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' _An aerodynsalc retarding device in wilch the rate of rotardation
l' can be aontrolled, is s necessity in many wespons systems apovlicatioas,
- The governed rotochute is such a device, The retarding force which is
{ . gmerated by rotor blades in auntorotation, is regulated by & “lade
o piteh change mechanism called a governor. This report contains an
I analysis of 21l vhases of governed rotochute oversticn amd in particular
l 1n its application to the trajectory specifications furnished by the
| Sandia Corporation. The report ig written in partial fulfillmemt of the
A I Sandia Corporation Purchase Order No. 512120 to Kaman Aircraft !
- Corporation of May 3, 1956 i
s I . - i
- !
:‘ . i '. .'l
: _a
i ) l
I 3% o | |
1 UNCLASSIFIED

T rone MO mins ¢ o

ENGINEEAING CENERAL REFORT



D e T R R L . S
RE S kmm Az;cam ..oapomﬂom D003 83
piipantD b1 PLOOWIELO CONNESTIEWT a8~
T UNCLASSIFIED et
wooy oare__]_March 2987
TABLE OF CONTENTS PAGE
FOREWORD === - - - T
LIST OF ILLUSTRATIONS . '
b LIST OF SYMBOLS
ABSTRACY ' -
INTRODUCTION
PERFORMANCE ANALYSIS
A, 1OW SPEED PERIORMAKCE
B. HIGH SPEED PERFORMANCE
C. OPENING CYCLE ANALYSIS
D. ROTATIONAL SPEED GOVERNING -

E. TRAJECTOHY ANALYSIS
F, STABILITY ANALYSIS
0. EXPERIMENTAL PROGRAM

H, ROTOCHUTE DESIGN PROCEDURE
Appendix I Development of the Low Speed Performance Equationg---
Appendix IT Opening Cycle Equations of Motion
Apoendix III Feathering Equilibrium Equations

Avoendix IV Rclor Rigidity Faetor

GEEEEEEaeR R e g

List of Referenacs

REVIRED

UNCLASSIFIEL | -

ENGINEERING OENERAL REFORT

Se—— 1y




AT A i L et o el T < e ey B —— - e e+ w

e R R e L

THE KAMAN AIRCRAFT CORPORATION 00 Il 3 8 L
BLOOMFPIELD, CONNECTICUT

TEEL LRI L

| © PREPARED BY ) UN CL ~ . Eaa: m !
. CHECKED BY. ASSIB IED REPORT 'I‘OM : E’
REVISED &Y. ' “ _ ubbn__Lw:' ;
LIST OF ILWISTRATIONS
YIGURE NO. TITIE ‘ PAGE
A-1 Glauert - Lock Fapirical Curve- 137
A~2 Variation of Prafile Drag Coefficient along the
Blade, Equilibrium Autorotation 138
A3 Average Profile Drag Coefficients for Constant
and Varied Inflow Comparison - 13
A=ly Average and Varied Inflow Perforsance Cowparisen- 1L
A5 Fall-Scale Rotochute Through Flow Velocily
Distribution 1
4
yw: Calculated Rotor Drag Coefficient Accounting
for Stall, Idealized Prototype - 12
&= Comparison of Calenlalad and Experimental Rotor
Drag Coefficients 143
A-8 Variation of Torque Balanced PLbch Angle with
Advance Ratio ikh
B-2 Kaman Rotechute Performance- IS
B-3 Kaman Roloclmte Performmnce, Prototype
Caleulations 6
C-1 Variation of Starting Torque with Dynawie Pressure~lh7
C.2 Effect of Blede Twist and Bending on Starting
Torque 1};3 I
C=3 Rotor Speed at which Rotochute will start to Open
&t Various Values of fa ang A, 19
Ck Rotor Speed and Time Required to Start Rotochute
Opening at Various Valvee of g4 and A, ~-—-— 150
c-5 Variation of Starting Torque with Initial Values
of Cone and Swesp Angles 151
Cd Rotochute Opening « Test Results, Rotatioml
Speed - 152
)
C=1 Rotocrute Opening - Test lets, Thrust—we—eaea 153
UNCTLASSIFIED

ENGINECRING GENERAL REFPORT




.....

P | THE KAWAN ARGRAFT corroRATICH J J 38 &

I. _ ' BLOOMFIELD, CONNECTICUT

" PREFPARED BY_ : PAGE iv

ot CHECKED BY. : U AN \JLAbblb ILD nesont no.. Rel77

l’ REVISED BY mooeL_[_March 1957 '

ER L=

LIST OF TLIUSTRATIONS

FIGURE NO. TITIE PAGE
C~8 Rotorlute Opening-Test Results, Cone Angle-—eece
C-9 f  Rotochrte Opeming-Caloulated, Rotational Speed.—

&

C-10  Rotoetmte Opening-Calculated, Cone Anglew———-.——-
D1 Schemgtic Diagram of Governer linkage Geametry... 157
D=2 Calculated Centrifugal Festhering Moment - 158

D-3 Compatrison of Cslculated and ¥xperimental Pitch
Angle 159
Db Comparison of Calculated and Experimental Coming
Angle 160

D5 Camparison of Caleulated and Experimental
Aerodynawdc Festherin, Moment 161

F=3 Lixit Tip Speed and Termimel Velocity Variztion
With Rotor Drag Coefficient in Termine) Descent.. 164

B-L Rotochute Trajectory - Case I 165

¥-S Rotochute Trajectory - Case IT 166

B-6 Rotochute Trajectory - Case ITT 167

E-7 Rotochute Trajectory - Case IA : 168
E8 Rotochute Trajectory - Case IB 169

E~9 Varistion of Rotoclmte Attitvde Angle and Drop
Dlstance from Release Altltuds with Design
Iirdt Tip Spead im0

E~10 Prototype Rotochute Gross Weight Variation With
Design Limit Tip Speed in

Fol Example of Stability Resulis Leterzined by
Electrical Analogy 172

-
|
i
|
|
|
|
I ] E-1 Prototype Rotochute Performsnce 162
|
1
i
i
|
i

I © UNCLASSIFIED

ENGINKERING GENERMAL REPONT LT T S RORM MO KR AEV. 184




T Fe e TURRETEC EOIEYRAE TN T TR E Ay 45w e pemm e . -
_ BLOOMFIELD, CONNECTICUT uoudages L
PREFARED BY . raGE X :

g =  UNCLASSIFIED  memeaam
— _ * | n.n__l.w? :

.. 1387 ¢ TLIUSTRATIONS

FIOURE WO, TITIR PCE

Pa2 Spiral Oscillation Demping i

F-3 * Infloemce of Retor Inertia on Spirel Oseillstion N 20
| Damping - 1%

1 2 mmozmmwmmsm '
Osdilistion Danping b ¥, 3

-5 Srival Oseillation Perted 1%
Infloence of Rotor Speed on Retor Rigidity Fastar— 182

' Ir".x' B Co . .
W 'I]: .’_ Co - . ‘._v - "*';'";-': of Sepns, t

 ULULADDLELD |

2T b e R .\_ad&‘&ﬁmum wal b TR B e D R L G e f i )
: +|

- NEYISED

o
. i u .

H




THE KAPAN FIRGIUAT 1 Sovme wnesiigr oy g g g
' BLOOMPIELD, CONNECTICUT I

Sy ~ UNCLASSIFIED - aam

CHECKED BY.

pevats Ak wooe T Bz 1057

.

LISY OF SYMBOLS

11t cwrve slops, per rad.
rotor dise area, £t°

aspect ratio of exposed fins, (B - B)/ 8y
Mmt,ﬁz

mwber of blades

frestion of blade span over whick 1ift integration is performed
effestive fin spen, 2% |

tlads shord, ft

wsen serodynemle chord of exposed fin, fh
indoard chord in stepped plamform, 7%
outdosrd chord in stepped planform, £t

'@Jﬂouuc‘;;bh

C, force goefficient

Cq blade section chardwise force coafficient
€y blade seetion drag force coefficient

Cpy rotor drag cosfficlent .

Ca, blade ssction profile drag coefficlent

Ce " dblade seetion cherduise force, 1b

S, blade sestiocn lift force e.pe!ﬁeimt
¢, blade section nomal forcs cosfficient
Cq retor torque cosfficient

c,r : rotor thrust ecefficient
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REVIEED:

A governsd rolochute utilizes the serodmesic sutorotation of

s set of rot(:r ‘blades to generate s force opposite 0 the direction
“of mﬁdn’ of sn airborsie vehlcle, The retarding foroe 1 negulated

by & bhdc pitch change mechanism onlled & mr. The operation

of the' geverned rofechute throughout the fight range from releass
_tommudenribedhcrdn Ths mamner in wbich s govermed
foteghute 15 designed for s specific subsemic mission is also cuilined.

Rinally t.l'u affact of the rotochute ou the -stability of the airborne
:ihtoh st terwinal descent velooity is determined,
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INTRODUCTION

Controllsd sasrodynmnic retardation of many airborns wehicles
is required for their maximmm effectiveness. One device for providiné the
required retardation is the *Rotochute”. It is a2 mmltibladed aerodynamie
device wiioh utilizes the principles of autorotation to sustain s rotational
~ wotion of the blades. An serodynmnic thrust force is then developed
opposite to the direction of vehicular motion as a result of the blade

1

rotation, Awntorotation is a result of an equilibrime betwsen an accelerating
Yorque due to blade 1ift and a decelsrating torque dus to blade drag. The
blade 1lift and drag and conssquently tne thrust force deomd on the inflow
and nitch anples, In the Ksman rotechute the bladc piteh angle is controlled
by means of & spring governor. The motor thrust cinr_wt be raised indefinite ,
however, but is limited by the serodynamic characteristics of the rotor
bladas. There is nevertheless an optimum pitch angle Tor any verticular
opeyating condition., The achievement of the maximum rotor thrust consistent
with the serodynamic charscteristics of the blades, therefore, requires

a continual adjustment of the blade piteh throughout the flight range. If
the blade piteh were fixed, for instance, the rotor blades would be operating
at their maximm attainable thrust coefficient at cnly one voint in the

trajectory and in order %o stiain a higher thrust ccefficient, crerstion
at excossive rotationsl speeds following deploymany would be necessary. It |
is the purpose of this report therefore, to set forih the principles by
which the optimwm wvariation of blade piteb with velocity can be achieved for
2 speaific rotoelbta nission, to show experimmmtal verificatiom for the
xodhods dewsloped basad on these principles, snd to examine the effect of the
ﬁuim'purmtsrs on the Yotocmte stability. SSI ED
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PERMORMANCE ANALYSIS

The performmice of a rotochwte is herein defined as the
satablistment of the variation of rotor thrust (or drag) coeffiocient with
velocity«tip speed retio throughout the trajsotory from the point at which
the maximom rotatienal speed is atiained afver deploysent to temminal deacent.

This is an sercdynsxic requirssent md is 3 funetion ofthenroq:ud.c'
charscteristics of the hlade under oonditions of torgque equilibrium, It is

desiveable, of course, % obiain this torque balsnos a8t the maximum possible
rotor thrust cosfficimnd throughout the trajectory. '
It was found ommim.t to divide the performance analysis into
) two paris, namely high spesd performance sad lov speed performaice. Low
speed performance considers th;tpartorthemtium from the point
ct;_ which 2 major portion of the blade beacmes mmatalled, to the minirmm
velocdty-tip speed ratio, High speed perfomance considers that part of the
operating range follewing the eompletion of the opening oyzls after
devloyment to the point at whieh the average induced velocity is half the
approsel veloocity. It s in this region (oalled the windeill brake state in

halicoptar notation) that the use of the momentum theory is valid in
determining the induced velocity. The following is a detalled discussion of

thess regimes.
A, LOW SPEED PERFORMANCE

The low speed psrformance snglysis applies to the portion of the
flight rangs» near teminal descent vhere only the inboard pvortien of the
retor blader is: stalled. In the urual heliscopter sotation this region of

operation borders the windmill brake and the vortex ring states., The inducel
velocity in tils regime is greater than or equsl to half the descent velocidy.
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The covantional axial mementum theory no longer Ippliei.lnd tliroforo an
empirics)l correstion must be applied. This region has been investigated by
Glauert (ref;})and Locke(ref.?)and the experimentsl results presented in a
marmer which {llustretes the smooth transition from one state to another, In
doiuciig: the empirical curve Glauert suggestsd the assumption that the

" through flow welocity {( Y= v jilmsh;nt_omth-diubemof
somplications which wers presemted in snalyzing the experimental resnlts.

Howwver, tm-piriulaummbclppligdtomuhrelmnumtho
assmption is made that the bisde elements are independsnt of radisl position.
Olawert introduced two nev thrust coefficlents hased on different velocitiss.
In one cane, 1t is Telated to the approach veloclty:

T

In the other case, it is related to the through flow velonity:
F = R A—
ik p(y-v)"
A plot of the reciprocals of these coefficlents is given in Figure A-1, This

relation was used in eaioculating the performance of the modsl Rotoechuts on
1 1
the assmption that the ssme relation between _ ¥ md _ Y exists whan

considering the siements of ithe disc as when considering the diso in ite i
sntirety, This would be exmctly true if both F ar.d 4 ware independent f
of the radial station when the elements were assumed independent. Ta the regj.onl}
vhers the mcwentum theory applies (the windmill brake stete for instanos) thia ]
relationship, tetting g = (V5 - v), 1s) i

7= amrrpu(U-V.)
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B 207k UTF = a(;zx"u(u-w)
o V,=U (1 -F)
) 2
woo G H = (0-R)"
SR A

Thiz relation apcliesz in the higher inflow region of the uimhﬂl brake state
where a definite slipstream exists {Figure A-l). '
A stripwise analysis had to be made for realistic resultis ineswuch
as tre method was spolied to conditions where blade stell was encountered
over part of the blade radius, In order to demomstrate ths necessity for a
strip enslysis more g_nptd.oally, soume oalculations were made of rotor dreg
cosfficimt asmuming an average inflow velocity ratioc. The average through
flow velccity ratios ware based on the simple blade element equation for an

ideal rotors
| =~ 9*"[/914- d
Lav Iy T Fge (a+1)

The average inflow veloeity ratio depends heavily on an average
profile drag coefficient. Using the rreviously calculated _ (A,
distributions which wers based ou strip ﬁa];nn (Mgure A+2), the average
torque weighted profile drag cosfficisnts wers oblained as follows:
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Using these values of Cq_ (figore A-3), the rotor drag

| cosfficient and the torque balanced pitch mgles were calculated as a
funetion of the advance vatis. A comparison between these values and

’ mmﬁﬁwwmﬂmntmaﬂma. It mst
'hmahumthatthe'ﬁght'f:ao“ wst have beent used in

.[ the aversge inflow calculation to obtain a valid result, thes requiring
| a strip amalysis in eithér case, Julging from the c‘o HMetribations
(Figore A=2) a cholice of the cd-rectmcdo ;&mm:m fore
tuitons., In addition, squation A-1 is good only when the correct aversge
1ift curve slope is known., Such an exmpression wuld be groesly in error

when part of the blade was stalled. These deficiencies in the myiform
infiow representation dictated the necessity for a strip anralysis solutiom
for accuarate prcdicﬁovn of the maxisom Yetor drag coefficlient.
Numerisal Procedure

The procedure for determing the low speed performance at each
advance ratio is divided intec three parts: Firgi, the determiration of
the distribution of the throvgh flow velocity ratio, _A__ , secondly,
the determinstion of the blade pitch angle required for- tcique balanoe,
and thivdiy, the deiermination of the thrust and/or rotor drag coef-
ficient for the torque equilibrium pitch sngle, Ths eguatioms for the
above three parts are developed in Appemdix I. Thequtimtor‘tho
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The 7t and dreg cosffictents used in the salwtion of eysation -2 &re
-Wﬁondrfdlmlﬂothduh:pﬁmpfmmofwm
mmmmnmmm The Jssal angle of attack is:
oo (55 -

For the firet spproximstion the cee 3 wes considered to be
writy, After the serodymsuic losding is cbiained, the equilidriws flapping
angle _e__mbecdmlnteduﬂthmmm. Bme__e__ﬁ
noxmally small in this regime only onz reeoling is necessary.
l One cowprtstional proosdure will now be deseribed. At each
I | value of advance yetic an arbitrery valse of § and radicl statica is
|

assomed and equation A-Z is solved by iterating on F. Similarly, it is
solved for other radisl statioms wuntil t{he radial through fiow disteribution -
' is cbtained for the assmmed piich angle. Thees valuea of "f{' are
substituted into the torque aquation and the valne of the torqee coefficient

is then detorxined. The torque squation is derived in Appendix I and is as
follcwn:

C‘?'"z(‘;l Qﬁwé]!_'(!f?f-&)it -fm‘gj (,Itb?*}%)zﬂz (A-5)
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""‘f‘}mnmumbmm1tmso,mmmwamm
" oquation and the caning angle detewmined. annnth.ﬂudthemﬁu |

angle sigxficantly sffect the value cbtaiwsd for the rotor dyeg coefficient,
: itmbeinbuhcdimmmtimmdammumdcna
obtained,
?Wmnmwtmmmmmmnam

mammr«-muwauuﬁwormmmnﬁ
_mmwonmum mmummtdhml-sm

" ab. The effect of pertial blade siall iv quite proncwnded. The comtimmed
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available, the date usel ws a cowposite of informaticn ebtatned froe
references 3 to 12. From this information charts otlliftu:llt‘ntcodﬁ-
d“mmﬁf&m%WhMﬁwMt&
suampbmmmmumhmmmmm

. puafitien wnder investigation, The ratic of Raynolds nusber to Mach

mwber oR be cxpreszed ast
ﬁ“/ fr’ jcopr  _ JARLPe
ev M

mlnummmthemﬂformmhrmtm The
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| UNCLASSIFIED

sare | 75"*'”"*"/7/’_-.&

EN@NEIRING GEMERAL REFO A - voawme, KO asv.



