
The significaht details of this dtudy have been extracted from Refer- 
ence 1 and are discussed in this report. The methods employed for the 
determination of flutter boundaries is described as mil as the helicopter 



r 
flight coaältlcms ccmsider^i. Thm iaflumcG of root eootrol spring stiff- 
ness, tip weight location, pitch-flap coupling (b%),  blMe elastic axis 
locatic«, tip engine gyroscoplce, blade chorä aM blade stiffness vari- 
ations on Made aerodynanic ia^ping are discussed. 



2.0  oowans^HS 

Üb« äy&effiie «n4 aesoslastie telavior of tbe foar-bl&ieä «liwnusll^ 
tetteriag rotor syst«® fzofosed for tt» heavy-lift tip turbojet teller* 
t«r is iisoMiBei «^1 evalttatti la ^ils report. Ä« «soaelttsiOBs «SÄcem- 
lug -ob» %fflBtie «deqpaey of tbe rotor ^rsti» are cwtliBiei la tl» ftiUow- 
iaf psT®%r«$m for ail phases of Um üymmlc iavestlfation« preseatetf la 
tills 

2.1   Iteeottpled sad C^^lei Botor Made Treqßmeie* 

k cQ^pari^m of oaeoupled maA c»apled rotor blade freq^eaeles* ealealated 
ttsiöi tMepeMent «etbois, isiicates timt tlacpwlBe fireqaeacles cea be 
aatlsfactc^lly ^prproximted uslag sa aa«»i^led «odel of tbe rotor blade 
ifhereas coi^llag has a aere prcoKmaeed effeet m ia-plaae fre<pa3icies, 
Um ftefHÄCf of prlsaary laterest tmm both a loading «ad dyaaadc ^iat 
Of Tiev is the first cyclic la-plaae ^s^iency.   ft» fl^vise/la-plaae 
ooopliag liwreases irltb «»llective pitch to reduce this fbeqaeacy hy l6 
percöit tmm aialmim to aaxiiaaB collective pitch aettlags. 

Bse Batumi frespeacy study presaited la feferewe 1 sinms that the first 
six coupled cyclic «ad collective «odes avoid resoaaace with their re- 
spective airload excitation hsmoaics throöghout the «llective pitch 

2.2 Periodic Bagiae ^Smist 

übe thrust of the tip engines will vary periodically vith rotor aziaath 
position for all helicopter flight conditions except hover and vertical 
flight, übe aagaltude end phasing of this thrust variation will depend 
largely upon the engine-governor dynamics, which have not been thorough- 
ly investigated at this time, übe quantitative effect of engine inlet 
velocity changes on the engine alone is to change the engine thrust by 
& lesser amount than tbe periodic variation of engine nacelle drag, and 
so the thrust variation should not be of primary concern. 

2.3 Vibrations Resulting from One Etsgine 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, übe 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- 
metrlcal in-plane bending of the four blades. The rotating load due to 
this center-of-gravity displaceaent 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 is small com- 
pared with the gross weight of the aircraft. With an adequate rotor 
isolatloa system, this rotating force should be virtually unfelt in the 
fuselage, 



ft» oat-of-track eoMitioa vould resalt trim a pitch a^le elmiige cm 
OBly «he e«^ hlm&s supporting the Inoperfttlire «^loe.    fbe helicopter 
mmgfrmm i^lc* wmld result, howeirer, is wit expected to I» »re sewre 
tli«ii tl»t emmeä hy oceasioaal out-of-track «»^iticwi flor smü-ler hel- 
icM^pters. 

2,k   jfeghgalcgl lastability 

GiwHBd remmmm, wMch is esusei hy a first cyclic la-pla^ naturti. 
fre^i«ttc^ iiliic* is close to «»e qycle per roter revolutlco, will be 
airolded wltti the prsgjosed belimpter lay tfesleala« tä» roter Maies to 
ham a first cyclic in-plaae frequency well above one cycle per retola- 
tlaa.    lacreaslag collectiye pitch teMs to lower this fireqpency iue to 
fl^pwlse/ln-plime ccmpliiig, ani so ieslgn steps have been takes to assure 
a ftwpency wofgln throu^tout the collective pitch range,    a» lafLmeace 
of the smglBe rotating parts is shown to have negligihle effect upon this 

2 »5   terslOBal Piverg^ee 

Tbe prospective location of the rotor hlaäe shear center «head of the 
hlaäe section ccaater of press»» askes the pore tersional dlvei^nce 
proMe» nonexistent,    the tersional stiffnesses of the proposed rotor 
blade sad root control spring, however, are large «KW^J that Ute di- 
verge»»» tip speed would he far above nonsl rotor speed mm if the 
shear center were located 15 percent of the chord aft of the center of 
pressure. 

2*^   Special j^ynaaie Oonsiderations 

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

The possibility of carrying cargo which is slut« 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 das^piag for 
all modes of vibration investigated in Reference 1.    it variation of para- 
meters  study   on blade flutter points out the following dausping changes 
as functions of parameter changes. 

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



to beeeae unstable with decreasing root control spring stlfftaess. 
Ibis spring «ottld haws to I» about 0.1 of its design stiffhesc to 
approacb the stability botmäary. 

b) k dtoriwlse «sveBent of the blade tip nsss trtm the aaaioal design 
ljo«»tl«a (0.22 chord) affects the dsapiag of varlmis «odes In dif- 
ferent ways. In no case does the blade flutter for center-of- 
gravity locations between l6 percent and 28 percent of the chord. 

e) M imrmme in pit<di-fl€gp campling (Ik tagle) decreases the 
dynsaiic dasping of the se<»nä cyclic aode» Ibr a structural 
lag factor of .0, however, this aode should be stable for 5. angles 
up to %5 d^pE«es. ^ 

a) Lc dMpiug is relatively unchMiged with 
variations In blade shear center. 

chordvise 

e) fhe rotational speed and direction of rotation of the engine rotat- 
ing parts hare a negligible effect upon flutter boundaries. 

f) Increased blade chord provides an increase in aerodynamic damping 
for a »ajority of the modes of vibration Mt tos a slight destabilis- 
ing effect on the second cyclic, sixth cyclic, and the sixth collec- 
tive nodes. 

g) A fltpfise blade stiffhess increase at the root of the blade has 
negligible effect on dancing. 



hl 

fbtt foUcwlBg recöw»inämtl0»s are presaateä to e&w&lwamt the «sslytlaCL 
»tttäits «Ireftäy eoacfacted «aÄ äiseuseei In this report. 

«)    Zt wrniW IM» «i^fiBt^eoiis to study the äywmit cosietptBees of 
«^liie fftllart «^pemtloc usi^g act-u«! liurdwar«. Ttm aecesflty 
of pilot eorwctive action (such M shattl^ to« m m^im m 
th» q^oiing blade) can beat fee aetewd^d <». a lUgtot vÄlele 
CMP «Mrl »tani. 