PERFARCD BY.

000404

THE KAMAN m CO*PO‘RAT!ON
BLOOMFIELD, CONNECTICUT

e . UNCLASSIFIED  mmmwtam

MoORL : “ oave__1 Yareh 1957

Substituting the sbove value for tamperature, the Mach number equation

_ begomest

M= R | N
AR T2 TR ]

For sny perticular tip speed, therefors, the Mash mmber sud Reynolds
 pusber is cbtained for any redisl stetion and consequently the approvriste
o dimensiomal data for these stations cen be used.

I'nl.lluchu the model tests were condugted at lower sectian
 Baynoldg smbers Jgl were used in the oaleulstion of Figare A-6,
-Mﬁmam_ﬁmmmmummuhmm

Reyrolds numbers. & reduetion in Remolds number has the effest of reducing
the meximem 117t and incressing the seetion dreg oceffleient. is a result,
the torqus balance eccurd st & lower Llade pf tch angle and the rofor thrust
1is reduoed. In addltion, the section profile drag occeffieient i» affected
by surfece eondition and airfoil shape. Consequently, the blade pitch
angle for torque balanoe is dependent upon these factors as well, For any
papdimlar adwance ratio, a reduction in piteh ipcuma the accelersting
torque. A Mgher sestiosn Jreg therefors, requires = lower piteh angle for
torqus balanes. On the model rotochute, ths hub and blada grip section of
the blade was vary bdlunt and therefore ccltributed a high drag inerement
to that section. A roasarable sstimate wis macde of the drag of this region.
It was then inwwwn togethir with the Qe Reynolde number airfoil
duta, iwto the mmum. '!h- rwnltl are presonted md mﬂdﬁth

wind mx rm:mm nmm*ud A-§ nlﬁm Au&.\‘m
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in the profile drag cosfficient of evenn the ﬁmm station sicnificantly
affeosts the pitch angle for torque balance and scusequently the maximum
rotor drag coefficisat. At higher advance ratios this effect is not qjﬂ.to
so pronounced since a2 larger portion.of the bdlade i» stalled and the effeot
of one station has 2 smeller influence, Rasasamebls correlation with the
wind tunnel results was obtained therefore, when the effects of blade stall,
aporopriate Reynolds mumbers and grip drag were asoountad for., These results
in turn indieate the imdrorvement that may be- obiained at full scale with
grip drag Feduced to 2 minimm,

Calculations for the maximm wvalue of rotor drag coefficient for the
prototype were made using ressonable estimater of blade surface congitions
and the avprovriate Reynolds numbers. A valus of 1,53 was obtained. This
value i3 less than that obtalfied for the idealiged prototype (Fig. A~6)

to the inboard section of the blade necessitated by the tclescoping provision.
The atrfoll sectisn was modified by incressing the tralling-edge ragius,

The winimum drag would be increased as 2 consequence. In addition, the

dteg of the interngl type blade grip, although conaiderab]} less than that

of the models, required a dreg increment on that section of the bhﬁn. The
value of blade vitch angle for torque oquiﬁbri.m 1= showm on Figure 4-8
for’-e‘xmpariaon with the model results,

Limitations of the Method

Theorstioally the aforementioned methcd should be apoiicable
L 4
throughout the roltochuta opersting range li_.t_ace in the bhigh spead regime
the relatiomship between the thrust godfficients I and £ {ollows the

mmﬁn theory. is the advapos ratio increasesz, however, the aaiunpticm

AEVISED .

that adjscent blade simments are indepandmt bm qneatimuhlo bumn
B ESTAY ] “

-_UL\\J

I The diffsrence is due to the increase in drag resulting from the modifications
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of the spazwise pressure gradient «nd fhres dimenecionsl flow ocasiderations,
For example, ealoulations were made at advance retios of 0,25 smd 0.5. it
the advance ratis of 0,25, the oslouladed rotor drag ccefficient was 3l
peromnt below the experimental value and at an sdvence ratio of 0.5 it ws
38% below the experinental val¥s, The spacwise pressure gredient is produesd
ky the rothtion, and has the otfcct.d": swesping the boundary layer

outbosrd taward tbs tip. It time postames the stall st more isboasd
stations, Aéoording to refermce 13, the nmaximum 1if% at the'80% redius
station on & propeller was inoreased by approximately idirty perceat as

‘| & vesult of tiis boundary layer thinming. In sddition whes blade stall
m toward the 4ip, & tin vortex sheet is produded wuich increnses
blads 1% md drag. This phenomencn is waseribed by Keebemnn in

refsrornce 1k as follows: "When a 'M. dumuionsl airfoll is completely
swiled & vortex sheet springs from the leading edge sndfinother from the
treiling edge. The vortloity vestor on these shests is direched slong the
spent, On a finite span wing, mumtqnuamumtjohw
nesr Abe end. The verticsl part of the vortex shest may be called the 'tip

vortex sheet'. It's existence signifies that tbe flow not only separates
from the lsdding edge bub also along the tip chord, The tip vortex shest
will oxist bhove a cartain tacidense at which the flow is atSached along
e tip ohord. The value of thim angle of attack will depend an the load
&etrilmdion, the tip shaps and the Reynolds mmber®, An additional
indueed m: .‘mox:aunt iz produesd by tha intersction of the vertises.
Tnasmush a8 the thrust is provorsionsl %0 § * & ¢mé . she thrust would
I ' ingresge whan both the C; and the Cj of the %ip segtion inorease. No
mthdwnfmdformhﬁngmmwofmnwmxm.tom !
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accounted for in the two~dimensiona) strip smalysis. The verformsnce method
could be uzed throughout the rotochute operwting range, however, ifva mathod
conld ba devised thst takes these two effects into account.

The limitations of thia method at higher speeds do not prevent

the caloulation of performsnce in this yrange inamauch as the method
presented in the following section was dewveloved to cover this reglon of
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Tn combrast to the d1ffienlty enountersd in calculating the low
spesd rotochmte perforvanse wiich requires ihe consideration of the induced
veloeity distribution and the varistion of the nemml force coefficiemt
C, Wwith blade angle of atiack, some simplifications vare possible in the
predickion of the high speed rotoshute performsnce. 3ince with increasing
speed the indnced velocity of the rotockmte becomss proportionately less
siprifioant, it was apparent that during mmch of the high speed flight |
regime the induced effecie esuld be neglected. In the high spesed coatition
of flight, the rotor blades are cowpletely stalled such that at the miniwum
valve of the advance ratio considersd (A, * O.4) the tip angle of attack
isumnhlymdopmﬂﬁhutmuu;unﬁo,z‘ofl.ﬁcwlr
the maximom, 1t exceeds 50 degrees. m, it wes reslised that some

provision should be made for considering the effect of the induced valocity
at the lower advance ratios for which this method could be expected te

apply. Therefors, the squations were Mhm perxitting the inclusion of

the indxced velooity on an average basis As derived from momentum principles.
Within the limxits of tha blade angle of attack sncountered mmder

these sonditions (20° < o, ¢ 90°) the slope of the curve of normal force

coefficient veraus angle of attack iz fairly shallow compared with the

unstalled renge. Hetwe, the syamdse variation of C, 1is necessarily
smeller foxr the blade opereting &t the bigher advance ratios. The ag-~

sumption of an average or consiant C; therufore, whils not exsot mxy be

ployed, | UNCLASSIFIED
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- :
made from 4he feot that the tangent of the dnflow angle ¢,
&t any rmudial station is mm:!.utelycéuﬂ o the advance rstio

divided by the nonedimensicnal radtal ‘station, Yor the high speed

performance range (A = o4 —-e.o), it m_fbo al:saun that the blade piteh
angle © , for torque equilibriuvm, is very closs %o zerc. Consequently
its effect on the dlade ssction of stiack oan be neglected considering
Ahe large inflow angles associated with this regime. Therefore; to &
close approximation, the seotion angle of attack at eseh of ssveral span
statione can be oﬁmnod from the advance sngle whose tegent is equitl
to ihe ratio of the descent velocity o the roWtional velocity at that
statimm, This :indepnamcy of angle of attadk to blade pitch angle obviates
the Iﬂmon for torque equilibrigm, Witu the blade angle of attack
diatrlhntion douruinod, 1t 1s only neveasary to select the

* aopropriate airfoil section data for the angle of attack r3nge defined
and the nomal force coeffivcient distridution can be readily odtained.
A sinols nuaerioal integretion of this distritution will yleld a satle-
facthTy average normal foree mi’ﬁcﬂ.m‘b for use in tha sojutiom of the
performmance equations, Slight changes in the angle of attack
distridution due to the inclusion of the sotusl blade pitch ngle for

torque equilibrivm will have & neglightle offect on thie average norsal
forse soafficlent.

:
1
i

The utilization of an average norwal force cosfficient led to |

a simple closed form integration of the elementsl 14ft for he solution !
for tie rotor drag ‘mfﬁ.cint.
The rotochute coning angle incresses proportionally with
- advanse rﬁt&o inasmuch as the blgde asrodynamis flapping momsnt changos
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with relation $o the cetrifugal fiapping sement. The method of determining
the thrust under these conditions requires ﬁ.r;t the solutien for the
' equilibrime cone sngle, Bquilitrime in the flapping degree of fresdom
is obtainad by equating the serodynamic moment sbout the flapping hinge
to the centrifugsl noment sbout the same hinge.
The developmet of Ahe squations for equilidbrivm coming angle
1s presented balew for the ease of & rotor aystam With an offset flspring
hinge and with blade undersling,
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Trom the geometry of the sysiea

hxrb J’lﬂ/

T

tas v . es+(Vy-e) COS/_‘fr)) S‘M}J

!

!

I

|

|

I

I and the forces scting on the elament beocme: S
I -  dF e CE =¥ 2" dn, b | &-2)
I |

I

|

I

|

I

I

|

j

|

I

dF SiNs =l +(t-e)cast + b smfd] Stag dw,

dF. co:/d s -Q-"re + (Y. -e)c»:/; H :!ﬂ/] eor/ d\‘

dN =0, ¢/, viCdr
ﬂhnthonloutycupmmmmliothoﬂmoofm-m

the indeted velecity v, the normal and dengendislloampencats of ¢he velesivy

ara:

Up = (% -V) Cos f (B~6)

LI.,. * ..{LI:Q-*(Y‘.- e) cosd ¢+ h .svy/d} o (B~T)
and the resultant velocity is
a .
vV = up‘-I”UY‘ _
VE Weoskt -2 %, v cos 4*‘@:?’4.’1} [ ea0 (G-e) cosp

r2€4 Sm,é’-i(*;‘-_.:v;ue’ﬂm ¥k sind (n-e)essy 4"1‘3'!4?]

4then

: : , {B-8)
m_mgtu.mumﬁkmm flapping Mnge cen be
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oqucted in integral form &2t

[*] g
f(ﬂ,-e)d# » j(t.-c)dﬁ'é’a#/ "‘jh dF COS/ (8-9)
vhere
f("'u'c)d” ""ar%.‘—!('”-e) Vidr
. C, lyc.n. [([e-ej &ﬁ +2 [-e] ) co.r/
+ R-€] (ze+2h siwf)) ces
+ Sﬂ -<f’( L ) 5109
£le-e] (e raeh sm,uh *ew f) | |
and
5#’ SMJ/ fY‘-e_? f(r e [e+(¥b-e) cesfl + 4 S"hql]-f/ﬂ/dn.
sl | [Et-e) s5-0 Peosd + ()b sf]ds,,  (Be11)
also

{idfcu,é =ff_n_‘[e+(l;-‘!) C"‘/"*" s ] casd oy
e
2
=a Cor L 4 IEC‘H;-Q) castf + 4 swd Jdwy

(B~12)
Su’?lt.ihrﬁng the following integral expression
2 >
J (-9 dny = I, (8-13)
o
2 )
‘f (G-® dvy = §, (B-1k)
z
[dwy =P (8-15)

e
ints the right hand side of the sguilidriua expression yields the following
ﬂﬁmnc equilibrimm equnt.im:
- e+ hsw g )
Cy Pl (rR-7 ﬂ'j-(v"" ) }cw/-;{, (Pe) Cosf

b
(e +2e:{2~5:h .:wﬂ)} - azu,d[{a% +I coass vh S s.w/]j

_.I,Co:/jzs c‘o.. 4P(e+h s )
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Dividing through the sbove equation by the quantity h 8, mz/e , letting
o/cos 5 = e and neglecting the higher order terms, results in the following
quadratic equation in terms of the tan {d t

_TAN;_{ 4.(%:%;)_ TANSZ =1 = _‘-‘:‘-_g;’.’. - Cu E’(: gf-ej
(53] (Be)s 4 (2)) =0

)

(B=17)
where the quantity, Iy » I, . p? | 1
then
unf o= AR RET L Y ot o)
. The thrust expression is subsequently detersined from Pigure 1,
- whare the elament of tinwust iz the cosine compenent of the normal force.
aT =2 m/c’ |
and hencs, e o
w.ﬁof ((QJ de JY (B+19)

which is the generel expression for the rotochute average thrust foree as
a function of asimuth. Howewer, for the rotochute it nsan be agrumed that
the normal force is constant sromnd the asimmth and thvs the thrust ax~

pression will simplify te
[ A
T=b8f47 (B+20)
¢ .
Since
dN = ¢y ¢/, V'c dy

assuxing 4 constant normal force coefficiant gives

T‘bC‘y%lc f (B=21)
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At ad

Mouwm
Via V, coc it =2V, v cocl +» cu/-"-*—-r?. [eoacm-é\:u/ |

+2€h wad +(Y‘ -2";; +re®) C'os;’ + 24 .:rnu/{'f.-t) Qd/wi‘ .rw7J

s‘mmmv’mmmmmumam |
T b Cu yzc a’R [p-cjf(‘!!—&-) t!a.r/,f w(%) Ca.fﬂ

= [e-qglco../ %!# :.',7[@;/-4 _§_£_€1- e“/]

fistent mey be ovaluated from the relstiemabdp
v - 23
e WAy
whish gives - ‘ . ,
Cog= Ty (GNEE (LS (57 Do
+ (@;‘23)(-%) c;o::d +(%)* co:f +2 (fz-)(g) s c:;/))
(B-23)

vhere ¢ =be/ TR

A cpesific case of this genernl rotochute coniiguration wae alse
i.nnnﬁphd sxperinentally and thersfore thise perforaance equationd
weres revived avsi™Mingly. This was the sero biade undersiing configuraties
shich leads %o the most compeod mysiew in the stored oondition. Time for

the cass of h = 8, 4he equations for blade ecns angle and rotor dreg coel»
ficient sye roszpectively,

R ) R a-ef -
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G0 = 7ou (GBS (U2 - $)-3 (- $)-3(- 8)

“&) (-8 Cosff + R (RS eus 1 o(G) (1- %) 05 2 f
| (B.25)
mumaﬁmmmammmm-m
expression is sotually a modified nmmvm

eepg L’e-—ez'(
I +e s

squivalent to the more familar lock's mwuﬁmmm.
The tcrn heroin designated a8 - for convenience, besomes an imperient
design pevemster in that the effect of & variation in blade mss chersot-
eristics mey be readily detarmined for z partisular retocimte confignration,

Additional expreszsiens wre develeped. for eo:;udmtim of the
_prototype rotgcaﬁu system which for the case of telssceping blades reculte
in 2 ltcpped blade p]mron..’lince an avarsge chord would not adequetely
repreasant the effective asrodynamic ohord, the solution was made wsing =
two part integration over imner and outer portions of thes dlade, This is |
simply a specific gase of the genaral sciution with sero underaling.

Again from Pigure 1, allowing for h = 0 and & stepped chord with
Gy and Cy referring to the inboard and outboard chords respectively, the
oqnihbr.‘-.n expression iss

f.‘fd/(‘(‘ e) = de(Y‘ ¢) -5‘14;4 | {B=26)
et UNCLASSIFIED
5 2
SO0 smp e 22 e g+ T, oyt ] (5-27)
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and

2 £ [
J (G- dw = £ ef (vi-e) v ay

, : 7 L ZI 2
“t0eud fe (g Vg o S o)V, | (5-28)
whers, upon substitution, integrating, snd then following the

orocsdure used in ths previcus desvelooamt the equations for
blado come angle and rotor drag coefficient oan be resvectively

e:prund as,

e - 5 & fro-ol R ey -0

3 2
6 ST R en) oY) R RIS £ e g vt

1

“f

3
= A = * 2
+ R - <;,__e_;g__e1r -'€32+€3r+£_‘£_2

2
. <€V, P b}
- [} 3 —_..’_L-lf'e-&)';e
2 3 e* vt s 2
-2V e 42_5-._1_5_ € LT }

¢ u‘ R
2o ® TRY | .::. éf[(.ff )P (T f)*—-&-—— e(y - *')4?(!1 egcu/
*ef-¢)f Cor 4 -:Er;-e)e}c:o,/d} - ""\" ,Q’(,Q.Y')., (2 n%)

- e(f."-\“,‘)* ?x(ﬂ-hﬂCajﬁ + ﬁ[kt rlzep+2 ngc,,/!,p.[ /P-Y,')]ao_;-/‘f]) (B=30)

A

As previcusly mentioned the induced velaocity \r’ wAS
incorporated in the performance expressions in order to extend
further their spolissbiillty into the low advance ruilc regime,
Froa reference 15, based on momentum theory in the windmili brake
state, a simvle orprcuim m bc dari'nd that permits an
1terative wnlnutim of the anrqo induc.d wloo:l.ty.
relstionship is apolicable o the peint vg_urd the drag coefficiemt
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From the above reference the induecd veloeity ratio becames:
v/ v, = /% [1- T= G ]

when corrected for the sign oconvention used herein, that ie, that the
induced velscity is positive when 1t is cpposite in sense to the roto-
chute inflow velecity.
Comparison with Wind Twinsl Reeults

Fomerical solutions of the foregoing equations were mds for
the varions retochute parameters investigatod in the wind turmel program.
For eass of solution the At dow n:l.od.tym at Pirst neglected '1.n th.

caleulation of rotochute drag coafficient. Subseguent ealeulstions were
wade ineluding the Mdnluitymmawbu&quw
from the imitialiunoorrected roter drag esefficiemt, The results of

. these solutions for various-roter selidities ace ocmpared with the ) I
up-nmlﬁmmgnnrmms-z. The importsnce of ine indused
velocity correction can be neen at am advance retie ef O.i vherw the |

corrected snalytical results sre shown to conferm with the experimentd
datum. At a solidity of .318 an induced velocity correction wuld also )
have to be spplied at advance ratios mater than 0.k eince the roﬁ-

chute drag coaflisient at these advance ratios is still lerge. When

ths corysetad rotochuts d.r.g conificient values are less ithan unity,
succassive iterations are possible and it becomes & wiwpls wmetter to
analytically prediet the slope of the retardatior curve, This is noted

for the corrected values presented in Figure B+2? for the two adwance raiios,
N5 8 ¢ =318and N~ b€ T = 215, vhere the caloulated

1 points clesely approximate the sxperimental findings. The mcerrcom.d!u
- goefficient value of 1.09 at .t for the retocimte solidity of

UNCLASSIFIED
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é'."‘tx‘ +215 ws corrected to & value of Cp = .85 by consideration of the in-

s -duced velocity, This clearly illustrates the gusp-like rapid divergence
from the experimental curve that wuld otherwide cccur fyom naglect of

" the infuced velocity. The lower solidity uncorrected drag coeffieient

f cdmhﬁmpmmmmﬁmmmibitlmm”nh

| dvergence than those st the higher salidities becaxse the rotor areg

coefficients are smaller, Since the Cpy values st this solidity are

smll (less than wnity) the induced velocdty corrections msy be spplied

further into the lower sdvance ratio regime. The retardation coeffi~

clents thersfore, mey be predicted with good aocurecy !‘wa‘llGnnulnu

that are corrected for induced valoeity.