I»)   A grelle eoatrol i^irl atedy ualng aetiaü. terdvi»« ahmiia fee per- 
fteroed to detemine tlie ln-pla^ fe«a4ii^ «a»ata, i&ielj reaalt fit» 
IMa aaaoonrer.   Sine» these wsmmt» mm immrmly fmgmtimäl to 
atxuctsKrml i«^lng, it ia nece8s«qf to ietefsioa vlwtlier Wtfwtmm 
1 is imoeaaermtlve by aaaaaing that Q • .09. 

e)   Iba Hatter analyses perfamed in ItejBw«Eice I «nrat aU 
iter norwa gross wigbt.   Since the ratio of MMtwm Hyisg 
w^gbt to mmml gross wii^t ia relativer lov isr t&ia i»li« 
copter, additional low inflov Hatter at^iea abcmli fee per&rmd 
ta inaare flutter atafelUty «Äen apuratii« ^ lower ptas «eigteta. 

.,_-^.   4)PMK« 



k.o mstmc, mmj&nc, xm nmSL 2S3S3S 
In orier to mice possible a cwpltete p*n»itrle stady of rotor Mad« 
äfmmieß,  a direct amlog  ctw^uter siaulatior was macte of the tip turbo- 
Jet rotor syet«Bf aaä resiiltö ftroa tteie etwlles «re recorded in Befer- 
«nee I. Sue to the avallatoliitf of this analog slmlatloo, several 
dynandc studies, not directly related to blade flatter, vere perfomed 
to cotg>le»ent tbe calculated data pertaining to onooopled blade motion. 

h.X   Urtcwr Made ft-egieocies 

Ike flapvise, in-plane, and torsi«»! natural frequencies of the rotor 
blades have been determined both for uncoupled aotion with the blade in 
flat pitch and for eoapletely coupled motion, including aerodynamic ef- 
fects, on the direct analog computer. Preliminary work in this area was 
concentrated on achieving a sufficiently high first in-plane frequency so 
as to «void ground resonance problems as veil as large chordvise loads 
due to one-cycle-per-revolution harmonic loads. The remaining frequen- 
cies were determined in ensuing wort, and blade properties vere adjusted 
accordingly to «void resonance with rotor speed harmonics larger than one 
cycle par revolution. 

^•I'l Ottewgled Rreqpieacies 

fiia first three uncoupled fLspiise, chordvise* and torsional frequencies 
have been calculated using the blade properties plotted in Figures 9 and 
6« fba flapwise and chordvise frequencies vex« calculated using a ten- 
station Inayped-nsas elmulatloa of the rotor blade and standard matrix 
iteration procedures such as those in ieferenee 2. the matrix iteration 
procedure produces a normalised mode shape for each frequency and the 
effects of centrifugal force are included. Figures 9 and 10 show the 
first three rotating fLapvlse and chordvise uncoupled natural frequencies 
as Ihnctlons of rotor speed, the torslonal uncoupled natural frequencies 
of the rotor blade have been calculated using the equivalent torslonal 
system shown in Figure 11 wherein the blade and tip mass pitching iner- 
tias are lumped into seven concentrated masses connected by weightless 
torslonal springs which represent the rotor blade torslonal stiffness. 
A root spring of 100(10r inch-pounds per rtdian is used to slmolate the 
nominal control system stiffness as requirec by the current design. 

Sie three flapwlse 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 modes are found in Reference 1 
and pertain to root restraint conditions. A comparison of the frequen- 
cies in Figure 9 at nominal hovering tip speed with the results in Ref- 
erence 1 for the blade tip angle of 0 degrees shows the following* 

8 



Mode 

CollectlYe 
Qrcllc 
Collective 

Kgttpe 9  Befercuce 1 

(Cyel&e/levüXut Icsn) 

1.20 
3.50 
MO 

1.18 
3.30 
It.itO 

Critical 
Excltfttlon 
Hamaonlcs 

l#5»5»7f 9f.*.» 
2#*^f 6,8,10, • * • • 

Ite&r'est 
Excitation 
Harnonic 

2 
3 
1* 

Ibt three chor&rlse ftre^uencie* plotted in Figure 10 «re. In order of in- 
creeeiog m^iltttde, a cyclic (or built-in) »ode, a collective «ode, «ad 
a cyclic (or "built-in) mode.   A coaparlson of the frequencies in Figure 
10 at noolaal hovering tip speed vlth the results in Reference 1 for the 
Made tip angle of 0 degrees shows the folloiring. 

Node 

Cyclic 
Collective 
Cyclic 

Figure 10  Reference 1 
(Cycles/BeTOlutioa ) 

1.38 
6.81 
10.10 

1.36 
5.9»* 
9.12 

Critical 
Excitation 
Harmonics 

1|2,3,",6,7/..•• 
0,M,i2,  
l*2,3,5tO#7*»• • • 

Hearest 
%citatlon 
Baraonic 

I 
h or * 
9 

A eos$m±wm of the uncoupled frequaacies of figures 9 and 10 with the 
ooapletely coupled frequencies la Reference 1 shows adefoatc agreeaeat 
(less tbsii 7-percent difference) for flepviae sodas, while the ehordwlse 
aodes shew that coupling has a aore pronounced effect on In-plane trefuen- 
eies. 

tte H-rst three  nan rotating, uncoupled torslonal frequencies of the 
rotor Made have heen calculated using the equivalent torslonal systas 
shown In figure 11. Congparlson of the first natural fre^piency with that 
of Reference 1 shows that centrifugal force has only a small effect on 
torslonal frefuency and, hence, no effort has been made to calculate these 
torslonal natural frequencies at nominal hovering tip speed. The first 
three torslonal natural frequencies are as follows: 

Node 

First 
Second 
Third 

UtacoaI>1<td 

(ifonrotatlng) 

22.0 
39.3 

Reference 1 

(uDtsting) 

8.24 Cycles/Revolution 

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



k,l,2   C«glcd Frcyteiicig» 

All rotor l»l«de coupled natural frecpeaey tiork has been •cotwplltfMd cm 
« direct «Ml«« computer using the blade properties plotted in Figures 5 
and 6, vitto the results being tabulated and plotted in Reference 1. The 
seepe of the studies discussed in Beference 1 is far too large to repeat 
in tMs r^ort^ but the first six natural frequencies for each of the 
blade root restraint conditions ax« repeated in Table 1 for cowenlence. 
A* selected conditions represent sero fbnrard flight conditions which 
inelaäe aarodynaaics, centrifogal force effects (for noninal towering 
tip ^peed), end engine gyroscopic effects. These conditions are sutna- 
riied ia fatolss k, but it must be kept in mind that the condition entitled 
"NMKtnai ^sgativc Collective Pitch" is a fictitious condition used only 
for the flutter study since the lower limit for collective pitch is en- 
visioned to be 0 degrees at 0.75 radius and not -5 degrees. 

imm 1 
COUPX^D MiTtM&L FREQUENCIES 

I^N^   Condition MarliBUi» mdmm 
^s^ 1« 2.5g Vertical ■ti^ve 

«ode ^ Hover &wer CU^b CoUaetive 

Cyclic s-l 1.09 1.09 1.10 1.09 
x-1 1.21» 1.12 1.18 1.10 
2-2 5.52 3.68 3.6l 3.40 
«-3 7.30 7.02 7.17 7.38 