The rotor drag coeffisients calculated usirg the aversge
normml force coefficlient value of 1.6 comparss favorably with the ex- -
perimmta) findings (Figars B-2). At the lewer solidity s slsightly
larger average C, value wonld be required. In order to obtain a

complete performance picture it then became desirons to ascertain the
effect of Cn variations, Therefors, calovlations of the rotor drag coef-
ficlont were made with a view towards bracieting the resuits previously

caleuldbed for a value of 1.6, The results ave vresented in Figuwrs B-2.

Upon exsmination it is observed that at the lower solidity inwestignted,
77 = 106 1t was found that a 12.5 percentagz change in C, prodused

s negligible change in the value of cm. Thus the semsitivity of the

rewults to cur exact average C, is ousll onff for & first sppreximation
an avermge constant value of C_ = 1.6 ms fourd to glve acceptable

sgreenaat’. It 1s concluded 4ligm from ebearvation of the curves and the
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Petardation ezpz-eesim that of the three principle parsneters of the

I Cry equadion namely o, c..3/g and C,, that reascmable vagiiations

I inthohttupuneterlu’ttffmthomltl. I¢ may ba waid them

that a change in normal force coefficient iz only important iAf it is

I varied by a significant fastor but net merely by 10 geseexts

The validity of the mse of & comstant normal feree cosffisient

' is substantiated in Figure Be2 within the desoribed limits for high

I spesd rotocinrte performance. It becemss svident Yrwa the curves snd tiw

particular equations that for advarce retios higher than A = o the

I d drag coefficimt varies timost direstly with rotechwte solidity. Sems

calsulstione wers premred for the astermination of the rotooknte

l equilibrioe blade pitch sngles in the range of advanse ratios pertinesat

l to this section.

Cood agreement with expsrimental results were obtained. The

| calenlation involved a blade strip analysis, wherein an iterative
solution produced gerc torgue and the inflow mmgle, which is essentially

I equal to the blade angls of attack, vas secwed at several blade span

I stations for the prescribed range of advance ratie., Consistext with
m assanrtions, induced velocity corrections wers made whera nescessary.

i AB g result of these calcujationp it was discovered that at the lower
advence ratic of i the blade inflow angls varied from a valve ~' 77

I degrees at the root to 19 degrees at the tip section, A% the advanoe
ratis of 1.6 the blade inflow angle varied from B4 degrees at the reet

20 only S7 degrees at the tip. This points cmi*.?; for the cases notel

and can be generally }utad, that more significant changes in bh&
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angls of attack taket pluce inm the lew advance ratic regime whore the
airfoil charsoteristics Yary spgreciably with blads sectien angle. At
the higher advance retio, the blade angle of attack fer the partieulsr
' exsmple cited changed only helf as mach. What was more significant is
that at the higher advance retio the blade tip angles of attack are
substantially higher than irithe lew velooity regims. Consequently,
from besic airfeil dets in the region of blade lul-ut attack, from
wadw,itmfmmmahoﬂfmifwnmm
airfoil sectiem is negligidle and the slepe of the noveal furce sooffi.
cient betomos shallow, Thegs findings are entirely congistant with the
eimplifying scsumption of neglecting the blade pitch angle & employed
in the amlytical high speed rotochute performmnce esloulatiens,
Rffect of Blade Mass Charesteristics
The effect of blade mp2s charesteristics on hiyh speed rote-
chute pesrformnos may be studied dy means of the modified Lock mmber
% » & nondimensional coefficient that relates the air forces and mass

P R .

.

forces on the blade. For a given blade geomtiry incressing the mess

decresases ¥ , which in turn modifies the coning angle and sonsequently

' GDR. Thus converient parametris studies can be zade of specific rote~
chute designs with regard to both pearformance rnd structural considerations.
The analytical studies alediiing the proposed prototyye con-
figuration illustrates the significance of E'- s 68 a design parameter,
By reference to table Bel, 1% may be noted thet for the indtial end
final pretotypes eonvidered that only the mass charasterictics 'ave been
changed. In Figwm-e B=3, the effect of the mass chang? may be cbserved

, UNCLASSIFIED

REVISED
1

ENGINEERING GENKRAL REPONT . ToRM RO xab-8 e.on




. . i
-

o -

REVISEG:

THE KAMAN AIRCRAFT CORPORATION - _ :
BLOOMFIELD, CONNECTICUT '

PREFARED BY

MODEL_

from the aha';)e and slene of the reprasentative retardation curves. The
results are uderstood upen exmmination of the coning angle expressien
where, fer the case of the protetyps, the desreess in ¥ ,Miﬁh
a vaXte below that of the imdtial pretetype 2t each respective advanve
retio comsidered. Them from the rotochutes drag cosfficient expreszien
(Equation B«23) it is seen that this sseller cene angle yields a higher
muerical value in the cos) term and scasequently serves So-inerease
evuryshere the Cp, value ef the final pretetype. For the eoning angle
rangs asacolatad with dhe eperational rotechute the immyemental changs
ﬂ%bsﬁmthciniﬁﬂmdﬁndm%pcbmmnuﬁomd
beesuse of the effect of this cosine gubed fimation at the larger angles
of Attask of the high advance rstio regime. Therefore, in the low
veloeity region enly & suall difference of Cp, exists betreen the curves
&f Figere B-3. FHowwver, the imremsntal differense bacomes quits sub-
staniial) W th increasing sdvance ratios and is duve to the larger dﬂ!m
batwoen the cos>”  terms in the drag cosfficienmt exprossien.

The kigh speed performance of a rotechute ean be satisfaetor-
11y predicted, as has besn herein illustrated. It showld be noted that
the medified Lock's parameter 7 , can be employed in orobing the
capabilities of a prelizdnary rotochute des: gn.

e
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P lansge | o063 0808 1008 | 12

e {m. |ax aszr 5833 | 5833

Sy | ®xg . | .0353 g 095 3.7693 6.21

I, § e 2 | 0388 - L0562 | 2u.0 3.2

I, |oteg »2 {.0m 0555 —_ ——

Y | — |— e k2 ]| 733

h- | . 457 0936 — —

C {r. 2333 .50 et
K- — —_— 1.08% | 1.08%
€y . — — <67 -9167

2 | n. 2.0 { 2.0 10,0 10,0

0 |omg md | .0020 00217 002378 { .002378

2 —— J06,.215 #3518 ———— —
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C. OPENING CICIE ABALYSIDS

In & prectical roteciwte, the blades ave required tn fold beck
along the rotor axis vo that the dreg of the unmit vhile immtalied on a»
afrplane is at & winimam, The requiressst of opaning the hisdes after
separation frem the airplene then becomed & considerutien. The swthod weed
ummbmmmmm-mmaamm
m,mm,mmbmmmmmuap-
determined position,
' An amalytical means of pradicting the opening cyels time hisztories
of the reotochute with these initial conditisns is thex necessaxy. To obitada
W-fwmmmmmh,themfwhm
ﬁmummm. The first part inclwied the starting teryue
.mdmvmdthecyelanptothaﬁmﬁuntheblnhmqhmn'
change. The second part covered the time from the start of ooning s the
time whent the gowerning sction began. The tiird pert coversd the time
from the start of governing action to the time when cowplete epening was
schisved,

The time required to spen the rotoc'mte fully i desired to be
& miniwam so that the maxiwum retardation can be resched without wemesessary
delay. Blade paremesters such sz pre-cons sngle, sweep argle, and pitoh
angle vere studied to determine thelr affect on opening time,
starttag Torge _ UnCLASSIFIED

Initial sweep and pre-oene angles are given h’-._‘th-_mh
bmw.mmmhuwwtm‘-mmotmm
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eone from the rotoctwts, Asrodyraple fyvess redulting from these swesp
and cone angles mcam-mmmm axis of rotation, It
1s this torqee which starts rotstion. The equations for the starting

Vy.f&-'e-ﬁvc"?’"
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m;, b, o, and d show bhow the desoent velocity was resolved
ite s resultant velocity seting in the plane parsilel te the chord lime,

The sparmise air flow over the blade is cespliceted and Unge
sre no practical means of incinding this effect in the equetions. However,
1hqud1tmwdrctnkmnmdmmwrhnm the
m AMudﬂumﬂﬂhm-ﬂrtorth

_'suﬁmmmsndm mmmm”am:‘-

ulbiaﬂnfmﬁ.m ammmumammuu

. plubes. mmmntozmmnnummmdm

mmuwu-aummwummmﬂ-
mwmm—,mu Y -ifi-.c.afmmm
intrease, mmmummuuw-mtmmu—-mu
sall. : The actisn of the Hip wortices hovever, 20d the comitent aix flew

'mtbmmnammmmmnhum i

nearly unifors.. Using t:is distribution, awu cu'_uuﬂ
chosen at which all of the aerodynamic faroes are eomsidered to be acting.
Alns bessnse of the uvnifihrs spervwise distridution, the velocity and the

. blade sngle of attack are mviform along the blade. With this Lrformation

and using airfoil section characteristics for g NAGA 0012 sirfoil obtainsd

mnﬂmnﬂmtwmmﬂ,mmﬂddﬂc
foreess ecting on ﬂ:ebhdnmboedm
Referring to skebeh (d):

V"’Rf“éml&, i A cos/)}* (G-ﬂ

& Z"an-'vm; .wn,:';w - an (tan/, c,:c./_l..)
. v SenA-e
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mmmumwmngcwum
mtmdthamgmwammuth-htb.rmmuunmum

Gfblade = 3oyt Ginle. #Sin' Ao cosia) (0H)
ﬂé] SEASe —CySE: Amn cas,cf)(f'-f-l’#'c os21,)
*@1 scr A, 6'3/!«»-/"6' s;-nm)(gﬁ’ sw&/L.)J
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B AN
_ : !'hm:aulmﬁ:nmfﬂtohmqhﬂu_
pﬁntmmbhum The feet thet the tip spesd wes seyligiltle
'-mbmmmmwmmmm.mm“
WMWmemm mwmm
mm““‘mw*mmmthumw
start to epm, “WWMﬁMMwumm
Geceleration are equal te serv. ﬂ-rmwu,mmzn |
xm.:u,mm,g A - oim
pES,.y&a/g cos A —ef sen, S s.,a./l—j +
osz; sens ¢é.f,d' + &5 SMA“_.CJS.A_. |
+f% send ﬂaﬂJLj-M{ | .
K uwﬁmmwmummmmm
| dizgran, equations (C-1 and (C~2) now becoms:

(-6}

V-_-.-[W‘;éﬂ'/_f. +{Vycos sinn. +/ (e+rr séﬂ}&y]z (C-7)

- =&+ Lan—'—— Y 384
o= Gt P=G+ Lan cho‘% AT *Jl-é*rfdﬁ,&) (€-8)

Using thess egquatizns and following the method used in finding
the starting toique, ths asrodynaxic flapping mement is expressed as:

Mg = 4-/41/ c@, cos § +C4 S&ﬂ¢} rdr (c-9)

Rosnlts okhindndt.h equations (C-6), (C-7), (C~8) and (C-9) are
shown in Figeres C-3 and Cub. The offect of varying &, and /,1s also
Mmthomm. nmcémwnmmnumamw
Wﬂthtmuwnutbawmortmmmmfwm
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with &, end A,. Because of the rute ohengs of rotcticnal speed with Eg

cooere with & ehamge in &, and A, , the time reqeired io StArt the
m@hmumummw.mmemam,._
angles.
mc&mwmmmmmmwtnm

mmwqumm&&:mmﬁmm-m
m:mmuormmxm There i3 @ Muit on the sise of swvesp
mdmtutmummormmﬂny«mmm‘
far out ints the wirstress by spring actien. Figere C-3 shows timt the

mwmummmumfwmm
sveep sugls if the cone angle is kept coovtsnt. ]
Bafestute Opmainy to the Poirt whers Govermiag detiem Starts -

_ mmmmmummmuthm
mtm'iw&wofm,mmmmmg. The dyoamic equations
for these tvo degrees of freedum are derived in Appmdix IT and the final
equations are presentesd heve. - |

VE(*P*C‘P*'IS c?s /*20859&4 cos N +E2F% caj}&:pﬂﬁ-‘]

+,8 Ec_% Sen s cos. N ~-25 send réﬂﬂ_]f V’/e E'ngwﬂau;g
-2e5 seng coSA -2F5 send 3‘:‘”@ f"ﬂ‘ ?&fogaou

-2 $cosr s2247=¢ UNCLASSIFIED

(c-20%

: - ' . e
WLES seme cosA —€ 5 SEne senA] v & (I siniy
| +Ts cosis cosin] + PUTscn g coseve S sing cosa

#F& s'a-n,a :bﬁ—”-:] +/d' z@*’%ﬁ’&«""-ﬂ] o)
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The retatiensl scoslerstion term in the flsrping eywtis is:
small and can be weglected. Acredymmie fov0ds were agxis handled in a
mdamut&tm-fwmmm_m. Thuw:ac!.ﬁnlth
mw.mxﬁmmwmﬁummmvm.
. sm(:)mmmnmmmnwm
Mmq-uu wme«nmmmmmtm
_ mdmﬂadsm o : :

“ .E A W sing sirA+ILGIERTERAL

V= (CW c“ﬂ*"’?ﬂ' +ysins cinA +/L( f'f'co;a);(oc{g} t

Vy aﬂ.f/
wxS+rf=O+tan’ Vi SERE SERA + co3d)cothi  (0.13)

The serodynamic forces were writton as compenente m.ch-mu e
nomrl and chordwise to a piane of # piteh,

V= t/‘([ W cosp-rdl + & sena :oﬁ.ﬁ-
+ 2Errcosde o.:/L]} [63 Lvy sEng scaA

r_ﬂ@rﬁcﬂf,l) cosA] *‘Q[Vvﬁ"’"' AJ}J’ ' {G:Gb) -
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+Aérrca;da¢5.d-;‘}* [C, vy cose -;;4’_7
~Cy [ Wy scn 2 senmte »-/27 err co.;d)ga:/g} dr (c-15)

i

The flapping momant and the torgque scting on the blades at any
time can now be expressed ass

Mg = ”r’;d 4 - (C16)
f= [mr# Prees@)d Cp »rsCHAd JVJ (C.17}

The torque and ﬂamingm‘tm;dbt given by integrsiing equa.
tione C<16 and C-17, There would be & great deal of work izveived, bevever,
in doing this integration by hand at sach time interval chosen, A 2 sine
plificaiion, a ropresaniative station was chesen on the basis of;n inte-
gration performed gt the veginning of the cslenlations. This siation mas
tchecked frequantly throughout the opsning cycle so that a revision of the
represeatative stztion couid be made 1f needed. The check was made by
somparing the results cbtained from a spanviss integration with those
from & representative station, _

4ll af the calculations were for z high spesd condition for
which there were wind tnn;nal records avaiiable. The equatiens were solved
uging the Runge-Eutta method from which the accvrasy cbtatned from the
integration ean be uhblithadtndthoﬁmiﬂmlto&nﬂd to mine
tain an zegaptable degres of aocuraty can be deterxined. The results are
shown in Figures C.9 and C+10. The effect of sweep angle scen venishes
wish inoreasing tip sdeed aad the effect of pitch angle becomss loss signi-
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ficant as ¢ gets lazger, ‘é:orﬂm, for simplicity of solntica, these
paraneters can be considersd constant with little ervor resulting.
romhd.tnamuohoztmmspua;tuomwumm
epening cycle is beyond the scope of this analysis which wes caloulated by,
hand. BEowever, the oq;tiou required for the varlation of sweep angle i1

Smle ¥ tiﬂ""(é an &y SC:HA)-‘-/“,.‘.: (c18)

Wiere ce and § are defined in Figure Del and {uqmtos&o
wtil the governing action starte.
Stars of Goverming Action
mmmMMtManmdmc
munudthcspﬂngmmmbhdoﬂhhingm Te continee
beyond tids condition, the featharing degree of freedom must be consideved
in the analysis. The centrifugal festhering moment acting om the blade
tending to change its pitch was approximated by the equation:

Mer=Pri@+re o3”) 7 ©-19)

The asrodynsxic forces were calculated in the same manner as in
the opening cycle, that ia fram equations C-lh and CZ1¥, The moments
were considered in two parts; one tending to weep the Llsde forwerd, thersby
pitching 1t; and the other twisting the blade about the forward dearing.