• e-i 8.35 8.58 8.57 8.25 
f x-2 8.86 8.8i» 8.84 9.05 

Collective s-l 1.25 1.26 1.25 1.24 
z-2 V.53 k,kQ 4.51 ^.51 
x-l 5.87 5.87 5.90 5.90 
e-i 8.22 8.1U 8.18 8.11 

' «-5 9.57 9.52 9.^9 9.56 
t-Jt 1U.68 1M9 14.39 15.46 

Built-in t-1 1.18 l.U 1.14 1.25 
x-l 1.38 1.48 1.40 1.36 
z-2 M3 4.50 4.53 4.53 
e-i 8.21» 8.08 8.24 8.11 

i i x-2 8.90 8.66 8.90 8.87 
! z-3 9.67 9.62 9.58 9.73 

10 

^onwMKNMiHi 



All fre«;ueneies «re gi^m la eyeles ptr revolution at aMdiua lioverlag 
rotor ipeed. Hie ooae SeelpuAiOB» are deflaeä la Befercmee 1 «ad, la 
general, specify flapwlae aodee (z), in-plane node* (x), «ad torelonal 

Reference 1 also presents data wfeich sl»oif« the affect of collective pitch 
on coupled flapvlse and ln-pl«w frequencies «hieb are located nearest 
to critical excitation hanaoaics. Ibis investigation «as conducted with 
ao aerodynsaics on the rotor blade and tip engines Inoperative so as to 
show the coupling effect of variable collective pitch only. Figure 12 
Is a coaposite copy of the curves in Reference 1 vblch sumaarixe this 
study. These curves show thst both the first cyclic in-plane node end 
the third cyclic flapvlse «ode «re nearer to their critical excitation 
hanoBles for large values of collective pitch than they are for flat 
pitch or lg hovering collective pitch, but neither curve crosses its 
resonance harmonic. Reference 1 alas points out that this collective 
pitch coupling which degrades the first cyclic in-plane node can ha «tn- 
taUad hy increasing the flapwise «tlffhesa la the root area. Als fact 
has influenced the root stiffness buildup shown la Figure 5. 

^•2 Ferlodlc ftiglne Ibrust 

Ba^i of the four blades experiences a one cycle per rotor revolution 
induced «id profile drag excitation when the helicopter la la forward 
flight doe to the variation of tip speed and induced velocity with asi- 
aatb. Simse the engines operate oa the tips of the rotor blades, they 
can be expected to experience a periodic thrust variation tee to variable 
engine inlet velocity occurring in forward flight. 

the turbojet engines are to be governed to aalntaln constant rotor speed 
aad the governing device, in coablnation with the ungovemed engine dy- 
namics, will Influence this periodic engine thrust. Bo literature or 
completed studies are available at tills tlae to evaluate this phaaoasnoa, 
but an order of magnitude calculation can be made to establish the sig. 
niflcsnce of this excitation source. 

If the rotor tip speed is assuaed to be 595 feat per sacBad la forward 
flight and the helicopter is flying at its aaxlaoa design level flight 
speed of 125 miles per hour, the relative engine inlet velocities of the 
advancing blade (f - 90 degrees) and the retreating blade (f * 270 de- 
grees) are as follows: 

v9o"592 * S§£r^" m '•»••• 
v270- 592 - SS^l - kC9 f.p.a. 

If it were further asaumed that the engine oeaponent transfer functions 
have sufficiently small time delay characteristics so that emiaa reac- 
tion time to inlet velocity changes is saall when no^iaiud with the tine 
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rogolrcd «or on« rötor rerolatloa (O.59 tmemä), tbtm ttoe mgim throat 
if*rl«tloa «m be eBtlnftted from «tmaiard «agi^i ttouit eorvw. fbr a 
«oadast turMiie ^peed, the «agin« timwt ^H«t %«t¥w» lalct i«lo«ltitt 
of k€9 f«et par eeeond ar^ 779 feet par aaaond wmU I» «re» affresiaata« 
ly 1,^0 potiAde of tbmat to 1,580 pomda for miciisa t»rt>iie ^eed* A» 
aerodyaaatc aaealla drag variation« with aslauth is forward fllgbt are 
larger tbaa the cottoined thrust mrlatUfM of both eaglttea m am blade 
tip and, lMBea# periodic engine tbntat variatl<HMi ^pear to be second 

qpanlitiaa. 

k.3   Vlla^tlon« Beaultlng froa One la^ae Inopemtive 

M.l l^i Wans fceitatteo 

5bere are several possible course« «bidi tssy be taken in the «went of 
engine ftdlure. One of these alght be a pilot-perflmad aetioa of smt- 
ting dows the corresponding engine on the opposing blade so as to bring 
engine thrust forces and blade deflected poaitions into a state of sye- 
aatry and thus avoid force unbalance la the rotating systenu toother 

of action would be to continue oaglns goveml^ to apttttaia rotor 
I, in «bid» case the rseatnlng engines would be re$*lreä to teliver 

«ore throat. Ibia second alternative, of course, would result la unbal- 
anced ia-plaae forces in the rotating systea sod «wild add to the rough- 
ness of fllgbt to soo» degree. The Forces resulting froa this second 
alternative era considered bare with their possible eeaaeftieaeea. 

Xf the helicopter is aaaoaed to be hovering at deal«» gross veigbt sad 
aoraal hovering tip speed (650 feet per second), the engine thrust re- 
paired Ibr equilibrium is 1,010 pounds per engine, or 8,060 pounds total 
itor eight tip engiaea. If the remaining seven engines followiag «1 en- 
gine failure are assumed to be governed exactly alike until e$iilibriiai 
la restored, each of these engines must increase its thrust to 8,080/7 * 
!,!& pounds. Including a nacelle drag on each blade tip of 51^ pounds, 
the eqpllibrlua rotor configuration would sppear siallar to that shown in 
figure I. 

A suaaation of moments about the eaatarliaa of rotation in figure I veri- 
fies eftfllibrlua Ibr It "96 feet aa follows 1 

N - 672[3(l,998) ♦ ^ö] • ^J   10.1** (^) rdr 

M- ^,979,008 - lO.lM«?»)2 

N • 1»,979.008 - ^979,0Ä a» 0 

Using the chordwis« stiffbess ourvs la figure 5, the la-pUae dsflsetion 
of saob binde aaa be calculated Ihr the loads shown la fipwa I. fhen 
using tha blade «eight distribution la figure 6 aloag with a tip weight 
of 1,800 pounds on eaeh blade, a eeAter-of»gravlty aovaasnt away tro* tha 
«entitrUn« of rotation aaa be astiaatsd. fsribraing this wleuUtioa in. 
diaatas a eantar-of-gravity novaasat of 0.19 lachts la tha 0»4ogree asi« 
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l,99ß ife-*» 

098 Ib. 

l,99ßll>. 

i,m ». 