Thus,
Mam =Nscn S ?I‘CF rcos®

o (c-20%
Magy= N ¥r coss (c-21)
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These menents were combined with the centrifugal mement and then
resolved into foraes aoking en the governor ermnk.

Thms,
F]rfp../z’éf"'"wf"‘”zf _sﬁﬂ,d "(-F re o}dj/d (M)
Fo=lw T cosa] ff (c-23)

@

{

Sketoh (g) shows the forces acting on the governor orank. Equill-
brive about the fixed point H then requires that:

ﬁm#ﬁmﬁ’!f*ﬁf’ﬁ'”r"’ﬂ (C-2k)

Knowing the spring preleoad, the sping force is deterxined and
the sbove equation can then be solved for the rotaticnal sveed. 7The peint
where governing begins is shown in Figures C6, Co7 and 0-8. The poim

* calevlated veing experimental thrust valwec is sowevhsd Mgher than the
point datermined by using caloulated serodynamic forees. The Peason far
this difference 1o that in the calsulations using Gxerimental 4hwest, thare
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mmx“&-_wd-wmmnMummmmbm_
aod, therefore, thees foroes wers not taken inte soevemt.
Qoentag Oycle wi¢h Ooverning sstion
Theﬂﬂnfrﬁetﬂﬁdmnﬁmmmblm

ummmmmuuumumm-nmum.
mw,mmn«mmumuwnm
mumuﬁugmwu.

_ mg.uﬁdwumdﬁomﬂn,MMm"
" be ignored completely and the calculsticas fer the opsning cyels serried
o33 to the peint whers the otesdy state roteticnsl speed determined by
1s rather smal) searered to the totel opeming tine snd dees net prevesd a
qualitative cempariscn of effects of the indtial opening paramwiers on the
opening time from being obtained, |
Prototype Opeming Time

A metbod 10 resentéd whereby the epening time of sny retoshute

can be estinated by & comparisen of ite cheveeteristlos with those of the
model. Por purposes of preliminery design, this method is quite useful
Me'm.mgmm-mmmaummhwumw
Forthalﬁnudﬂp,hmm,itmldbomuwmm
umnmmmthow%ﬂngmmtmmrm.

‘ For the purpoaes of this sralysis, s constant aseslerstien and
a constant torque can be applied throvghout the opening cysle. This laplies
tht the retational speed varies linearly with time throughout the epening:
cuh mwmmummmmmﬂqpm
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mhﬁm of rotational speed iz oonsidered.
Thus,

@=Iy ¥ | | (C-25)

_L_ 2 r r
II I} I.",

(c-26)

| The design mxiwm $1p speed of the prototype rotochute during
Ahe epaming cyels following the release of the vehiole at 0.9 Mich muber
1l be eapentinlly that experiesced on the model during the epering studies
confmted in the wind twmdl at 0,7 ¥ach mmber, Therefors, Ahe time re-
quired for the prelotype to resch full rotational speed can be evalusted
with relation to the model results by the following conditiens

L2 R“ =.ﬂ.pRP - (Ce27)

{
Le . - -
Gk = Tl T (-2

]

|
i
I
i
i
i
| @mmwnmma%mnnofmh.
i
i
i
i
i

where the subscriots M and P stand for the model and prototype respectively.
By using equation C.28 and the fact that the acceleration ig
constant for the whole opeming time, one can write %he equatior:

-f = (C-29)
e 7 ¥ Yp SF

Now, it i3 neceseary ts find g ratio of the acoeleration of the
medsl to that of the protstype. The .Z'a_ at the 1mittil cone angle and

:
i
I . 'f.'m‘_ 'f;.,/jp’ V'M t'm/fF _’2' Em
}
|
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at the fully open position 13 as followet
At the initial opeming cone angle & = 85"
I, protetyps * 5.33 singeft’
1, wodel » 0.0285 slng=rt?

At the condition oftmmmmm/d-o"
Iy prototype = 163.7 Fleg-fs?
1, medel ~ 0,07 Mug-re?

The sbove values given for the inertis do not foliew the sealing
of the rotochwte. The inertis of the profotyps should be the scale faotcr
reised to the fifth pewer times the inertia of the madel if the model is
a true replies of the pretotyps. The principal resson for the dissrepsnoy
is the Mmb imertia. With the model blades at & flat cans, the hud inerils
uaMm:dthpmmmmmn. With the blades
fold8d back, the hub inertis will be sn even greater percemiage of the
cosiplete inertis. The prototype hub inertia is subftantially less than
that predicted by sealing uwp the inertia of the modal hud, In the flxé
cone conditiom for the vrototype, the Imb inertis iz less than one percent
of the to‘.‘.ll rotockutes inertia, The inertia of the vrototype tlades was
also not at tha value predicted by secaling, slthough they were much closer
to being the model blade inertia sealed up than the proetotype mb was to
the model hub,

The prototype and the wodel nlse 4iffer in some of the aerodrnasmic
torms, This 4 ffarence ocours becduse the model was gperating at a Megh
mmbar of 0.7 in & wind turmel, vhereas the prototype is oplm:"tng at a

Harh voskar of 0.9 st an altiwde of 5,000 fest in fres aiv,
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Fer the prototype
¥y = 1000 ft/sec
/2 = 0.00205 eluge/te’
- For the model opening cyels for which the opaning time is availables
'V' ¥ 761 fi/see | "
/2 = 0.00168 sings/oe> ~
The opaning time which was svailable was for s one-fifth scale
model of the prefotype. Tho scale factor (3F) is, therefore, 5. For the

peototff w1th P = S and 4f = 65° ane can write from equation C-26,

;. _w)(n')(m’ ®  26,400(aK?) ~ (c-30)

- EEI N G ST Y NS AT S
. . AR A

AT

. I
Lo Tt

e O * wamuz) ()

therofms

). - 1-105 (c-32)

= 0, Rt = 0,6R, and noking that squation C-27 gives
Rt @ gonztant = 529 ft/sec one can f£ind V for hoth the medel and the
prototype fram equation C-7,

o g2ecat Vo g VP oy

Yop ' (1000)% + (529)2 e, 1.28 x 105 V2 (c-34)
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Using squation C-26, ¥ for both the model and the prototype

can nov be found,

$po (128310 (0%?05)“”"”)3 « 2x10%UR") (C-35)

ACET l‘fm'm’“’ L c2a7x10hum)  (036)

,9,’)
(;" -0 © 030 (3

1 avarage valus of (¥ /) ms calculeted whick can be aprlied

(i Ny )m@:m Chiazet. o

Using equations C-29 and C-38 the opsming time for the pretetype
S #ow be cxpressed as a function of the opsning timh of 1he nedel ani

-
RIG) 0.263 ty (c-39)

The opening time of the modsl for which the curves are (imilted
is 0.8 seconds, Uzirng this value in aq‘nticn C-3% ary estimate of the
opering time for the protofype can bs cbisined and 1s 0.21 second;. This
vilue of 0.21 seccnds 4 well wikiin the time specified for opening. If
1t 45 required that the tip speed of the prototyps be something other then
the tip lpud of the mode)l, equations C=27 snd C-28 must ba sorrected as
follows:

= Q Ron --/L,Rp | - (c-0)
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{C-h1)
vhere 2 uautmwm’hmm’mdmmmﬂum
ihiotthom mmctummwm
mmnﬁom ’_r.

nmub-wmsmmmunmuw

mmwtummmumm_mmm The effess
of thase valuss has alrendy been Gisvuseed, but it chould be potsted ot |-
that the valnes of ,4&44..“:«&.:!-1“6”1-“ |
thucthtﬁnthlmmtm H.Wmohﬂ.ud
mmﬂmfnmmmthammu,mm%dh .
mamumm-n. o
.Wrmmu o

' The resslte. chtatnod vith aqueticn C5 £rw shove in Pigere O3
wduthmunamtmmu. Tuenmmum
inorease linearly with dymewlc pressurs, but the test results imiicate that
the 7ats at which the starting torquss increase becomes 1eee at the highe
MMH. m'winﬁolhpofmmmm
be explaineé by the fast that in the analysis the blsdss were comsidered
to be rigld fer purposes of simplicity whereas in the tes¥, there weas a
slight mmeunt of bending which inoressed with velesity. This bending

should resuit in a lower torgue dvs to the deoresse in the ailr leads and

in the memsntearns resulting frow the smiler cons angliss st the owtheard
osodione of the blada., Figwrs C-l indisates thed for the Migh sweep anglen; :
" gesd agreement was reeched in the somparison of calsulated starting lorgues
with experimental starting um.’..rann.mmmm
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angles, l'orth.wd‘eﬂcﬂaﬁngﬂnﬂnﬁ“ﬂd%m

of the opeming cysls the starting terque messured in the test wes used,

By using the exparimntal value rather than ihe caleulsted value & quanti-

tative a5 well as s qualitative check of the method developed for caloulating
the time himtories of the rotatienal speed and the cone angle could be mds,

Wing tunnel results fer ihe epeming cyele are showm in Fignres
Ceb, c-?andc-a. mmmdenwmwm
ﬁu&uw.c-ahmmmtmmmmmmm
mmmm Itmhamt&twuthﬁum
mm,mmunmrummm rr._ﬂp,
shart of opening to vhers governing starts, thers is a repid imvesse i
the rotational scceluration, follewsd by & Gecrease in the rotationsl ao-
celerstion wntil an equilibrime valne of rotational speed is resched,

" In Figure Ce7, the curve of thrust versus time, the ssme bewndariec
are mried and the thrust is sesn to be sere bafore thes rotechuts opmns.
After opening, the thruct follows mmcir the same pattern as the rotationsl
vdwiﬂﬂthtbmidimeinthmﬁnptothpdntvhmm
starte and therwafter a leeser rate of increase. '

Pigure C-8 shows three points. The point vhers the initial sweep
and cone sngles are reached, the poin* whers opening begins, arnd the peint
whare governing begins. Ono¢ sgain, the curve follow the same pattarn
mummmmumaumd'cmngcm-uwmmmm
muﬁwlm'mdahumnm‘ihuﬂhrunﬁlnm
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DP. ROTATIONAL SPEED QOVERNIND

Purpose of Coverniag

" The reteshube rotatiesal epesd esm be controlied throughowt the
speed ramge by appreprizts blsde pitch clanges. In Abe Kemsa retoshute
the pitch changes are hrowght sbowt by a balancs Detwsen & cwntrifugal
featharing moment snd the fasthering mments contriduied dy & opring and
ihe acrodynamic feroe. This balsnes is called governing sad 1s chimined
by mesnw of & governcr mechaniss wtiliging the principles ef the con-

.mmmmuMammmw

ﬂhﬂ.ﬁh!.p. m:miﬂmi'wqﬂ._m“h
mmmfmm.

" A éeseribed in the previows section, the balaace of tarqwe, which
utmm, defines 2 blade pitch angle 9, at each velocity-
tip spead ratie, Thiniamam“cmtwmn\m
mmmmlmtmwmwbmnﬁmdl&emw
due to blade drag. The performance squutions of the previous sections
show that the rotor thrust coefficient increases a2 the veleeity-tip spesd
ratio is reduced (Figure B-2). Tiig is & result of a reduction in blsds
section drag coefficient and an ineresss in blsde 11t occefficient a3 the
sverage hlade angle of attack is reduced frem 907. it the apwe time the
piteh angle yrogreases in s positive divestiem to mintein thé bildace of
torgee. Ammukm,m.ouﬂo,mmnwu
valse of velociig=iip spesd ratis, A, um'hmmm“m
throst evefficient. Ithmmtm&thmth.hﬂ_
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pitah rotechuto i tho pesk value of roter drag coeffisient Co, This
i pesk value oseurs st a velccliy-tip spesd retie betwom .10 sad .20
dapending scmwhat on the rotor solidity. If the relesse wierily were
l 1000 £4/ses, the tip spesd would have to be of the ander of 5 40 10 tiaw
I this valwe. m,am,mﬁumummd
I mwammuummmmmnam
|
|
|
|
i
|

0
ik

mamﬂpmmummmmm :
dmmm-m mmmunmummm
pmummme—q—ﬁmmmhmu;u
‘oox=latent with the acredynmmic torqus Palames repwirwmest. The msximem

. yoter drag couffieiant servdynmically attaineble esn therefore be ackieved
througheut the f1ight peth. By pwwpar choice sf pitch change mechewism

and governor characteristics the maximm tip spesd omsistent with structwral
Haite can be achisved and the tip speed controllsd over he somplisle

renge of operstion, |

Operation of the Covermy

I The operetion of the govemor can predadly be best described Ly
i mamiumsuw-u} Aftsr the roter hes opmed mder the

influmce of the starticg Sarque (bee Section C on The Opeming Cyols), the
B cemirifugal force wesent inovesses emough to change the pitch in s positive
| divootien agxingt the spring mumet. is the velesity desresses slumg the
I fiight path, the desslermting ‘compenms’ (Nlade dvmg) bepins to dwinede
! anct the rolor tends to lose rristiondl specid. This decresse in roiatiemal
g
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spesd paduces the contribution of centyifugal force to festhering egeili-
l bterive and the spring moment changes the blade pitch to & sligitly more
I negative angle. An accelersting torque due to blade 1ift then dominstes
and lesde to a higher rotatiopal speed then womld have been obtained st
I this lewer velocity at the previows pitch angle. At the smee time the
 ehange in blade pitch reduces the spring mament and & new Dwmthering equili-
l btriwm i cbtsined. Thus, during the conditions of steadily cheaging
l velocity along the flightpath, the governor adjasts the blade pitch te
: maintair the balance between centrifegal, asrodynamic and spring moments
l ‘sbout the feathering sxis. A mre nearly comstant RPM-welocity relation
is therafore attxined which resulis in & decreasing inflow yetio during
l . the deecent, The rotor drag coefficlent insresses as a conseguence %o
I the point “here the muximmm rotor dreg coefficient is achieved newr termimal
descent.
I So far only operatioa in the bladewstalled condition has been
comsidered. In this flight regime, wherein the average blads sngle of
l attack is oonsidersbly beyond the stall angle, the chordwiss force coef-
I ficient approsches serv. Ths blade pitch angle 1s therefove near sero
~since the resultsnt force must be normal to the plane of rotation for
i autorotation. Bowever, as the valooity alomg tte flight path is redwsed
a3 & reguli of the time respense of the rotochute to the developed threst
I (dreg force), and the higher level of rotatiensd speed cbisined through
l governing, the outer portion of the blade tends to becomy wetalled. 2
E

cormiderable amount of accelerwting torque 12 thereforo available to sposd
ap the roetor,. Mors of the blade span then beocaws ystalled, In this

UNCLASSIFIED

ALVYISED-

L ERGIRFENING GENERAL ROPORT



MWMWCORPGRAWUUU443

) ) BLOOMFIELY, CONRECTICUT
" PRERARED BY

gt UNCLASSIFIED  mowmciit
woeL !!| I|| Il . . . m_‘_ v Miacat 195

range tis avetage blade chordwise force changes direction. For exmpls,
at Kigh veloeitier the net chordwise foroe was decelerating. A slighd
negative piteh wes comseqmently requirsd to give s balmmeing cempenest to
the nermel Soree. Near termimal descent, bowever, the predawimest chorde
wise foroes are in the acoelersting dirwstion which Tequires & pesitive
mﬁuhmmmmdm—lm ere sguin
to increase the retationel spoed, the build wp of centrifwnl ferve intse-
dosew & mere positive pitch which inoresses the deselevating compenent of
the normal foros. The rotor is scuseguently prevested from ovevwpesding
yot 5% achieves optimme performmos ¥itiii design limits. The degrow to
ﬁanammwMuutavmwu.Mugh
detalled design of the governor. In guwrel, considersbls design fiexi-
bility {s svailshle in ary particular governor system and the offectivences
of the centrifugnl, asrodymaxic and spwing moments in providing equilibriwm
about the festhering exis osn be varied. A satisfactory tip spesd-velocity
relationship can be sttained which will give the optissm perf>rmance
possible consistent with the asrodynaic characteristies of the rotochate
wvith a given solidity and dise area. .

Nothods of Gowerning
The previcus discusszien indicatee that in order 0 shialn ophiwm

m.ﬂthmhmmmu,mfmdma
1od %0 considerstiom of pitch-oene cowrling (Delta 3) cs am offvctive
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MODEL.

goeerase, tut 1t me fomd thet a2 gingles dzlta 3 magle ws not seceitive
ancugh thro-ghout the wpeed renge. £-m an approximstion to the sstwsl
required variztiem of pitch with coming sngle netsseiiziee st least twmo
delta thres angles, ome for the partially stallsd (low speed) regime and
one for the cempletely sialled (high speed) regims. The dewign compli-
cations inherwnt in the sbove spproseh led to the considerstion of spring
governing. One presibility was to wie & syring o sach indtvideal blade
t0 balance the eontrifugal mment. This s bemz 2 suzcessful governing
devies on ethar rvtochwtes. Ancther spring, howsver, i necessary $o seb
the preceme and initial sweep mgle to indtiate a rotation. A wimgie

recone mgle and sweep wngle oa all the dlades tirough s suitable 1ink-
age systen. 7The wse of the hud certer spring to du the complete Job of
setiing the wecone and sweep angles s wll as governing timroughout the
speed renge lad to a simpler design and men tharefore adopted for the

mesent spplicstion. Ths following mﬁm will deal eseivsively with
the centrul spring governcr as it is belisved to be the simplest for the

present application.