Figur« 1. Botor Equilibrium, One Wo&m laoperttiv«, 

Math direction if the blade with on« engine inqprttivt ii wwHed to t» 
la tlw 90-^gree »tlmuth poeltloo ihown in figure It flinee « eumetlon 
of ewglne thruit vectors give« on uabelenoed Itorce of Itfk panada at the 
centerllne of rotation end in the O-degree aslBBith direction, the rotat- 
ing centrifugal force vector due to a displaced center of pwity la in 
phaee vith the rotating engine thruet vector giving a total rotating load 
at the rotor hub aa follova: 

T - -SM?* Al^ 

'MO total rotor group might, Ibt 
I - center of gravity dieplacenent, la, 
0 • rotor angular velocity, red/tee. 
AfL - unbalanced engine thruat, Ibt 
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15^ - .0^5^ ^ ♦ 1,15^ Ifc. 

»t©r pt^p wiiflrt is IMM mm 20,000 ymmi» mä m th» mtrnttag 
Ate t© a^ i^im out is feowr ttaOJ not ^e««d S,OO0 

to« 

rts^Li be 

e cwise^i«ie«e of tMs »t&tiiig 
«t tte rotor tail) oiHBÄtiNS i& 

tli« rotfttiB« aus «ai the 
freqpency eloie to aae cycl« $«r 

«ffect of tfc» rotstiag forct mala 
«aoÄlOrtiftjle load Iteetors is tbe 
isolÄtloö, however, tMs rotstiag 

virtually tmfelt la the fiisel«««. 

vector «re mt mälht Idle 
i&wmatü mtfit.   If the isola- 

aiss (ftosclaie) resalted 
rewlatiaa of thm stain 
be sinned to^he «ct^t 

Mas.   With ade. 
at tkm rotenr toab 

M.2   BflE^gg aaütatjum 

3äl aMitioe to the ia~f lane ®teitati«m i^ii^ eoaM remit with 
\, timve is also a ptHisibiUty of vsrtieal ^Ecitatioo at the 

ned fcy as cmt-of-traok w^itlo®.   Hie »»tor blaieB are de- 
t© laecupomte a lO-degre^ bnUt-ia twist,   the failure of one or 

both of the tip eaüaes cm asqr Made viU result ia a <äm®m la torsion 
at the Made tip and heat» a ehange in effeetive taust of the blade.    In 

to evaluate the effect of «a engine ffcilöre, it is necessary to 
the ehaage is blade twist.   Ooasider Fifare 2 as rq^res^itiag 
of a rotor blade vhicdi is dr inches is length and located a dis- 

of r inches fro» the eenterlise of rotation. 

«KifK 

figure 2. Rstor Blade Section. 
% definition? 

•  • Oeonetrio blade pitdi, ♦ nose up, rad. 
t.  * Built-la blade tvist, ♦ vhea tip angle exceeds root angle, rad. 
»(r) • tersicm due to ssetioo centrifugal centering and rigid blade 

coning, ♦ m»ss down, in-lb. 
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r It e«B be written that       0r " ei * | ^ C1) 

 -- •' ecu be t^ooght of es being the gto«etric blade pitch et «tetitm 
r if the bladö haä no lmilt-in tvist. 

fttbtrttcttog (1) fxtm (2) mA diviAJjig ly ^r gäwe 

Mfftereatietmg (l) give« 

(3) «na (<0 (tm 

KWch it IbUom thet 

^.^.iä^l (5) 

Bat: mir) - ^/dr - Al Ar ♦ «^i A 

m(r) - dQ/dr - Al^A^ ♦ -^— tt ♦ «ö«0ia?r (6) 

Al » wtss aoaent of inertie of the i^ctio» rt)©i*t « wrtictl 
p    exie ttomigh tfe« teetiim oenttr of pmvity, in-lb^tee*. 

«o - BMI of the bUde Motion! 1^ iee^/ia. 
«   - rotor blade eonlag angle, red» 
i  - blade aeetioa center of gravity üth raiptet to the 

ffcatheriag axia, ♦ fonwrd, i». 
Q   ■ rotor angular veloeity, rad/aect 

Sttbatitutlng (6) into (9) «id rearraagiag givaai 

dV      Aiö2 AL.A        »A»' 
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-*£       -    X .-«^ 

(7) em be vrlttm w 

-f .#.. . (^ . x), 
(B) luw the koam mhxtlm 

«^ » I ooeh %r*M »ixh ^ " {x * 3) r 

(8) 

C9) 

eoa&ltioiu fbr ttee blate 

Atr-OCwot),   %--kcC»c-»0) 

At r-B (tip),     ^-   ar^) 

• ■ collectli» pitch iupit by pilot, nd. 
ke * control spring at oollective pitch input hem, io-lb/nd. 

, iapo«i]% the bouMmry «»nditicm sives: 

A.f2)B.ac.« a,    « x (10) 

A ♦ ctnh 11R - (^ > ^ ♦ OT)eiel1 ^ (n) 
'I 

Omoting k - ^S 

and eolring (10} end (11) for A end S leads to the fbllovlng general ego*. 
tion for geometric blade pitch at the tip of the rotor blade, en*: 

W 
[(V ^)(iir«^&]**** [(V p*-* ^H^ 

coih1JH(l*wp tanbTJR)  *       ' ' ^   ^ 
(12) 

c  1 7 
*Rm ecmeentrated tortue at the blade tip, (L, ii oc^posed of gyroscopic 

1, one-engine-out operation nonent, ^fgid ooning aooent due to the 
tip MSS, and eentri Aagal centering nonent due to the tip nast, 
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«t tlw rolor tip, %l 
ties (If) mm te lutd to tmtdm ®m rttmt of om-m 

fitch «t tke blttit Uf M IbUom: 

f T§ä. 

% 
(13) 

of latcmit «re: 

07 -   6.Hl(?) 1^«IB
2
 («fffcetlv») 

I  -   672 lo, 
•   2.^ Ui«is-t«s2 (per JA.) 

fi  - U.6 nd/s«e, ( 
i   •      0 ( 

hovofx^i TOtOP 

ffq«rfk»ui flae« i - Q Vo 

X   » 0 
P « 0.150 

■itdi 1|H - 0.1506 
coih TlH - 1.0113 
twill %M « 0.1^ 

«nA k     03/*    g^-Q^ooo 

^-   L0113 + M 
c 

Chr, eaprranlng »„ in degrees, 

% - ,.0113 : ^ 

OOOSSS pmr la. 

in*!!. 

(IM 

At rigid soning «nd centrlfugiO. cwattrlag torfuei mt the bltde tip «re 
fiasctioag of the tip »Mi location with retpeot to blade feitherlng txli 
and the IBMB acnwntB of inertia and, hence, will not cheage nith engine 
tus^int «peed. The gyroicopic torfue end tomt« due to irertically dii* 
placed engine thrust with one engine inoperative «re, therefore, the only 
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töllmn: 
"by tbt ööM» fCNHtibl« tjf«i of 

TUT 

ü 

h 

♦Ig^ß ' ^ * +1.67i2120)U,6 . 13.5(1010) 

4- 27,^30 la-lb. 

♦Ig^ö ♦ fel^ - 4.i,67(2120)U.6 + 13.5(1010) 

♦5M00 ln*lb. 