Covernor Design Prinziples

The rotochute blades can be conwidmred to be in fesxtbering equili-
Prium under the infinence of the centsifugal, ssrcdynsmic snd spring
festhering moments. Figure D-1 shows a schemxtio disgres of the limkage

~ aywtem. mmﬂqnimnuiﬂ UNCLAM
M09 = ey s, ((e/ o

REYISELD

|
2
i
f
|
i
|
i
|
spring sheee aris iz located on the axis of rotation wes used to set the
!
i
i
i
!
§
i
i
i
i
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and aerodynamic paremeiers will be discussed fudlvideally.

Cantrifegel Festhering Masat - The squetion for the comtribution of
centrifugsl ferce xement to femtbering equilidrion is derived fn Appemdis
r. Mmtmmmm-umummmxm

momestt is as followm:
P = Q?{fs.6-1.0,-esqd - 760 1l (s se5 bt

-[#s f-.z;q‘ -5 -e5d +Z00 4 ;f‘ ATHE My
AurPlny +ewPLbnY -c5s6 bwr]sag
(AP 45 8}t b5 +ehPL b5 QN8 145 LH
.,.a?c‘t.‘ﬁ,) ~f 5ty +e fbm7 eéPd‘zfn‘)-_}r-rp
+{ L& 4.;,9‘1"’].::'-? a—[&"PO,' *J‘Fd‘f"Jc«J;‘
[245 6, + 24548 ] sup cosg} e
T™he angles /. , Y et § mumuufmumure ana‘g and
the geometrie cortants of the systems. These oqatiome are zs followa:

fon’ ;
S Q‘ x —§ secs ‘ | {D-X)
Sy = g m:A:eCffbaGb + S XLy (D-5)
{D-5a)

o« CosY = f—:’;“’ﬂﬁ""f""mﬁ
The Sefinitions of the above sysbols are given in the list of symbols. Tha
valuee of & axd g reqired for imertion into the Sove eymtions w1l
be found when the sersdynumic festharing moment 1s dicewsewd.

The sbove equation shows tmt the centrifvgal feathwring momeot
1s dlvertly woportionsl to the square of the rotntienul speed. The
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effects of the pitoh and coning angles on the centrifugal festhering
mowent however, sre not quite so apverent, as they zre also fmctions of
“he linkage geomstry. Refer, for example to Figure D=2. At a piteh angle
of sero the moment varies almost directly with the square of the rota~
tionel velovity. As sooa as seme pitch i introduced, however, the hlade
noves forwmrd as well as ontward xith coning angle. The blade center of
pravity is ths brought nesrer to the festhering axis which relieves the
reaction at the governor crank. Similarly, a variztion of pitch at coms~
tant coning angle moves the blade center of gravity fore and aft as the
angle 4 changes (Figure D-2). At constamt coming angle, the cmtrifugal
feﬁhﬁu.mtmlﬂbommmtmifthemw
which the flapping-hings link moved were symmetrical about the plane of
rotation. Care must be cbeerved in designing a particulsr retosdmwte,
therefore, to distribute the welght, restrict the sngles ¢ and g e
losats the feathering sxis swh that the blade center of gravity remains

aft of & line from the center of rotation through the feathering pdn, If
hmmghbcondiﬁm the blade c.g. moved forward of this 1line, tbe
mfmomtmmmmmmﬂmtlmumm

_i'nmnt arxd thers wounld be no governing.

| eruthwin; Noment - The spring mement determinas the extent
_teugﬁch-t.h; centrifugal force governs the rotational speed. If this
Mtvscn.m,uubhdemumhnpui'ﬁwmhhnﬁeupb

a stop. If the spring stiffness were tee grent, the Dlads would seseme
full negative pitch zod contimse to sceslurute, rrcbebly to destruction.
In the yresent systas, the spring fenthwring moxmt is develeped as followves
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‘¥oem equilibrium about the fuierum of the governor cyank, the forve at

From Figare D1,
The distance 4<, is obtained ax follows:
FHem-mcos (J +€ -7 )
and BD = blnz-[n-nao-(h“‘—’l]z

B i [m-mcos (gt €-7) 2o puan (% r€-7)

ALy 8F -5 = af 1-(B) 1~ (Uet € "D + m 5o (fugte-T)=5 (6)
Wow .= 4 —[z’—m.,-az,_] (D-ﬂ,‘

the flspping-hinge erenk Jotarte
Kl m

/S dar cos¥ )
The festharing moment, therefors iw:

Miepr = = ::: ::7 [d cesd sec fJ | o)
Since the angles & and 7 are frmctions of the piteh and coning angles
the opring mawmt too is & fuetion of the pitch and coming mngles.

In the equstiom for the deflected legth of the spring, !, the
torm Al, is the spring preload length. Preloading the spring has the
effect of requiring a higher centrifwgal mcment to foree the pitch link
from the negative stop. Preload therefers, rrevides sn sffective santrol
over the maxiyum rotstiomal speed. For ezxmple, the asrodynarie require-
mtforapﬁnpu‘fme(thnv&fhﬁmof@ and 6 with advemwe
ratio), together with the link gesmetry, deterwines the cptimem spring
rete. The effect of an increase in prelesé is sn increase in the maxism

ﬁpmim.mmmmmmwmemm
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 ‘ean be cansidered negligible since the serodpmemic foree st tevwimal

“’ - DAM

Aerodynamic Feethering Fomsut - The ewrofysanic moment is yether
varishle. Its ixportance to governor operstion depends upem the fiight
regime. In calculating the serodynsmic festhering moment, it is ocrveniewt
to consider sepmretely the two geaeral flew regimes; the stalled flow
cane (high speed) where the indoced velocity is low but the sonlng sngls
15 apprecisdls and the partially stalled escc (low spead) wherve the coming -
angle is small, Dut the indoced velocity is apprecisble. In the lew spesd
oase, the effact of the serodynmmic mamnt on the feathering equiliteims

velocity is of the order of 3 percent €8 the sems foree at high speed.
The choice of the serodymawic force mommt arm can sowevhatl alter this
figurs but not apprecisbly. -

The derivation c;f the equation for the servdynamic fextherisg
nomet, 13 presented 1n£ppmﬂxmmwomltisls.fonus

Mm-f-" - _ie M"‘-g"_fp{hi.[q,&:éam:f{m7 a-(c,i"*(,&-grﬁap_’cu%]
g
[(jxmp + ‘4)"4' 0J - }“) oS ’PJA’ZJ (5-9) |

Iutheabunmtipncnmdccmfmcﬁmofthamghd
attask at each station which ;s:

«a, =6 + arctlan &——A-‘)&fa

3@ * T (p-10)

Again the feathsring moment i# & function of the pitch and cone angles.
Thess sngles omet be cpleunlated bafore the feathering eguilibeiun equation
(Bg. D-1) cen be solved for the siwimg conytent K. They will be calevlated
for the Nigh spesd case uding the following ssgestisne wirick arpeuy
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msmbhuafirstamuﬂnum.._
1. The angle § is negligibly mmll campared to @.
A nmtmmthﬁn

3. (efR)’ mdhiMMtﬂmugliﬂbh.
Assuaption 1 i resscosble since st the maxismm flight velecity, or inClsw
ratie, the blade pitch angle approaches 20rv irsmwuch as the bisde sectiem
angles of atteck appresch S0 nhere the cherdvise compenmmt of ithe resul-
tant force Mssppears. For satcrviation, tharefore, the blade nosmml
force smet be normal to the plzne of rotation. With those assumptions and
wtilixing the requirement of targwe equilitrimm, the dlade pitch wgle canm
be eciilated for seversl poimts in the hiyh speed regime.

@=6= r..;r:Ri Le(rr z?fmﬂ)
]

33 |
hcnmdcemmdmmmmdMMeh,m- )
making vse of assomptions 1 and 2 iss

r /e
of = ot =
“ é, or &, (A;-),’)&ofp
cof dfr:%‘%:mﬂ + ——————.-.__’:_% _
)Jc.asé AL (D=-12)

vhere "/';2 = %% + ",‘fe s.;,é-'- (Jr-%)(o.sp

The blade gowing angle-in this high spesd flight regime ¢en bz detarnined

mntmwmbm-mmmmu-
e ﬁvﬂinthk&damﬁprfumnomﬁao

TR CF a2 wf
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Subetdtuting the valuse of ¢ ‘medmw'
ceding equation into the torque squilibtriwm (Eg. D-11) the values of &
can be calcnlated by a mmerical integration. In the lower speed portiom
of the high speed regime, the effect of the induced velocity can be accomted
for by re-cyeling the torque equilibrium calenlation using the momentom
relation for the sverage induced velocity ratio derived in the high-speed
performance section,

i

1

i

i

|

1

|

| M :%«![:-,/z-—cm]

In addition, if the wmines of § are considered apprecishls,

I | they mey be inserted in the expression for local angle of attack weed im

I deteraining C,, snd C, and the teique equilibriwm expression re-cyeled
again. Finally, good estimmtes of the pitch and cone angles are calrulated,

I Although in the low spsed regins the serodynamic fenthering moment is
regligibvle, the pitch and coning angles are necessary fer the calculatiom

I oftheemtﬂrupiuﬁsm.futheﬂ.ngm. These angles xre cal-

l culated as part of the solvtion for the low speed performance and the
caleulation has been discussed in that sectiom.

I Referring again to “he asrodymamic feathering moment eguation,
(¥q. D-9) a1l the fuctors are now determined with the exception of X,

i vhichk is the distance from the chordwise center of pressure to the pro-

l Jection of the feathering axis meesured parallel to the chord line. The

.

i

i

valnes of center of pressure pwition from the lsading edge can bHe obtained
from irfél]l deta, In generzl for most airfeolla, the cmter of prussure
moves fYom near the quarter chord point st wnstalled angles of stteck to
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nesr the k5 percert chord point at angles ef attack corresponding to the
high speed flight regime. TﬁumtuMuMmm
& sontrolled by proper location of the femthering sxia with respect to
‘the high spesd chordrise center of pressure. For exmmple, 1f the wlwe
of X, i» relstively lorge (as was the case with the models) the serodyne-
mic momint combinee with the spring mommunt te forve the pitesh sngle 4o &
negative divection. The sprisg mest be made softer, therefors, te swid
sxewesive rotatiendl speed. Then ag the asredynaxic moment dimtwishes with
the reduction in ferwnxd speed, the rotaticmsl spesd would be veduced with

a corresponding redmction in performance. It., therefore, seams dwiradle
ts Luiie the fenthering axis closer to tl> stalled omrter of pressere
positicn snd govern primerily with a stiffer spring snd centrifugsl moments.
This, incidentally, is the arrangement Jrepssed in the prototypu desigs.
In sumerixing the govemor design principles, the spring rate K
mst, be the last charscterisiie determined. Frem the trajectory snd
weight specifioations the gmeral geometrie snd mass characteristies can
be tentatively dotersmined. A meximwm rotsticnal speed is chosen and the

perfarmance 18 calculated as cutlined in the previous sections. Ar part

of the pmformance analyses the coning angle variation zlong the trejec- ;
tory can be determined. As part of the low spesd performsnce anelysis,
the piteh angle & required for sutorotation is also deterwioed, The -
required pitch smmgle in the high speed regime can alsc be determined Wy
the torgue balanse, squatios (By. D-11). Heving thoe values of e the
required valves of & , and the dlade mave and geomgirie charecteristies,
the spring fores snd the rotational]l speed ean be determined for aay chosse
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festhering axis lecatien at the advemcs ratio for waxism rotetioea)
spoed, by meame of the festhering wement equilidrimm eguation. If the
spriug rete is too large to be practissl, the festhering axis esn be re-
lecated.

e
TR TR A T
i st 3 Pl e e

Camparicon with Wind Tunnel Tosts

Acoeriing to the festiwring squilibrim egumtion, (Bg. D-1) the
vontrifuogal and spring festhering nosants cam be debernined if the angles
g i 6 are mown, wdmm—mm
40 the previcusly given eqmtions with those mearwred in the wind tamal
m'mmmﬂmmjﬁu.

Comsider first the variation ef coming sngle § , with adwume
retio A; . A diserepsncy of between 2 and 3 defress exists throeghewt
the flight range. Bven though this discrepancy existe, the differeme
between the trigontmetric functions of angles two or threo darrees apard
in this range, wonld have 2 negligible effest on the festhering egquilidrimm
squation, A possidble explanation for part of the discremascy may de dus
to the wvind txumel model blads weight distribution. Pur example, in the
wind tunrel model, the nom-rigid Hlade bent wader load se as o rodose the
oouing sngle, is a comseyuence the caring angle near the bub, where the
neasurement vzs made, was grecter then aversge. The calenlsted curve,
however, was based on a rigid dlade.

Connider now the comparissn of piich angles preswmted in Figunve
D-3. mmmpwmasmmihowm
experimental valves 1s fxirly good snd the trend is fairly wall defined.
At very Ngh wlves of adwnce retio, the sverege blade smngle of attask
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approaches that at whiich the dlade chardsise force is wero. As & con-
soquence the blade angle for suterctation approsches seve. Following the
discussion wader governcr operation, the pitch mmgle becomes slightly
mummmﬁﬁuhmmmmm
sign. This trend is shown in the caloulsted results. “Phe calonlations
are based on & styip analysis in which two dimnslionsl zirfoll dets in
tta Mgh angle of stteck range at the required Mach pmbers and Reymelde
WWMdmeMBuIZ. These data may net re-
present exsctly conditions on the blade. This fact dogether With the
minoun effert of sarface condition probadly lsd %o the discrepanciss
obperwet in the comparison.
h'ﬁnmtpdm,mmm“m:hw
uwtmmxmormmoommc& hos boes salrwlsted,
the peak valve of pitch angle was not. The peak rotor drug coefficient

Cna and the peak pitch angle do not ocewr at the same sdvynce retio. The
peik rotor drag coefficient occurs when enomgh of the blade $s stalled
torm.thcumotﬂn-uttum:dcm. The pitch angle,
m,muummuﬁlthcawunhem&ueo
changes sign simce it depends on torque equilidbriom. This occors in the
neighborhooR of 24%. It is improbable that the peak value of G can be

Ssalculated exackly becanse of the affect of spemwisze flow described in
the section on low speed performrwe,

The magnitude of the merodymemic Tfesthering moment can be sbiained
from the wind tummel tests as the ¢iffercnmes betwean the centrifugel and
spring fecthering moments. Theoe wawerts were calsulsted weing the
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Mnlmofpﬂehmdcﬂaﬁlﬂ- mmm
MmammmmmnlﬁIdﬁhhﬂ :
cons angles. lmd&uohnﬂbhﬂﬂnm-d*
acouracy ef the squation, mmummumnf. m:th
mm:ﬂuﬂhmfmwﬂﬁm
mnmnm m-umwm&nl- _
mmmmnwmmm MM o , 
.mmmwmwummwhma
wwdmmummdunnnﬂnm
thit o two-dimsmdonal Strip tmlysts. is sgpliseble. In preliwinry.
mhmmuMumm-ﬁmmw
Mmmmwdmmm mmmna-
terwiasd should therafore be accurats, At the laver wilves of adveove
nﬁo.w.mmummmum,m
indlestes & gredual weakening of the validity of the ssseptions. The
Talms of the asrodymaic festhering mowent in this range howewer, approsches
sevo,

In gemersl, the amlytical methods deseribed in Shis sechiom
provide adecuate means of dotermining the design reremeters of a retechwte
governing eystem for any resscreble set of specifisations in the subecmie
wenge of flight speeds,
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R. ROTOCHUTE TRAJECTORY AMALYSIS

The eriteria that define a specific rotochute design are the
trajectory requirements for the trajectory determines the effectiveness of
the rotochute for a particular mission. Frequently a primary trejesctory
specification is the terminal veloeity er the welosity existing at touch-
dosm. The ground impaet acceleration to which the system will be mubjested
is dstarmined by the terminal velockty. Where a winimm terminal velocity
is required in arder to insure the delivery of the payload intact, it is
desirsble to operate at the maximm reter drag cosfficient. The 1 alysis
of L iow speed flight condition, previcuely dizeussed, has indicated
that a sixiwmm drag cosfficient wxists when a major pertim of the retar

blede is unstallsd, The governed rotochuts makes opsraticn in this un-
stalled regiom possible by providing the necssaary piteh angle chenges to
allow ths development of maximmm drag coefficisnt at low descent speeda
without causing excesazive tip spseds immsdiately following release at high
velocities. As & remilt, the maximum retardation pogsible is attained for
a particular rotor dismeter, solidity, blﬁ.dn mass distribvtion, and dexign
limit tip apeed.

The trajectory requirements specified fer the prototype rotociute
designed wnder the Fhase I contraect vere zs follows:
a. Ths release veloeity shall be 600 Imots.
b, The release sttitude shall bo horisontal.
t. The relesase altitude shall be within the limits of from

UNC] LASSIFIED' level to 5000 feet sténdard pressure sltitude.
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d. The velocity along the flight path at a point 200 feet
below the release altitude shall be less tham 130 f%./see.
¢. The range from the point of release to & point alomg the
trajectory at an altitule of 200 feet below the relsese
altitule shall be within the limits of {rom 2000 to 3000 fest.
f. The attituis mgls to the vertical siull be.WO degrees or less
at sm altitude 200 fest below the relsase altituds.
g. The above trajectary specifications shell be met for a groes
weight of 3000 pomxis. |
Inﬁdiﬁnmmww,it'ﬁm
Lo weot certain sise and £it iixdtations whick wonld allow axtermsl sirerafi
earriags of the store as diseussed in Heference 21. anur-imm
‘defined the maximum blade chord and the marimm rotor dismater of the roto-
chute. A preliminary design study was made of the overall store in relstigm
tﬁaimnftfitmdthebladestangewithinmmhhlolwdngm
contour. As & result of this study a prototype configuration has been
established with & maximm blads chord of 13 inches and a roter dismster of
20 feet utilising a two section teleseoping blsde. The remaining variables
which governm the trajectory are the varistiam of rotor speed with £1ight
elocity sad the blade xmsa and mess distribution. |
The solution of the rotochute trajectory was devalaped from the
mn]qshpfnmmmg-lmgacwmwwm“
initial veloeity asd being acted upen by & gravity force smd a retarifeg
force. Beosuse of the expectsd stability of the rolochu'e vehiele the

_UNCLASSIFIED . s
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retarding fores or rotor thrust was considered to be tangent to tiw flight
path ot all timen. A system of rectangnlar coordinates wes shlatted to
describe the position of the system at mny time aleng the flight path as
shown in the follewing eketeh.