Of ifMKTtlft of cagiii« fOtttfclJ^ pÄCt», - 1.67 

rotatloml apetä of cogliM rotatia« parti, ■ 20,250 r.p.au 
(refertnee frt»!« %). 

aK»ilo«l hoiwrli^ rotor fpe«! - 11.6 rad/ooe. 

vertical dlipl«e«wBat of tip tngiaes fro« toe blute daorü 
lim, » n5.5 in. 

engine thruat re^Aired to nKLataia ßonliMl horeria« tip 
^»ed, - 1010 lb. per engine (reference Table k). 

SolTfing for blade tip geooetric pitch change, Aft., veraua root control 
aprlng stiffness, ke, results in the data preeenttd in fable 2 and plotted 
in figure 15. 

TABLE 2 
ERQIHE FAIEURE EFFECfS ON BLADE WIST 

Control 
Stiffness, kc 

(in>lb/rad,) 

Blade Tip Pitch Change, Aet 
(Degrees) 

Both Engines 
jtooyerative 

Lover Engine 
lacyerative 

UpiH»r Engine 
Inoperative 

10« 
.we 
.529 
.955 

^.265 

♦O.161 
.165 
.177 
.512 

l.fc* 

♦0.522 
.525 
.555 
.622 

2.842 
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It I» GMmm itm Wi&m 23 ®Bmt * smtml sspttm Bttttmm, & , is ex- 
mm of l# tmeh^pamä* ptr wAim mmOM ia • aa^LiglMe diffif«Bce In 
jpiteb mm&m at <*« Mad« tip frw ttet iMefe «mM oeoir if tbe ticntxol 
^rlag ts ittfMlt«ly stiff,   f^e staiies is Wmtwtmz* I mire coaductei 
ttslag k   • Jjtr tiicte-pc«ßi« par radi^ i^iicli rmmXtis& in i««ir«*le ^aaaie 
e!«r*elÄrlttici of tbe xotor MJäBS.   fbls ftHm of cootrol «prlj^ stiff> 

far the blade pitch necteaim is ehösta m tlie 

£Q order to efvsl.iw.t« wrtlial tm0&m* of the helicopter csusei by «n 
«qglM fsllttre^ it it ©ansermtlire t© mmum thst both «scü^s cm ex» 
hlMe he««» iaopefmti-re mä t*«t täl other «mites sre kept ope»ttvs 
so as to «stetaiJBt s o^tälticm of Mmsymmtty* 

It will he ftesttBsd tMt «ost of the torsionsl ieflectKm of the Made 
dwutes tim wsymxmt twist of tke hUAm «id that the root geonetric 
pitch does aot cteoge.   Äla is wty aiosely the esse witti such & stiff 
root ipfiag-   A« rotor thrust dewasped % s howilng telicopter am he 
simply Wittes es foUmmt 

p   • ess letel sir density, .0<®5^ slu^/ft? 
s   *■ hlftde seettos lift eitffe lOopsg $,f}fT*&, 
h   - Biatoer of hlsdei 
e   - hlftie chord« 6»5 ft. 
B   * »tor rsdius, 56 ft. 
f7 • hovexHsg tip ipe^if 650 f .p.s. 

B * tip losi ftwter« use B ■ 1 for sispiicity 
X ■ induced inflow «ogle, rsd. 
S * collective pitch at blade root, rad. 
•T * blade tviet, .10 d^. 

Solving for the thrust of one blade (b « l) and noting that by defini- 
tion 

it osn be shown that 

,2 

■^f3 

Biffersntiating to find the thmit change (per blsde) per unit change in 
binds twist, •_, gives: 
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ÄtftiwrW l#j*lim (15) gives: 

mmm fSN» fitele g the effteetiv« eb««c of llaäa tvist torn to both en- 
tfioperKtlve on on« M«dte Up üio»M not «3cc*«4 +0.^9 Agrees, the 
of Uft as «» blMe whleli m^fort« ttte liioi«rstiYtt ««too« 10: 

A^ - ♦1^,550 (|^)* ♦X&O lb. 

of Uft etomm U cmmtvmUrm &» to tbe 
tloo tlü* tip 1mm tmeter, B, «HMO« 1.0 iastoaft of m 

w 0.97. 

of tteU Uft elwi«e ee oao of the fbar bLaioo 
titiwly b« «^ to emmm m oat of tmek cooditiiai *imm ttie tip potb 
«^ tMa "^ow^M1* biaAe win be above «» Up pctb» ef the ^me Vnexei 
MaäM ^«1 vimwd «t «QT conetent «s^ntb poeit^m.   fbe dfWMdc effect 
of ttAi aottftlUaB «m belleopter wagtei^ is efflwutrtd t© be IK> mum 

n odmr iMUtr beli- 

*.^   Ifcebmiea InetrtiiUty 

toMe mm the obvioue a^nmteges of detifsiiig vote* bindet to ^»t tbeir 
Mturel f^efa^tciee 4o not eoineite with «ivloed bervoiiiei nbteh imüA 
mmltfy Tutor blade atreea leveXe, it la «IM adwntagaoiui to deaü» tbe 
wter blaiea m tbat ttaiir fUvt in-plaee tpteUaf letuwO. fmqßamy ia 
aiovf one eycle per rewlutloa of ttee mtäM rotor*   fMa Aeaipti eriterion 
«ill pewtit avdidanee of th» ateebafiioal isatübiUty kaovn M grou^l re». 
sanea witbout the aae of blade dMpera «bieb ean add undue eipty weifbt 
to a baUoafter. 

ifflsrta «era «ada in preliminary daaifa attidiaa to aabiava a firat in* 
plasa rotating natural frefuanay of 1*58 at neninal boferiag rotor 
fha flififiaa.ebordifiaa ooupling pbaiwanoii evaluated in Itofbrenee I, at 
large eoUeative pi tab anglaa, indiaated tbat it would be viaa to in* 
'Wjp ^l1 HHPw    w*^^   ig#(|^^#l^Bi§i^iw   met   apA^pW^I    ♦•    ^      ^   w     «^P    wwBHI    l#e<^P*^P    WWWMMÄ   W»"«»«!.*    iflP 

•dafoate frafaeney margin at bigb oollaotive pftah aattinga to avoid 
IBflr^piBoMev   w ^ewee*a^aww''?^e ^        ##•*»   ♦•»   epTP*w|"eep   ••ri^^ewwieejipi   oemp^^|''Mr*Mw   •e^THB.ea^'eew^i^e^p    ipmi^riw^p^pw^eve' 

in Itofaranae l range iro» 1,3(5 oyelaa par ravolutim in flat pitob to 
igproxinately 1*15 ^relea par revolution far tba blade at ita 
aollaativt piteb aettiag of 15 degraaa at 0,731* 

20 



I of tip-amtBtcd turfeo^et «Bglne» raises the fusstioa as to «feetlier 
tbi gp^soq^lc wmnsts at tte lal^o tip äfftest thii in-plase fira» 
«* as to eaJmoc« the possibility of grouM »soiwnce.   ReHer^ee 

3, prasmits tahulatsd f^fa^aeies fbr sertral flight coMitloö», each of 
«itleb is «ml^isi «itfe tip esgiass ^«rating anä not oparatis«,   ftss« 
stuiltB äbsweä that t&e tip «agin« gyroscopics to not äfftet tl» first 
jba-plaws rotatlag natural frtfuaacy.   In addition to the direct eaalog 
oapiter sti&dy, m aasL^rsis of ti» grroscopic contribution of the «sgines 
to rotor Mais äymmica turn been conducted on a simplified model of tiie 
rotor blad«#   Wm nstbod used is Iwsed cm a linearized, small dnqpln^ 
^pptadststion to siaplliy the analysis. 

fbt efuatlons of aotlon of a linear äyni«lc systea «ay be written in 
«atrlx form as follows: 

vbere: (m) is tbe mm* astrix 

[D] is tbe dw^lng aatrlx 

[k] is tbe stiffness »atrlx 

(q| is tbe gesMsralised coordinate vector 

|Q[ is tbe generalized force vector 

fbe gyR^ioopic damping mstrix ^cwaKsnly called Out gyroscopic coupling 
«atrlx) can be found ty ccmsldering tbe simplified model of Figure I. 

Figure 5.    Cantilever Bent. 

Tbs rotating parts of both engines are luatped into one gyroscopic disk, 
vbieh is placed on the end of • weightless, elastic csntilever bant, as 
sbown. 

21 



for purposes of this analysis,consider the following definitions: 

m 

h 

%tttZ 

m  of the gyroscopic disk. 

sä aoaent of inertia of the disk about an axis la the 
plane of the disk (i.e., one of the disk disaetral axes). 

it of inertia of the disk about an axis perpendlcu- 
lir to the place of the disk (i.e., the polar nass «went of 
inertia). 

the ffloving axes defined in Figure 3* 

fixed axes in space. 

uniform bending stiffness of the cantilever bent in the plane 
of rotor rotation (i.e., the chordvise stiffhess of the blade). 

unifom bending stiflfeess of the cantilever bent out of the 
plane of rotor rotation (i.e., the  flapwise stiffioess of the 
blade). 

unifom torsional stiffness of the cantilever "bent, 

dimensions which position the gyroscopic disk with respect 
to the  cantilever bent and the rotor ceaterline of rotation 
(see Figure 5). 

the angular rotation of the plane of the disk about the y axis 
(i.e., pitching angle), + nose up. 

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

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

rotor angular velocity, 

disk angular 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. 

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

^EI.x   /6FJ 
(18) 
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Z forces parsllel to the z axis at center of the disk: 

/121I \ /12a£I \ /6EI  X 

Z mmmt» ahout the y aaris at ceöter of the disk: 

/12aEI  \ o 

(r,r     12a El  \        /6aEI  \ 

ts about x axis at center of the disk: 

6SI_\       /6aEI \      /km 
rlj*  IA9^Z.(-^)z ^ (-^)a ^(^ - l^t  - (^ 

(21) 

£ aoaents about z axis at center of disk: 

r,    /6EI \ AMI \ +V - W - ^^[—r)* ^T1 J5" a. (22) 

Equatlcms (l8) thrcMigh (22) can be written in the matrix form of Equation 
(23) wherein the bending stiffness matrix for the cantilever bent is 
written separately from the etiffness matrices involving centrifugal 
fOrce and gyroscopic moments. 

■Hie total polar mass moment of inertia, Ig, at each blade tip is 3.3^ 
pound-inch-second2, and the maximum angular velocity, flg, of these rotat- 
ing engine parts is 2,3Ck  radians per second; and so the gyroscopic coup- 
ling terms in the damping matrix of Equation (23) will never exceed KT 
inch-pounds per radian per second. The structural stiffness terms in 
the uncoupled moment equations (i.e., the diagonal stiffness terms) all 
exceed 10' inch-pounds per radian. 

!Hie 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 B, $  and £ to obtain the characteristic equation. It is 
Immediately evident that the terms which contain Op, the gyroscope ro- 
tational speed, are small in comparison with the structural stlffheas 
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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4.5» lorgloaftl Bjyergence 

ftorstcayLl 4l¥»rg«sce of a llftisg mrcAynamic  surface occurs when the 
rat« of ehaage of torque from external sources exceeds the rate of change 
of intaraal torque due to structural stlflftess. A simplified approach to 
torsloaal üirer§mce, used In this rerport, assunes no flafwlse or in- 
jßMm notion of the rotor blade, whereas a «ore detailed approach to the 
problen woull he to couple the flapwlse, In-plane, and torslonal aotioss 
of tl» blade. 

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

»-if«^)2-^ k e2 
C  O 

or ü.|£Gj(f)2dr*|^- (J*) 

idu»re:  GJ ■ blade torslonal stiffness, a füntlon of radial position, 
Ib.in2 

k « root  control spring stiffhess, ln*lb/rad. 

6 ■ pitch at the blade root 
P 
T ■ torsion at the blade root, ö^k,. 

Übe iKJtentlal energy associated with the aerodynamic lift and centrifugal 
centering soaents can be written as follows: 

fR rR 
P - i f ZUaedr + |A*TeTeT- i / Al ^e2dr- ^Al^**    (25) 

where:  Ai« change in aerodynamic lift 

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

a a rotor angular velocity 

Al • unit mass moment of Inertia cf a blade section about a 
*     vertical axis through the section feathering axis, lb»In, 

sec /in. 

Al™ ■ Tip mass yawing mass moment of inertia less the rolling 
mass moment of inertia, lb,in<*sec 

Subscript T refers to tip mass. 

change tn aerodynamic lift on a section of rotor blade can be written: 
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1 p 
^,i    » « p(rk + v sin ♦) aöcdr 

and for the tip mass 

vhere:      p »air density, slugs/Hr 

v ~ teiicqpter forvw^l flight speed,    f.p.s. 
f - azimuth angle 
a = lift curve slope, per radian 

c s 'blade chord, assumed constant 
A_, = reference lifting area of tip wass 

B = change cf pitchlt^ angle 

Tl^ average of the velocity squso-ed at a radial distance r from the cen- 
terllne of rotation can be written: 

V2 

Therefore: 

1    r\ 2 2 2      2. 
= 7r~  /      (r Ö + 2rüv sinf + v sin ^r j d^ 

2n Jo 
0    "      2 „ r       2        2 n 

(R) +T 
2^2      V~      „2 

Ai   = 2pacVT ^X    + 15-)8dr 

2 

AiT = | PVTVT2 (i + T ^ eT 
(26) 

where:      x   = r/R 

Vm = rotor tip speed,   f.p.s. 

A torslonal deflection curve for the blade, as well as radial distribu- 
tions of toröionai stirftieds and blade inertia properties,mast be assumed. 
Assume that: 

8    * ö   + 8m sin ^ 
o        T 2 

QJ„ - GJ 
GJ = GJ 

where; 

o.(>^T—jr.GJ^l-XjX) 

- Alpo(l - Xjx) AIp - AIpo-(
A-^SL) 

\T ^  i - GJ^/GJ J R'     o 

26 



I 

■Therefore:        dff " M T   T 

Substituting the preceding expressions into Equations {2k) and (25), 
integrating, and equating the strain energy to the potential energy 
gives the following expression for the speed at which torsional diver- 
gence occurs. 