The equations of motion for the system ware writiten in tems of these
coordinates. Equating the forces in the ? and F directions gives

. the following expressions:

?’13 _;-D: - TCQS 7"

and

Me é".,_‘ - 7 G + 7"{5:1:7"
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vhere Mgz = the itotal wmass of the aystem

- o

A » horizontal secelsration

5 = wvertical sccsleratim

S = acesleration dwe to gravity

7 @ rotoctute thrust |

7 - mmtﬁnmghtpathm“mmu

mmammgmnmtp.m 43 can be relxted

toiumﬂiedudhmhlcwbymﬂmtnﬁnmr»
that

s = a»

-/
cos T Sn T

.oi

where Vv = welocity along the flight path

and therefore
‘ _ g% _ &
cos VT T W
o3 &
Sim 7 = dt- Ve

Substituting these relationships into the initic: equetions of motlon gives
- i -7—"#‘

—

2’73%'—

Vv

<
i
i
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i
i
i
1
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!
1
i
i
i
i
B
i




o T msmm mmmmmouﬂ D U 4 5 g
! S " BLOOMPIELY; CONNZLTICUT &5

o UNCLASSIFIED oo aam

These squstions wers wolved by the Bunge-Iwtta method of museriesl integre-
t1on which can be mede te yiold 4 kigh degres of sooerasy. The sclutiom st
sach tims imterval produces a check which determings the ssxissm intervwel
that ean bs weed oomsistent with an acceptable degree of scouresy.

The thrust wristion with vslscity wecespary far the selutien of
the equations of motion ws datermined by the methods ovtlined in the seciies
on rotor system performance. Thess methods deternine the retor dmg coefTS-
eient as & fonetion of the non-dimensiensl advancs ratie Vy/nR., The
_mmmmmmawwmuﬁmm—
vicoraly dlscusted and their sigmificamce %o the resulting performenwe noted.
T4 was necessary therefore only to introdece the full seale rotechube chareo-
teristios inte the methods of high spesd and of low spsed perfuemmmne to
develep the drag coeffisient variation with advamce ratio for the pretotype
configuraticn. As discvessd in Sectiom A, the mrediction of the prekotype
performancs was depcudent on the comsiderstior of the full scale Rgymolds
momber in the low speed perforssance analysis. As shown in Mgure E.1, the
msximm rotor dreg coefficient was caleulated to Le approximstely 1.53.
This is considersbly grester then the experimentel valves deterwined in the
model wind tumel tests primarily becsnse of the higher Reymolds mwmber
associated with the full scale comfigeretiom, In additiom, the serodynssd-
eally cleaner bDlade root and grip regions of the wototype lmve also contri-
mumwmmm'mﬁmm Figure
E-1 represente the calogiated full scels dreg cosfficient variatice with the
Muiwupwnuomdmmdinmmmm—
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MODEL,

|

i

i The remsining quantity necessery to complete the selutiem of the

trajectory problem is the variation of rotor spesd with welocity along the

l f1ight path. This can be determined from the cobined analyses of the

blade pitch angle for equilibrime sutorotation st sach advance ratfo (V/n R)

l and the dynamic responss of the governor mschenimm t¢ the serodynamic, the

I centrifugal snd the spring woments existing at each blede sngle snd retor

speed. By careful matching of the governcer cherseteristics to the rotor

l biade sevodynmic snd eace charecteristics, the rotor speed can be main-

Sxined with & minlwm variation along the trajectory. The f2eeitility of

l_ | ths governor design mskes it possible to vealise the optimm yotor speed

I consistent with structors) lmitsticns from relssse to the attsinesst of

: terminal velootty.

I Tar the parposs of the mesliminary design of the preiobype, 1%
wis considersd desirable to determine the trajectory charucteristies im

I relation to varions design limit tip speeds cosresponding to the Ystept

I condition near termimal descent. The termimal descent velocity is defined
as the velooity at which the thrust is equsl to the groes welght., It is

i

i

|

B

]

i

obtained as & function of the roter drag coefficiart and the rotor diss ares
by the relationship,

\/\/m,‘

Bach value of Cpy 1in Figure 2-1 represents an equilibriwe condition
at a certsin velocity-tlp speed raties Thes to obiain the minimm terminel
miw,mm%dl.ﬁmﬁhwmmm

sdvance retlo  Vo/ R would be eqmal %o 0,13 mmorm
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drag coefficient into the above squation vill give a terxinal velocity for
the prototype of 78 ft/sec. at a torninal;t:lp speed of 78/.13 or 600 fi/see.
The experimental results of the wimi tunnél investigations on model reto-
chrtes have indicated that the peak drag coafficient occurs vely nesr or
at the stall bomndary and that at velocitles slightly above that for peak
Cor an ahrupt decrease in rotar sjesd results from the decelerating
torque produeed by excessive blade stall. The stall bowndary therefore
defines the limiting rotor tip speed conzistent with a speeific termingl
veloeity., However, if a higher than minimum terminal veloeity is allowed,
;. the governar spring rate and preload can be intressed with s reemliting in-
crease in rotor speed at the sams velocity. The advance ratio will there-
fore be reduced with a consequent reduction in Cse . Under thess condi-
tims, operation is econfined to that portion of the drag curve shown im
Pigure E-1 that is to the left of peak drag coefficient. At a terminal
drag coefficient of 1., for instance, the temminal velocity of the proto-
type would be increased to Bl.6 ft./sec. at & correspading tip speed of
710 ft/sec. Howewer, since this advance ratic is below that for the stall
boundary, the tip speed can be expected to increase further with velocity
at s rate similar to that for the high spsed model rotochute wp to a limiting
tip speed of 750 f%/sec. as shown in Figure BE-2. At this point the maximm
Coe 18 again reached bu’ at & velocity of 97.5 ft/sec. instead of the
previcus value of 78 ft/sec. In order %o determine the impcrtanoe of the
Umitirg tip speed on the doveloped trajectory, additioom) emditions were
studied for terminal drag cosfficients dom to 1.20. Figure E-3 chows the
terminal velocities and ths tip spweds associated with these conditiems.
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i Tha characteristics of the velocity-tip speed curves beyond
mmmmmmdmmmmmu'amﬂndm1

l tests of the model rotochutes. The results obtained with the high speed
rotochute model, which most closely rapresented the ﬁnnlprotatm con-

l figuration, were utilized to relates the eatimated miniwm tip speed encom-

' tered beyond stall to the limiting tip speed at the stall boundary. An
increase in governar effectiveness with governor spring prelmdm expu'

l imcodtln‘uns?mtﬂuﬁndﬂmmlinwstigatim. This was evidént from the
rodutimintbdmatthgcmotrutdrmedwnloeityﬁth

l eech additional increment of preload. Coubining this affect with the general

| increase in the lavel of the equilitrium rotor speed tiromghout the ecaplste

- velocity range ach:!amd.vith increased governcr spring stiffness, it is

l reasonable to axpect that for the final prototype design the miniwnm roter
£ip speed relative to a particular 1imit tip speed condition will be in

l theordorofﬂutshminﬁgm}s-zj '

I Although during the finel wind tammel program an investigation
was made of the higher tip speed conditions expected with the full secale

l rotochute, this could not be done beyoand a Hach number of 0.7 because of
limited tunnel power. In the trajectcry caleulations presented in this

i report an attempt was rads %o approximete the e’facts of compreszibility

l g:themt.atthngoofupapeedﬂthnloeiv. The maximom tip Maah
nuxber resached under stesdy state sonditicns during this latter program

I was 0.86 at a tmnel Mach nusber of 0.65. Up to this point the rotor speed

i

|

was inemsing linsarily with the velecity end blade tip compresaibility,
if pressmt, had no apparent effect. Littlo i3 known sbowt the effects of
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compressibility at the largo mgias of attack expsrisnced in rotochmte
operation at or near the release velscity. The airfoil drag divergmmcs
boundary was estimcted to exist scmeshat above the maximxm blade tip Mach
mmsber achieved during the wind tumel tests. For these malyves this
boundary as shomn in Figure E.2 is defined as the resultsnt velosity pro-
" ducing s tip Magh munber of 0.9 with the tip spesd and the advmnes veloocity
eorrectad Cor the relisving effect of roter blade coming. Fer the caleula-
tion of the trajectoriss it was sseumed that sbove a tip Mach wmber of
0.9, the rotor tip speed resained essentially constamt due to the effects
ofhlaﬁnmﬁmdngﬂnmthhmbﬂm. This asstmption repre-
sinte a compramise between the increase in tip wpeed with velooity knows
uﬁummmumummammmmﬁm

latieny wero made at different limiting tip speed conditions and are
desigiated as Cases I, IT, and IIT (Figure E-2). In sdditim, the signifi-
cance of the blade tip compressibility assunption was stndisd by wodifying
Case I in two wayss first, by asswuiing that the maxfimm tip speed at the

> relesse velocity was the same as for Case J1I, md secondly, by asswming
that coapressibllity hed no effect on the tiy speed and therefare that the
limiting tip speed would be schisved at tim relsase veloeity. These condi-
tions are danoted as Case TA and Case IB respoetively.

The data presented in Figures E-1 and §-2 formed the besis for
the development of the drag versus relo;llﬁy relationship needsd for the
soluticn of the equations e_fmt.im. 'limults of those trajectery
.soluﬁmmmmtdin?iﬁma!-&&‘ul-a. '!'hcwlui‘lrnlengt;u
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are well wvithin the specified 1mite in wsh of the cases irvestigsted.

It may alse de noted by compariscn of Figwss B-h, B<7 sk <8 that the
mnupwinmm'mmumh
oecwr roduced no sigrificant change in the trajectory performmicss He
requirved attitode sngle of the vehiole at the specified dnbp distanse 18
more AULTicult to ackieve and based cn the resulis of this study appears
w0 be the eritienl opersting requiremsst for this spplication of the Tote-
cate. Dea to the dyjemde stability cherecteristiss preficted for the
pretotype, wiich sre discusved in Sectiom ¥, it is axpected timt the smpli-
tude of any oscillstions resulting from a disturbence during destant ¥ill be
sufficiently smll to allow the attitude angle to be repreamstsd by the
angle between the tangent to the trajectory and the - artical. A vosperiscn
qf'ugwmtmmlufwﬁnamimﬁmmmotm
deemghﬁmiwsdmpdxumwclm]:shmmimﬂmd
operating st the higheet psesidle tip speeds from relesse to teruimal descedt.
Am increese in retarding ferce is realired throvghout the trajectory ss a
result of the higher $ip speed redwsing the advanee ratin at esch wvelocity
mm@mmmmmuum.mmﬁ. The adves-
moﬁwﬁmmmmanuﬁomea
m%mummmm'upammhﬁmmu
bownslary &5 shows in Pigure B-2, and Ums at mﬁlniﬁ-dﬂ
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the flight path. Since in generzl the stall boundary coincides with the
point of maximum rotor drag coefficient, the higher the tip speed at

stall, the larger will be the velocity at which the maximm Cp, 1is ob-
tained, This will result in a cansiderably higher retarding force at a

time in the trajectory whem it can be most beneficial in changing the
attitude angls. For exmmple, if the maximm drag coefficient of 1.53 is
set to ocour in terminal descent, the termimal velocity will be 78 ft/sec.
However, if the governor is adjustei to give operation at ®erminal desesnt
below the stall boundary at a Cpg = 1.2 then the velocity st the paint of
maximm Cp, will be 118 ft/sec. and the resulting drag for the sume

Cox (magy Wil have incrsased by a factor of 2.3.

In order to show nmore directly the significance of the design
limit tip speed in relatim to the attitude angle along the trajectory at
variocus drop distances below the release altitude, the resulis of the tra-

Jectory analyses were plotted in the forr shown in Figure E-9., It can be
seen that for the prototype roter configuration a limit tip speed of 950
ft/sec. is required to achieve an attitude angle of LO degrees within 200 ft.
from ths release altitude. The slope of the 40 degree. attitude angle curve
in this region is rather gradusl and with an allowables increase in drop dis-
tance of LO feet the limit rotor tip speed would b3 reduced to 825 ft/sec.
This tip speed condition also carrespords o a 50 degree attitude angle at
200 feet drup distance. The sipgnificense of this change in tip speed is
apparent vhen it is comsidered that it represents sppreximately a 25 peroent
reduction in centrifugal fores. The centrifugal loading is z primary fastor
in esteblishing the quantity of structurnl saterizl necessxry to show satis-
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factery structural margins. Thus 1% influences the gross weight in rele-

tin to Sts affect on the weight of the roteting compansnts. An estimstion
vas nade of the variation in gross weight with design limit tip speed. The
results are presented in Figure X-10 end show that at the design limit tip
speed of 950 ft/sec. cerresponding to a D degree attituds angle st 200 fost |
drop distancs, the gross weight is 2910 lbs. with & 2000 1b. peyload. Snow | -
the trajectories are calenlated with an assumed 3000 1b. gross weight, the
resulis arw valid for a vahicle with & 2090 1b. paylead. |
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The stalility smalysis is bassd on classical stadility methods  .-|
mmmmmummmmm-mm | fs
mmnfmmnmmumumum |
‘affect on the roteciute stabllity, sliminating that degree of freodes.

3 W,mmu.hmnmmmmb ‘
dependent, blade flapping. The thirest vector thus passss threwih tm rete- |-
mummormtynmum. mmma-ﬁ-mm

F fﬂfmmmdmmmmmxaﬁymﬂ

| dsmumdmm,fmaa,mdmhshmhﬂnmm. |
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traslation of the rotochute and rotatien about its center of gravity the
oqmima_otmtimemhomtm
mx ~F ~f =0
»

Myl —F ~f =0

(r-1)
Iot, =M, -m,=0
Tet, — My """"s =0
where
= k() +4(F, AL AN d.,(‘-) +ol(f),, + %(QL,"

f, = k(£ +d,(ﬂ)&’ ta ({,L -

Fy = %y + 4Ry +8u(RY,, + (R +e(, )q,w,(F).,,

fy = Gl6) +aR), +oulf), (r-2)

M, = % (M + 4040, (M), w.,[(w\.-‘, l.é} +°f,0ﬂ-)‘,w.,(uq,’

my u(m,).-, +olmy)y + o(my),

M.‘ = X(My); + 4, +a,[(n,)q_+1.n} $ u-,w.;% #"-D.,

m,= x(m,), + Ug("‘,)d‘ + G,(Mg)a,,
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Since the rotochute and force system is syymetrieal it follows that for

SFLES ik

the fores and moment derivatives in general

(6, = (@),

{r-3)
(C“x A,': - (G.,.)a’

Thus only one set of derivatives, say with respect to the x-axis,
wufm.

Rotor Derivatives

Indourdnjngtbmwd-ﬁutinatharotorwilw
~ large compared to oseillation frequency; the force and moment derivatives

can thus be taken &s the aversge for one revelution of the roter. Expres-

B 7 o g iy LA

sims for the derivatives are readily found by uss of 2 quasi-steady sppresch
in whieh the uncoupled motions of the rotochmte are considered separstely.
In gensral, with the rotochute in & straight flight attitude such as weuld

be encomntersd for uncoupled motioms x, y, ¢, and 4, the aarcdynmmie
forces and morents take the form

F = 2-:-., S”SR{ [JL(.OS(MA@) + Jps;"l(O*Mﬂ S;nﬁ cosy

+ [dL sin(e+a8) — dDcos@rati] smw | 4¥

N {r-b)
S‘ 5 [dl. cos{d+29) + stﬁ@mo’)] Sin /3 Sy

~ [dL sina+28) — dpcos(¢+ad)] wsv}w -
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2T,R
M,-.- -?-f% S S {[Hsin/s-recasp +I:(r-e)]EJLCos(¢Mﬂ +dDsin(PradlSmy
e

- [H +(r—¢)$inﬂ[¢l L sm{¢+44) —chos@i-u)Jcasy}J?
(P-is)
2T,
My = iv g g [Hsnn/a + e.c.o:?s + k(r-ei[.!l.uscmu) +dDsin(d +n4§cesv

(4

+[He(r-9) sin/!J[JL sm(d+48) - Jvcos(u-ugsinv} dy

where tub drag is neglected throughout the mnalysis. For flight with .
anguliar displmt about the x-axis, the x-components of force and moment
are maitered from the above expressions; the r-componsnts of forece and
rorent mnat bes written to coniform to & yawed position relative to the

coordinate system. Thus the force becomess

AT R
F:j = 2-.{1-!" cos Oy Sﬂ g‘ %Ldtcos(éfﬂ*) +Jpﬁih(¢+M};ﬂ/8$;n‘V

- [dsi (9 +08) - dDeos@sadlcosv } 4 (r-tn)
2 .r

~ siﬂ“xs ' g la cos(d+48) +dDsin(d +A¢)]“$5 4y

e ‘e
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where the last intecral expression is the quasi-steady thrust cmt.

The moment becomes,
ty = e [rprien k- J[covrsh +dpsisootns
o (4 )
.|..[u;.(r.c)sinf][cltsin(éi-M)—JDCoS(fb‘l"q Sih""} 4y | (!-'b)

. ” ﬂ . 0. i. .
. - E’!;r sina,S Se [e. +(r-e)co:/5][dl.5m (&+2d) =AD cos (Q#MﬂSm vdy

(-

whers the steady portion of the last integral must be idemtically sero to
satisfy the condition of sero net torque for quasi.steady motion,

The coefficient k, which appears in the moment integrals iz a
roter rigidity factor which governs the effective moment of the blade inere-
merital asrodynamic forces about the rotochute 2enter of grevity. When
k= 1.0 the rotor is assumed rigid and the asrodymamic mommt is trsne-
ferred wndiminished by the synchronizer linkage. Wen O0<k<1.0 the
rotor is flexible and mercelastic effects reduce the aorodynamic moment
transforred throuch the synchranizer lirkage. The rotor rigidity is s
Bignificant factor in detemaining rotochute stability snd is treated
separately in Appendix IV
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The lift and drag forves per umlt span can be written,

dL = ZpRo (<, +4¢)(V +av)dr

dD = %fRU'(C_'q-Aca) (v +ay)dr

8, = decy,

= Aol C
ac, dyy

A =4 = A(tdn" %r)

| ) - uceu,)
Up + U}

V+aV = \((u, +AUY + (U + U Y -
and since 4¢ is considered small,

co5(F+49) = cosd —-AdsIng

o U UalUs(su- uten)

T G

5ih(¢+db} = sind + Abcosd

:|
S -4

) | Y (Vs (a0) - uau)
P Ui+ 07 (uz + Uy
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Hence, with non-linsar velocity inerements assumed negligible and with the
use of non-dimensional terminelogy, the farce per unit spsn normal to the
peth of rotation and to the blade span axis becomes

ar.c-s«m)hwsinfom)-—{;{—;— +ﬁ"f°'493[au”1)"'tt(‘urﬂl"': r5)

__mdﬂ:oformpnrmitspmtmgmttothspawormhtm:mmtﬂto
thnbhdoq:mmsboeo-u

dLSin(tad)—dDcos(etal) = {Jﬂ'+ 3 TpInR Y LACTE @Uﬂfdr r6)

EI

1]

%—g[h(r-nwﬁ] (et +2Xcosis-c,
-]-)cas/S[fi-(?-})c,os/d](C +C }
€= &Vﬁiz[p -g)c.os/d]c +;\ca:;,3 {c,~

4

+ )-C"Sﬂ [-f +(f- 5)5"5’/6,](':4 -C2¢)$ | (r-7)

SNV A
+heasa[[ + (PP eesg] (e, - )}
A {25 r-pessdty - Reor e, 1

| +).Co$/9& ¥ (7~ é)osf%‘ ﬁcr)‘

Ca




P

. _ A

a '-mz mmmconpommug g 0 4 7 4 -
' SLOOMFIELD, CONNECTICUT |
PREPARLID BY 'm m_

cwemm—— UNCLASSIFIED =~ reowreesez
e _____— Ul i

2R

_Y_ - il’-casaf + [§ 'l'(?-;);%‘osf]z

The position of the rotocimts ownter of gravity in the x, ¥y
plane does not contribute te the aerodynamiec derivatives. 7The velocity
mufcmmmnmq&lmmmucm
ot thms be written: '

(1) For motim slmg the x-sxis

ay, = -‘:'r.su'n/e cos Y

AU1.='Jksin1r

(2) Tor rotational veloeity sbeut the x-axis
M, = &, R [7n'-./s -;(:-cos/s) +F]s.‘nv
AU,z &R[D-Fsing + Fsing]cos ¥

(3) For angular displacemsnt about the x-axis

AU, = X ,0R tana, s;h/_g sinY

AU, = 2,0R tand, cos ¥

The inerewsntal perturbatim velocities and displacements are considered
small, hence non-linesr terms will be assumed negligible. After substitu-
ting the unit spen forces Bgfs.(F-5) ad (P-6) into the integral ex-
preasions for fores and moment (8g. (P-h)), integrating with respect to
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W , and taking the partial derivative within the remaining integral,
tre force and moment derivatives can be written -

(), = - Zpons’ S; (g sinis - Ep)dF

(F-])i = %fﬂ'ﬂg;s;'f SI (Ez*'a‘!)d?
5

l
_'.' (Fﬂ"“x = .4_‘1 JacmR4 S; {5;5‘73(7— ssinfu F)
+C,y [75;./ -g(:-cos/§)+|‘r-‘] }AF .(r-a)

1
(), = Fpeart | {zsna i st-coger]
~Cp(1-5sip Psinp)} 47

(Fody, = MnR(F),

Fydy, = - XaR(RY - T
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(M, = - —me‘S (2. [penp e +hceon)

C35mﬂ(7 -k Slh/a +rsu.nﬁ)}¢|r

(1= -3 fmﬂ‘sl{a,s;n/s [g5imp + 2eogp 4+ k(-]
g —&,(-Fsmp + Fsi-ya)}JF
r-8)
(M = -FponR S { [ =imp + Feosg + (7 5)(,*)(.75,,’ o)
- +k(7-2*] — (7 - Esing+ Fsing) gJ.-

. (M‘I)Qx - % PGQRSS {El [(7&% {-fC’Sﬁ)(?'g Sfﬂ/s + Fsih/a)
3
- k(;_})(?- 3 s.:hf + ?s;n/a)]
+ Cy(9-~ §s¥a/s +Fs}73)(7sin/g +Scosg +7- g)} dr

.Wx)ax = AJIL'R ( M;D.i

M), = - AaR(M),
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It should be n:oted that the assumption of small cone angle. J-
results in the coefficients Ei being independant of ﬂ - This ansmoption
appreciably reduces the caleculations required in determining the derivatives
and is valid in the range of intevest.

l _ M Dexivatives

Slander-body potentizl theary, refarences (15) and (17) was
mr«mwdmmmmmm for the body without
fins, The test results given in reference (17) indicate that neglecting
the non-linear, siender-body, visecous flow terms results in 1ittle less in
accuracy for small sngles of stisek, The 14f% amd the moment about the

rotochute center of gravity for the body without fins em be written cppraxi-
nately as ’

y
L, =f\LzS (K- F2 xd

(r-5)
f

I MB = fwzj («’-m’i)(‘(i'k;)f;%“dz

B

o

Determination of the asrodynmeic forces due to the fins, including the
induced effect of the body, was adepted from reference (18), The fins are
esaqntially thin, flat-plate wings hance & section 1ift curve slope of 2w

I n:um;mmtnmwmtmnmclndndmthonﬁuﬂmt
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exprossime. Since a eruciform fin arrangsment is used it can be assumed
that one set of fins is alwkys aerodynamically effective. The 1ift of the
. fins and the moment about the body center of gravity due to the fins, in-
elﬁimthahdmddfe@dﬁnbﬂrmﬁiﬁnl, can be mritten

| BN Do
A s i

(r-20)

ff(i"aﬂ” %)“ (

o +Vt+§&)(l -Me) i

The bedy 157t Saduced by the pressnce of thh flow 5613 about the fins can
be spproxissted as "

LBM:: L .;Ks; (r-11)
where K, as a fmetion of 3/5 is given in referense (18). The center
of pwesure of the induced body 1if%t is assumed to coineide with the center
'dmﬂu‘ottheﬁna.

+
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The expressions for the total body 1ift and the total dody moment,
including fine, about the rotochute center of gravity can now be written

: Y ds 4 , I 5)"(1+"’)
Fepl iS(K, KZged 4 I+VI +(;£)’(1—M.’) (“.K!)l

(r-22)

| 1Ea m BY{1+ B
™= oY {S(z.-z)(x, k)izde + vi +(A¢)?- M ,,} (321 Kﬁ)}

The mgle of attack in the abové expressiems is determinsd by the distiabence
of the rotochute body from the squilibriva. ?erthothrnpertubt_tim;
previcusly considersd the angle of attack can be written as followsy

(1} Por motion aloug the x-axis

oz -2

v

(2) For rotational velocity about the x-axis
Oty
X={z-2. )
(2-2.) 7

{3) For angmlar displacement about the x-axis

ot"-'o!x
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The anile of sttack is emnsidered small for each of the rotechute perturbe-
tiems. The lift thus becomes the forve in the x or y-directien; the
mtmmrommrorw’itywmmtmm
x or y axis. mumm*nu'n.(r-n)dmmumd
.tmmum.rmmum.mummnmmwma
wmwmwmumfmmmmﬁmn
m-tmmmw Then

(‘) 3 - V,{ * F(B-5’ (1 'h Hk,)}
14 e R

€y = oXds. (4-2) - 1_(5-3)‘(**%) av
() e‘(é o{(1-2) - + i+":+(~)‘l.-m=)zpinx' x,)i

(r-13)

L (fg)d:' -Vv ( "“)fl

oo, = oY% %~ Sali-2) - §E-0°(1+ 8) (ze-2 Y1+
| L i+ (3)(-0)
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wheie (K, I’.,) is asvumed equal to writy for bodiss athjdtﬂma
ntio._'ﬂnd.rinﬁmthutqunmqpuahhhthmw
'lh'thnr ‘not $4e rotor is opsrative.’
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Solwkln of thy untt:iau of Motioe

m:.tm o M's (P-2) inq B's (7-1) leads to » m of
linear, mm, -mmdmmmmtm The harmentc
solutions .

4=y
dizd"oﬁ't
olyr Oty "

‘vherw P 13 complex (p= - w7 ¢ fw - ) hi‘dtoa.;ot
wimiltenesus, lineer, algebraic equetions in X, 4, o, , e q
Fwaohtinm,etherthmthatriﬂnlunﬂmnnomtimismﬁbh,m
,dthw&th!mfficimtsmtbooqulltom. Since tlllmtiull
indicatsd by the equatims are symmstricel with reapect to both x and y
and of, and at,thlfmbyrwdatommmtunbemnhplyw
as the product of a complex two by two determinant and its complex conjugate.
s, the characteristic equation iz cbtainsd by taking the square of the
modulus of one of the complex determinants. The resulting equation is of
the form

| P+ Agp® t At tAgpT + AT FAp tA, =0

being of 6th degree rather than 8th degree because the positim x,4 of
t» rotochute mhr of gravity does not contribute to the forces aeung
mt)nmtoehuta mmmdthémdewthcmbouhMby

any of sevaral well imown nethods. The six roots define the

motion ef the rotochute. Whem it is desiratile to study *he variation ef

UNCLASSIFIED

(3 SEMENAL REPORT -, : . FoY D, K8 wxv. 154




) ' ' L x ._-_ - % .4
L . .

meme——— UNeL ASIED

— m

e

mmmcmmm.umapw
m.m«&m«mnmmmw
._ mmwdwm

- t"

ST - N Wy . e—
. e e .
T

UN CLASSIFIED




Y : .._3:__ m.oourlm OOHNEC‘I’ICU‘I‘ P -

I ::: | UNCLAS IFIED .:., Ty

, o moqmmormmmdmmmwmﬂummmm
| -.mammfmmmammmhuqm
| | of the flight trajectary. Plight test experimoe with various rotcelute
. _'_,'mmtmwmwtmumwormmnm
) eritiu.l at initial release, prisr to the start of rotatien, and st the
wnuul domnt conditim. . Muﬁmmmm,um
* o m the stability analysis need on'l;y be coricermed with the temwinal m

mfm-mmmuﬁﬂmhtﬁdwmw;;
rmu-mdmmmmmmm.mmm'm
tions prepared for the performance caleulations. The 14Tt curve snd dreg’
cmnlupumthmhkntobetbslopunthlﬂ-pdntde.uhudm
blade segmnt. mmm“ddthmrhmm,fwa@m
inflow distritution, as that specd which is mecessary to provide thrust, as

a function of cane angle, equal to gross weight. This method of obtaining
the force and moment derivatives appears to be the only practical methed of
coping with the Bigh degres of stall sncountered in practiesl rotochutes.

It appears that the artifice of assuming uniform inflow and linear 14f%
curve alops would result in spuriows stability derivatives for the seei-
stalled airfoil conditiom. msbodydormﬁm are calenlated in a strdight-
rmwummmmmumm For
terminel descent it is evident that the aquare of the Nech mmsbar is negli- |~
gibly small coapared to Wity Ingmuﬂ,uthara:wmm};uua&--
oreassd the body hes incressed influmce on the stability of the vehicls at | -
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terainal descent.

| The stability of the vehicle at fnitial relsase requires prisarily
. Shat it pessess & slight margin of static stability. The static stabfity
" depends to & considerable sxtest, however, en the effective area of thy. base
of the bodyy a hlunt base tends to increase stability and s base regalting
from & diffusing resrward cantour tands to decrease stability. At Mgh
mghtmodzitwprmbhﬁltﬁaﬂwwmfomwmof
cnly the mest gentle diffusing centeur. In gensral the effective bass ares

ﬂnbcmthmm;mtriczghnmuammotﬂmm‘f“f |
Tt sypecrs that wind tunnel testr might be nscescary te determine » realistie |-

affectite bass ares far & given diffusing emtew. ku altamative Which
ﬁndq:giuwuuwmlts hhmthudfoetiuhﬂm
oquluth.muum(ia.,uhmpbmﬁﬂ nm)d
than determine the fin area aft of the vehicle cemter of grevity which will
provide marginal static stabllity.
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1 ' ioalykical stability investigatims wers condncted for both the
_ Wntodmum;mmm“mmwhm
Ko Afreraft Corporatien (desigated tb. )2 rotochuts). The geometrie,
mess, and inertia propertiss «f the two rotocmtes are given.ia Table Ry
mmnzmgmmmmwmmgxmamrﬁ.

mmammaotuzimmamwu-mot.
GPS elestrical malog computer. mmwmfumm:zmﬂm
mmwmwumamwmmmu
results. in example of e soluticns cbtained is shom in Figure Pl fer
one operstirg conditiem With a systesstic veristien of the reter rigidity
faster.

ey

Ioalytical investigation of the M2 rotochute stability wae weler-
mmuamaaemhemtwngmpwmmnmmwgu
of the qualitative experimental data availablc for that vehicle. A further
attempt to substamtiate the analytisal meiikod was to have been by comperison
of analytically and oxperimentally determined rctor stutie yww Jderivatives.
mmmwmmmmmﬂnmcszmmmmmh
inadequacy of the balance systea for the conditions imposed, however, re-
sulied in sids forces and moments of qmtim quantitstive accursey.

| Imitial sttempts to prediet the stability of the M2 rotochuts:
involvad the caloulation of derivatives for an asswmed rigid vetor. _i'hs
mﬁhodpmdichdammhunrgsn ormuntymmmm eonditions
-_mm,mm.mmuwmwmmtom
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mmmnmmcmmmuﬂﬂﬂtw |

amumurutmtmmmmmwmﬂmmm
nature of ssreelastic effects. The reter rigidity festor was then ineluded
in the stsbility darivetives. In Figure F-2 the demping of the spiral
oscillations, resulting fmm an initiﬂ.m endition, is given as 2 Punstion :
of the rotor rigidity factor. The dmmpiug 13 shom as the psreent of eritin
uld-ping (1.e., for which no unei.ntﬂn is possible mm\ﬂna-o't :ln:l.thl
'mm); "-g.n_um;y.s- associsted with positive m;.. The signifisenes |-
ormrm"ﬂgmwfmrmmmmnynwm
Itummummnmmmamummmmwuﬂu
ummmmm ﬁcmbmmmamw
mm”,mawmunuwrmtynmrdunnm g
is sppraximately X = b, mmnmmnmr-emm
mtmmuamumwmuormwwmmmm,
X, 3 incressed sdvmes ratio correspands to incressed stamdlity. T
qmiuuw dependence of stability ém-advance ratic has bteen ebserved for
a large mmber of test f1ights with various rotochute configurstions md
tenda to confirm the tremd indicated by ths anolytieal results. The analyti-
cal wwthods outlined in the section an stability thscry appsar te give a

relisbla estimate of the rotochuts stability as compared with experimentsal

obsarvationsa,

i

I

I The prinicpls rernits of the steability investigation condusted em
_ tha prototype rotoshute are alse shown in Figure F-2. Cowparison with the !

I C_x,e7 p - remalts for the M2 retochuts indicates that the rotor rigidity festor affects

m'mw-'ﬁwanumamm“.--mm—“m“ ._

I e possess & good man?: SMELLINY, howmver, Tar the range Of uﬁﬂqm

|
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investigated. The physiesl perameters and operating econditioms of ths two
rotechutes are such that the differmce in stabdlity lavels camnot be
attributed to specifie design paramsters in so complex a relatiomship.

The high degree of dsperdence of rotochnurte stabiliity on eertain derivatives
does permit some insight into the establishment of some important physical
parameters of the system.