V2 

(27) 

where: RQ is the ratio of pitch angle change at the blade root to the 
pitch angle change at the blade tip. 

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

a) The advance ratio M^ 
S
 V/VT at divergence is a very small maaiber and 

the terns containing \i are relatively unaffected if p is assumed to 
be zero. 

b) The centrifugal centering terms are stabilizing and the omission of 
the Alp Sr  term is conservative for torsional divergence calcula- 
tions. 

c) The  ratio a.-&J&cR is very small compared with other denominator 
terms and can be omitted. 

Equation (2?) can then be reduced to the following approximation: 

■o •'e "2oJ
0 t1 " 7 (1 - 7'] ' 8Rltc "e 

2 

UpacR2e[^ (8-^)^(|+i)] 
v^ ^  m 

For any finite value of k the ratio RQ must be less than unity; and for 

an infinitely stiff root spring, RQ " 0 since the pitch at the blade root 

cannot change. Section 4.3.2 indicates that for kc = 10 inch-pounds per 
radian, which is the design value, the major portion of the torsional 
deflection is due to blade twist, and so R« can be assumed to be less 
tnan 0.1. 
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Using:      GJo = 12(l(^) lb-in2 

XT '~    0.75 (Heference Figure 5) 

kc = 10 in-lb/rad. 

R8 » 0.1 

p = .00?578 slugs/ft5 (sea level) 

a =5.75 per rad. 

c = * 6-5 ft. 

R = 56 ft. = 672 in. 

Equation (28) can be reduced to: 

v 2 . 92(10)9 *_  ^.^(10)9 _ 2U.3(10)6  ft2 
VTD    13,552(0.5000}e      e    ' sec2 

wh«:e e is dimensioned in inches. 

23ie .tXrtor blade which is proposed for the heavy-lift tip turbojet heli- 
copter is designed with most of the torsion-carrying saaterial forward of 
the semlcbord, 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 HACA 0015 airfoil 
section is nominally taken at either the 2^ or 25-percent-chord point. 
If the shear center were located as far aft as 50 percent of the chord, 
the torsiunal 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. 

^.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 cycling of 
the controls so as to excite the first cyclic in-plane made of the rotor 
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blades, flie sewand consideration iir/olves sling suspension of the cargo 
and its possible dynaalc consequences. 

^.6.1 qyelic Stick Whirl 

ltefer«Bce 1 points out the fact that it is well within pilot capability 
to cycle the controls at such a frequency as to excite the first cyclic 
in-plane node of the rotor blades and cause high in-plane bending «»eats. 
Rar the case considered in Heference 1, the first cyclic in-plane frequency 
is 1.2^7 cycles per revolution in the rotating system and, hence, 0.247 
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 iimedlately 
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 noolnal hovering ro^or speed of 11.6 radians per second (» 1.8k6 
cycles per second), it is seen that a rotary motion of the cyclic pitch 
control of 0.2hj(l,8k6) = 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 ooments shown in Reference 
1 mast be considered for rotor blade design. 

U.6.2 Sling Load 

Reference 5 considers the useful load (cargo) to be secured to the heli- 
copter fuselage so that the cargo mass is merely wjnsidered 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 k. 

Figure k.    Cargo Sling Load, 
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The liBearized equatioos of notion of Reference 3 for a hovering helicop- 
ter haire been altered to include the sling load, find the frequency results 
of this study verify that the cargo and sling behave like a siaple pendu- 
lu». The  sling length was varied fro« l6 feet to 200 feet with a cargo 
weight of 2k,000 pounds, ana  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, aus, there is little chance that the sling length 
will 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 dynaaics of the rotor blades. 

^•7 Rotor Blade Flutter 

A study of rotor blade flutter and dynamic response characteristics has 
be«» conducted and  is completely docunented in Reference 1. This study 
was conducted for the purpose of deteraining rotor parameter variations 
on flutter as well as to evaluate the effect of tip-raounted turbojet en- 
gines on blade dynamics. 

So that the effects of rotor-induced inflow, blade deflection, and col- 
lective pitch amid be included in the variation of parameters, four 
flight conditior« were assumed. Biese conditions are as follows: 

a) lg hover at WG = 71,660 lb. 
b) 2.5g vertical acceleration at WG = 71,680 lb. 
c) Maxiaum vertical rate of climb at WG = 71,680 lb. 
d) Minimum collective pitch (9   = -5 deg.) 

Conditions b) and d) are not con^letely 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 0.75R- These conditions are 
included, however, since they represent conservative boundary conditions 
for positive and negative inflow. Figures 12 and 15 present estimated 
curves of blade deflection and rotor inflow velocity, respectively, for 
the four conditions under consideration, and Table k  defines collective 
pitch settings, turbojet engine thrust, and turbine speed (r.p.ra.) for 
each condition. Figures 5 and 6 present the stiffness and mass data that 
are required for the flutter study. Some of the pertinent data which are 
held constant throughout the study are ar follows: 

Ü   = rotor angular velocity, 11.62 rad/sec. 
eT = blade twist, -10 deg. 

R ^ rotor radius, 56 ft,. 
a0 = precone angle, 1.2 deg. 
WT = tip weight, 1,200 lb. per blade 

Tip engine mass properties 
Ch^rdwise center of gravity, 0.25c 
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The paraaeters which were varied during the study, and the ranges of 
variation, are as follovs: 

7       7 
kc « root control spring stifftiess, 5x 10 to 15x10 in.lh/rad. 

8, - delta three angle, 0 to %5 deg. 

m^ = turbine (engine) speed, -66,000 to -»■66,000 r.p.a. 

c = blade choM, 5.5 ft., 6.5 ft. 

Sl»ar center, 0,20c to 0.25c 

Tip mass chordsrlse e.g., O.loc to 0,28c 

Flapwlse EX of rotor blade 
Clwrdwlee £1 of rotor blade 
Weight distribution of rotor blade 

Coopatible vlth 
blade ctord, c 

HI» rotor blade slnulatlon and direct analog conputer circuitry are ex- 
plained in detail in Reference 1 and are not repeated here, läse method 
used to evaluate the stability of each configuration tested is also docu- 
oented in Reference 1, but trill be repeated here to aid in the interpre- 
tation of those curves which are taken from Reference 1 and reproduced 
herein for convenience. 

The aerodynamic damping for each rotor blade configuration and natural 
frequency is obtained by driving the analog computer circuit vlth an oscil- 
lating voltage source. The drive point is selected to glim large response 
in the desired mode and snail response in the other nodes. The node fre- 
quency is detemined as the freqpiency at which the drive current is a min- 
1mm  (corresponding to minimum force for a given drive velocity}« The 
daaping is determined from the shape of the current versus frequency curve 
near the resonant frequency. The damping factor, G, is numerically equal 
to twice the per-unit critical damping factor, Q . Because inherent dgnp- 
ing exists in every analog computer circuit, each rotor blade configura- 
tion was tested both with and without aerodynamics so that the damping 
due to the analog circuitry could be subtracted from the total damping 
to yield only that damping which is attributable to aerodynamics. 

Ho attempt has been made in Reference 1 to add structural damping to the 
rotor blade simulation, and so a value is assumed for discussion purposes 
only. It is not unconsDon to achieve structural daaping factors of g ■ .015 
(per-unlt critical damping) in dynamic systems which are constructed en- 
tirely of metallic coieponents as is the tip turbojet rotor blade. Based 
on the assumption that C8 = #015 for this rotor blade, then, the struc- 
turtl. damping is assumed to be 

GB = 2 C » #05 (structural dating) 

Before discussing the effect of variation of parameters on blade flutter, 
it Is well to note that the only mode of vibration which has negative 
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mrodymmic daaping, using the ncsilaal blade paraoeterE, is t^e second 
cyclic mode for the 2.5g hover conditioa aM ths maximm n^a' ve ojllec- 
tlve pitch osalition. Aside frora the fact tMt the  assmaed structural 
damping is nore than sdequate to moke this node stable, it is pointed 
out that these two conditions are cot realistic, as was mentioned prevl- 
ously. Hie lg hover and wazlmm vertical clisb conditions have no un- 
stable raodes, even excluding structural damping. 

Bie influence of root control spring stifftiess, kc, on Llade flutter is 
best shown for the second cyclic and second collective modes, the only 
«odes for which aerodynamic dating becomes more negative (destabilizing) 
with increasing control spring flexibility. The 2.5g hover condition is 
shown since the aerodynamic damping is most destabilizing for this condi- 
tion. Figure 1^ points out the need for a control spring stiffness at 
least equal to the blade torsional stiffness to avoid flutter if the 
structural damping factor is assumed to be .05 as previously discussed. 
This reiuireaent is easily met since the design goal at present is for 
a stiffness ratio of 10:1 (flexibility ratio of 1:10). 

fhe effect of the tip weight, chordwise, center-of-gravity-position is 
also shown in Figure Ik.    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 nodes in the same way. Wnereas the second collective mode is 
mare stable for an aft tip weight center of gravity, the second cyclic 
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 5, angle (pitch-flap coupling) affects only the second 
cyclic mode adversely and results in the largest negative aerodynamic 
damping for the 2.5g hover condition. Figure 15 stows the effect of in- 
creasing &z angle on aerodynamic damping for this mode. Assuming a struc- 
tural daaplng factor of .05 guarantees avoidance of flutter for 6* angles 
up to U5 degrees. Present design shows no advantage to pitch-flap coup- 
ling angles approaching h^  degrees, and so the present design calls for 
a 6, 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 
more forward elastic axis is 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 aerodynamic 
daoping when using nominal blade parameters. The elastic axis for the 
existing blade design is estimated to be forward of the quarter chord 
and, hence, in the proper location to reduce the aerodynamic instability 
of the second cyclic mode. 

The  rotational speed and direction of turbine rotation of the tip-mounted 
engines is concluded to have a negligible effect on blade flutter In Ref- 
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ereac« 1. The general trend is for turbine rotation in either direction 
to Increase the daaplng. for the aodes irrt*ere this generalization does 
not tgply, the change in aerodynamic damping up to ssxlaum tarhii» speed 
is either direction is lees than &G ■ -.OCA vhen using nominal rotor 
hlade properties. 

The influence of blade chord (or blade aspect ratio) on flutter was not 
systematically investigated through a range of diaensions since subtle 
changes In blade stiffness and distributed weight mist accoopany changes 
in chord m order to be realistic. As an alternative procedure, however, 
the estlaated rotor blade pareaeters for a 5,5-foot-chord blade and a 6.5- 
fbot-ehord blade were calculated and the aerodynamic danping factors COK- 
pared for eloilar flight conditions. Table 3 presets a cs^pari^sn of 
the aerodynamic damping factors, 6, for the lg hover and 2.% tovar con- 
ditions. Äese cases are chosen since they all have shear centers lo- 
cated at 0.25 chord and tip weight center-of-gravity locations at 0.22 
chord. All other variables such as control spring stiffness, 6» angle, 
engine turbine speed, rotor speed, tip weight, and blade twist are the 
same for all cases. Qjose variables which axe influenced by rotor solid- 
ity, such as collective pitch, have been calculated for each case. 

TABLE 3 
BLADE CHORD HimJESCE ON AERODXHAIGC DAKPIMJ 

Mode 

Aerodynamic Damping Factor, 0         | 

lg Hover 2.5g Hover      ! 

c - 5-5 ft. c « 6.5 ft. c - 5-5 ft. c - 6.5 ft. 

lat cyclic .300 * .307 a 
2nd -.(XA .OJO 0 • .01k 
3rd .079 .116 .075 .109 
Ifth .01? .Oaf 5 .018 .02? 
5th .016 a .009 a 
6th .Ikl .029 .iko .012 

1st collective .288 a .52U ♦ 
2nd .079 .120 .070 .096 
3rd -.002 .028 .020 .015 
kth .005 .257 .015 .238 
5th * .073 * .06^ 
6th 122 .055 .015 .002 

»Sot available in Reference 1. 

(Ehe 6.5-foot-chord blade has more aerodynamic damping for every mode ex- 
cept the; sixth cyclic for the lg hover condition and has more dashing for 
every mode except the second cyclic, sixth cyclic, and sixth collective 
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for the unrealistic ?..%  hover condition. Reference h  states that for 
moderate values of torsional structural daaping (G * -OJ), a design flut- 
ter paraaeter (om /2a) in excess of 0.5 should guaraatee flutter-free 
Operation. In this expression, c « blade chord, a^ « first oonrotatlng 
torsional natural frequency, a s speed of sound at sea level, fhls de- 
sign flutter paraneter varies directly vlth blade chord and supports the 
conclusion drawn frwn Table 5 that the larger chord blade provides raore 
aerodynamic deuaping Ibr a majority of modes. 

Tbe  influence of a blade root flapwise stiffness (El) buildup on aerody- 
namic damping for the 6.5-foot-chord blade has been shown in Reference 1. 
Once again, the lg hover and 2.5g hover conditions can be compared for 
identical blade parameters to show that the aerodynamic damping Increases 
slightly with increasing flapwise El, but the change is so small as to be 
of academic interest only. 

Reference 1 presents several different blade paremeter variations than 
are discussed here, but none of these variations indicate a significant 
tendency toward instability. A summsiy conclusion for the work described 
in Reference 1 Indicates that the  rotor blsdes are flutter-free for the 
nominal four-bladed rotor design proposed in this report. 

TABT.K k 
ROTOR OPERATING DATA 

1  Condition 
Collective 

Pitch at 0.75R 
Tip Engine 
Ihrust» 

Tip Engine 
Speed 

Ig hover +8.5 deg. 2,020 lb. 20,250 r.p.m. 

2.5g hover +16.5 deg. *5,080 lb. 22,000 r.p.m. 

Max. vertical 
rate of climb 

+1>.1 deg. 3,080 lb. 22,000 r.p.m. 

Max. negative 
coll. pitch 

-5.0 deg. l,06o lb. 18,700 r.p.m. 

• Uotal for two engines. 

* Maximum available thrust, not sufficient to maintain Q m 11.62 
rad/sec. (Equilibrium thrust » 6,0^0 lb/tip.) 
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