The influsnce of the rotor imertia on the spiral oscillation
damping is shown in Figure F-3. This parameter affects the gyroscopic
momant which tends to dynamically coupls rotations sbout the x and y zmes.
It appears that reducing rotor inertia is in gemeral advantageous to roto-
chute stability. However, for ds=ign purposes & balance between rotor
rigiditymarotor inertis must evidently be maintained. It is interesting
to nots that for large rotor inertia an oseillation associated with the
gyroscopic mutation becomes rather suddenly predominant; iids leads %o a
high_,fraqumcy spiral instability which is superimposed on the serodynamic
oscillations. The reduction of rotor insrtie to zerec resuited in increased
darmping for a rotor rigidity of k = 1.0. It was determinsad that damping
above approximately 70 percent of critical damping could not be accurately
measured on the oseilloscope used in conjunction with the analog computer.
The reduction of rotor inertia to zero resulted i: a sudden decrease in
damping for a rotor rigidity of k = AB. Maximuwm damping for this confign-
ration appeared to be at I /T = 043 . but the sctual dawping value was
too high for accurats determination. The ._npiral osclllation frequency in-
creased consistently with decreasing rotox;.; inertia.,

The Influence of five of the combined rotor sud body stability

i doﬂntinsmtbospdnlucﬁhtimdup&ngmnrylﬂocwuo
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tho 4=floanee of the vemsiwiog Seven derivatives. The effect of verying
these derivatives separately 1s shown in Figwrs F-&. . The inflsence of tbe
conbined ssrodynmmic damping momert derivative, (ﬁ,,)&’,lunah'ﬂ-
wirioh oould be expected (Figare Foda). Insressing tiis derivative te a
vm-czmbmmmmmaémmm
oecillaticns sesccisted with gyrossepic mtabion Hageridess of roter Figléiy.
Deorwssing the wile of this derivative bes & pronwumoed stodilMeing affest
en the robeedxte.
mmamwmmmwu@%
shows & trend which 18 of cansidershle fumparfaroe to rolechuts desige
(FMigure Fi3). With the rotor ssswmed rigid, dewressing the derivative
{inoveaging restoring moment) appesre to imerssse stebility st an inoressing
rite. I 18 shown thet this trend does Dot contimee for reduced roter |
rigidity; the rate of stallising influemce of the derivetive decrensen
a8 the derivative decreases. .
Recallivg from By's. (r-0) and (P-23) toat (R, ), = v~ (K, ),
and noting the infinence of the combined treislatiomsl coupling scsent
derivative, (ﬁ,)i s (Figure F-he), 1t i3 conceiwably pessible to design
 rotochwte mrdch i3 dynsmically mstable due to excersive statie stabflity
st loy rotor rigidity. That is,,the counling womest derivative shows a
Mudmmmmnwmmmmm
rigidivy, sm-tmmnvm“wmmmu
the recitrocal of desesmt velocity 1% appecrs thet imoressing the dessent
velecity has a stshiliging effeet, m-mmctomcmm
uammmmmmammﬂmmmm

M rotostarte in Figws F-2, UNCLASQIFIED
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The influence of the rotational coupling moment derivative,
(M), » is shom in Figure F-ld. & proncuneed stabilising trend with
inereasing value of the derivative is indisated. The large degree of in-
fluenes exhibited b7 this derivative is evidantly partially respensible
for the sxistenece of spiral oseillations which do not inwolve gyroscopis
nutatien (i.e., vhen I, is aseumed equal to sero).

Ths influence of the combined rotationgl coupling feres derivative,
(?!)dn s is shown in Pigure F-he. This derivative is approxisately equal
to the thrust foree acting on the rotochute and indicates that high load
factors result in a destabilising trend of the derivative. Sinee high lead
factors occur only at high spseds, which in general favorably effevt more
influential derivatives, the net effeet of increased load fastec appeoars
to be bemeficial despite the trend shown tor (F),

The fact that the importent derivatives were mommt contributions
in all but e instance is strong evidence tha® the rotation of the reto-
chute about its center of gravity is the prineiple motim of the system.
The fundamental rotations about the x axl y axes are ecupled in x mamner
which produces the spiral motion observed in test drops and o the analag
computer. The peried of the predominant motion is showm in Figure F-5 to
be a fuiction of both roter rigidity and cone sangle. The ‘rend indiexted
is that which would intuitiwvsly be expecied; the cseillation period decreases
as cone angle is increased and the oseillation perfod increases asg the rotor
rigidity is deercased. .

mmmmmmmm'mummw
retochuts stability which _G mits the qualitative cetablistment of soms of
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the tmpertsat piysissl persetérs of the systes. The retor Figldity festor
_ has been estahlished as & significmpt system pavemster, Although 2 Mgh
mdmmwumuhmmummm
uummmmmmmm-ﬂmmmm
'an.mmmmmrwﬂnymwmun
_ "__mm.mcm-wnty nmnwm
S t.ln Pokor rigidity fester will be eamiderably less than mity. Since the
o . "'"i—um translational cswpling ncmeert m (W)Y, is m
SEE J .mo:m-:u to #fia descent velodity, the design tarminal desoemt velseity
51 should be eutficlently high to prevent imstebility sidch would rewelt from | .
G -.-?'_"._ii'.mpmnwm of this deriwative. In 4his respect it appesrs that .
* mnuiw static stability is wndesirshls singe (My; is directly gro- B
| portimal to the casbined Testaring mowmt dexivative, (,)y, . A eoncesvable|
: 'ioﬂm of reducing static stability, for retochutes whieh nuve significant
bady statdlity derivatives, is to design the bedy configuration for a saffi-
_elently high degres of static instabdlity. The high density budy configura-
tion of the prototype rotochuts, howsver, esulis in body atabilily deriva-
tives which are rather insignificant compared to the rotor derivatives,
The rotochute bedy, ss suspanded from the roter, would be quite wnetable
if the yotor were replaced by an equal mass having equsl inertia sbout the
Womhrotwm‘ﬁmm;muw forews. From Eq's {F-8)
1tmthnemmmﬂQMtﬂ-imc'wﬂ (ana
to a cortain extest 0 } were vanishingly swall. Indoeédve reasofing tirus
mmsm,uammmnmmsmmm |
-thMme:Mimmmmmma. A den
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TABLE F-I1

Roteshute Operating Coniitions
Used for Stabllity Investization

WO N (Degross) (/peq) (Degress) 8 Sestiem

Prototype 12 2.85 57.2 5 1.522 NACA 0012e
“Preteiype 12 2.85 58.21 10 = 1.522 HACA 0012w
Pretotype 12 2.85 59.92 15 1.522 NACA 0012+
M2 168 375 59.6 10.75 1.0 waea oozt
M2 6220  2.60 51.99 12 767  Waca o2t

2 LAY and drag curves were ocorrected for comressibility effects.
§ Intorpressible flow was assmmed throughout.
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. Hub bA hes low wadersling blade-grips
© Ha> 1B has high uxieraling blade-grips
"Hdb‘hehmsmmdmljng blade-grips

"1 . Bub 2 4z two-bladed hub withs --r‘pmmwmm.
- : - @ struin goge msesuring configurstion

Veighted blades were of built-up emstrustion with laading edge or truiling
sdge wass baisres. '
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I The rotechute notels were momrted an a cantilaver support in the
| 18 and B ft. test sesticns of the UAC Wind Tumel. A disgram of the in-
'stanatiminthsﬁﬂ.teltmtimismmtaduﬁgm&l, The
I mmmhammmmn:lhmnnhfwm
I  .dng thrust. mmmuwummm-u-mudm
thoumimlbalme&rrm. mmth-utmuudhpitehth
I Rodal sbout an ®xiy at the farward stret..
| The pressure differemce betwesn the upper snd lower surfaces of
I th-bldam*amd_atﬂnebmpbaiﬂm. These 5 pressurc
 readings were individually repaated for 5 spamise stations. The oxtput
l  signals from cach of the five chorduise pressure gages aleng With the signals
I | 'Mﬂngmwmmmemhgmglnpmmmm
. g nittad by means of a slip ring assexbly in the rotor hub. A sixtesn clmmnel
I oscillograph was vaed to record the pressure signals as well as the signals
from the spring collar position indiestor, the two thrust linkg, the rotor
I speed and the tunnel speed transducers., The rotor spesd signal was trens-
! mitted from a variable reluctance pickup which was actuated Dy & magnetized
slug Inserved in the rotating governcr spring disc. The rotor speed was
g alszo measured by a Hewlett-Packardi frequeney weinr.
The turmel airspeed was messured st four peripheral stations in
l the plane of the Totar disc to minimiss wind tunnel interference effects.
E Thcfourprommﬁtioumthmh-dtoaSpaisut_hnwm
trmdmcrinordcrtoolghinmmavﬂmotﬁnpoede
! :
B
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Provision w2 made %0 study the rotochis opening cyole by taking
Fastax moticn picturss as well as the eonventional secillegraph rscords.

T T S

< mmttmcmdnctduthhowumm;ﬂntﬁm
' an insight into those phases of rotochuts opuntioh which could not be e

| claely analysed bessups of the theoretical limitations of rotor aerodynmades
~ and, secondly, to determine the opsrating charsctaristics of & rotochute

} with which to compare analyticel methods. In general both of these aims

l" | The tests were divided into thrus phases. Phrse: Icoonsisted pris-
cipally in determining the affect of spring rate and solidity on the pere

: formance at high speed. For this series of tests, Models 1, 2 and 3 were
- used. During this phase, an stiempt was made to siasure the load distri-
bution ca the blades from which an inflow distribution could be calculated.
The slipering assesdly failed and wmnfertunstely was not discoversd until

1% vas too late in the test period for retesting.

Pexformnce chamterintica of tke model at lo; specd was one of
the ocbjectives of the second phase. This nhese was condncted in the 18 f£t,
test section, The effect of solidity and of varisus changes in governor
configuration were &lso investigsted. For example, in the Keman linkige
. system, changes in coning angle affect governer cperation (ses Sectionm D),
The equilibrium coning angle was, therefore, varied by providing fer
different, amounis of widerwliirg. The relalionship between undersling and
equilibrime cening angle-1s given in Appaidix I. Oovernor eperetion with

U ~ - of blade mins, chordwise santer of gravity ad chords
1 ] i . ' . .’...'ﬂ_ . . N
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wise center of prossmrs ralative to the feathsring sxis was investigated.
In these %ests, Noduls & to 19 of Table T were ured.
n.mummﬁﬂomwmmwu&n-
mmm:m@awmmmaﬂchqﬂhm
Mmzo,a,zz,zsmlnm-aa m-mingﬁﬁaﬂ'md'
mdjutdnmttip-wﬂdtm;mm-mtmnr
1 thapuwpomm. In addition, the model was restrained frem
1 rotating and the static starting torque was measured by means of a strein
gaged link for various values ¢f swesp and piscona angles. Fimadly, time
Iwn‘dthaopmingmhmmunnmmﬁld,w
aomanuuana&nhn-bm. In general, the basic requiremests of the
’ tutl wers accomplished for the model configurations notad.

.‘-

.;w-" . ST
v oweten T  ltead

;

The data wure redeced in accordance with the procedures ovtlined
1n Reference 20. A complete tabulstion of the ~educed data is given in
Reference 22. Ina-dwtomhythebutueoftheavﬁlabletin, the
corplste data reductior procedire was programesd for sulomatic cownatation
on the IBX 70k cxlculator. The reduced data inolmded tims everage valves
of the thrust coefficiant, Mach number, rotor rotational speed and rotor
drag cosfficient., The oscillograph data were reduced to valwes of the
governar—srank angle, cowifg and pitch angles, governar. spring preload
length, governor spring festhering moment snd the differential pressures
between the diade upper and “ower surfeces morsured at five chordwise and
five spenwiss stations. An extansive amownt of imstrupentstion wao used
wmmm-m:wqumuworahmmmm
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tively shert test periods. The frequency of the test peri.odt prevented
complete serutinization of the wmreduced data before they were reduced.

A certain percentage of the éomyuted results therefore are either in error
or questionsble, However, the primary'pmposc of the tos.:t programs m to
provids experimental verification of the anidlytieal methods. The data .to

be completely analyred, therefore, were selscted to compare with the calen~
| lations on &n overall performance basis, Because of the good correlation
obtained on an overall integrated basis, corrcboration of the intermediate

steps in the analyées was not considered necessary.
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i H, ROTCCHUTE DESIGN PROCEINRE
The principles outlined in the mreceding sections are vsed in

designing a rotochute for a specific set of requirements, The re-
quirements are ususlly given as spacifications on the trajectory. The
design procedure used to fulfill the trajectory specifications ¥ill now
be described. The final design will depend on which of the specifica~
tions are to be ewphasized. For example, 1f smphasis is placed on
attitude angle at a perticular drop diltahno, it »may be more advanta-
goous to design the rotochute to attain terminal descent after it has
passed the psak value of rotor drag coefficient. Tne section ¢m roto-
chute trajectories dememstrated this fact.

Whatever the emphasised specifications may be, hovever, the

general dimensions of the rotochute xust first de ascertained. With
the specified terminal velocity and grose weight and an empirical
sttalnable terwminal velocity rotor drag coeffizient the rotor radius is

tentatively choser as:

E W ' '
A= rayie |
@Y Cog
The solidity is chosen as the maximum attaireble consistent with
ths geomstrie installation requlrements, such as the £1%t of the roto-

chute and hody either internally or in an external store on a particular

sircraft. A maximum tip speed mmast then be tentatively chosen,
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With the geomstric parameters of radius, solidity and marismm
tip speed chosen the rotochute blade can be laid out and the mazs

characteristics ascertzined for purposes of preliminary performance
snd stress analyses,

The performance can then be calculated sceording to the methods
outlined in sections A and B. The variation of rotor drag coefficient
with advance ratio is thereby cbtained. Using the tenmtatively chosen
design maximum tip speed, an empirical variation of weloclty with tip
spexd and the calculated performance curve, the. trajectory is calculated
acentxiing to the method outlined in section E. The calculated ti‘aaeo-
tory in compared with the specifications. If the specificatior= are
not met, the rotor radius and/or tip speed is adjusted and the above
procedure- 18 repeated. The second recycling is usually aufﬁcient to
approximate the specified trajectory fairly closely.

Thus far the rotor radius, solidity and maximum tip speed have
been established but not the actual variation of velocity with tip
speed. To estsblish this relationship, the governor characteristics
must be determined. The values of blade pitch and coning angles that
are to be inzerted into the feathering equiiibrium equation are found
from the performance analy‘si‘s and that part of the govermor analysis
vwhich determines the pitech angle at high advance ratios. The govermor
linkage mechanism 13 tentatively laid out and the dimensions determined.

The solutlion of the feathering equilibrium equation is un iterative

e
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procedure together with the opening cycle analysis since there are at
least two uniknowns; the advance ratio at which the maximum rotational :
speed igs attaived and the gpring force. The advance ratio for maxism ‘
rotational speed is talculated from the opening cycle analysis (Sestion C). !
The feathering equilibyrium equation is then solved for the spring
forea at the aforementioned value of advance ratio as well as the advance
ratio corresponding to terminal descent, The spring forces jt these two
advance ratios correspond to the extremes in spring displacement which
are a result of the specific blade piteh angles necessary for antorota-
tion at these conditions. The spring force results from a cambination
of spring rate and preload. A spring may t.hereforle be chosen which,
with an adequate combination of rate and preload, yields i:.he required
’spring forees at these two conditions. Slight chimges in governor link
geometry may be necessary in this matching process, Hrving established
the spring mte and preload, the feathering equilibrium eguation can be
solved for the rotational speed at several other advanc,:! ratios. The
actual velocity~tip speed relationship for the particular govermor
geometry and spring characteristics is thereby established. The tra-
jectory is recalculated and the results compared with the mission speei-
fications. If the trajectory satisfied the specifications, the chosen
value of maximum tip speed is satisfactory and a fingl weight estimation
and stress analysis is made. Should the trajectory performance be
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inadequate, minor modifications in governor des:l.gn,na::i.mun'; tip speed, or
spring characteristies can be made and the procedure repeated. l;lms, by
successive analvses of preliminary and intermediate configurations, the
final design can be eatablished which will produce compliance with the

trajectory and airplane stowage requirements.
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DEVELOPMERT OF THE LOW SPEED PERFORMANCE EQUATIONS
In the development of the low speed performsnce method the

following aszumptions were mades
1. The Glanert-Lock empirical curves for thrust coefficlents Fand £.
can be applied to an elasental armulus (see text).
2. The 1ift and drag on any elemental ammulus are the same as they
wadbeifthsbhdeaectimmin'm-dimmimalﬂw.
3. ihetiplouisaccmtedforbylsmingno]iftoﬁthem

- L percent of the blade.

Through Flow Velocity Equation
The expression for an elemsmt of thrust, using assmumption 2 is:

H .2 i J )
dr= g_c‘?ﬁ WU cosg[(9, 54+ ‘4,)&1_ Almsfaj((} cos ¢ +QFn é)dyr

Using Glauerts empirical thrust coefficient { as a correction to the

momenttum theory,

dT= 47 4 K QR) [} cosp F (3,006 + U )
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f=

tan ¢

.5':'41 ¢:

the following is obtained:

g
1G] - ,I;' (}z"-“’(’ 7 e/g) COIF‘

Now referring to sketch (a)

Vieorpe(asp + %)

' Equating both expressions for thrust element and solving for f,

[ (e %)a+ ,chcJ:'GJ((; ro.rﬁ £ Cf S (’) ‘ (T~1)

_ Ace s@
- 40 + €t (1-2)
.QRA(:J:@
Acord (1-3)

Sketeh (a)

(T-h)

\/:\ cor *(f‘”ﬂ * %)*
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Now

&, = 6+ = @ + arelan —Age3B
r fP (ch"’f’ -+ G/R)
Using the other Glauert thrust coefficismt F

= AF
_‘So
'A,='A/;? o /{=A4@

Substituting the above value for A into Equation IA} as well as into the
expressions for sin® and cos ¢ , Eguation I-2 bscomes:

. 2 z % | | -
ﬁ:j_[(j:cu@-ffﬁ) ‘/'/'J‘;:E-C"’p_} (C( ks Cdfa” ¢)" ;“"? | (I'S}

thare tan ¢ has becoms
tan ¢ = A VFECG:@
C&(o:é + "/g)

Torque Equilibxiun Equation

The blade element torque coefficient expression based on assump-
tion 2 is:

d(q = -z_q—((‘lcc"”’ —(?_rm Q)Z(jrn:@ " P/K):_ ’U E‘E(oi?j(.’zco:e * %) Jyz (1-6) 1

Substituting the velues for sin¢ and con ¢ (Equations I-2 and IY),
Equation 1-6 becomes:
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This value of Cq rust be sero for equilibriw zutorotation.

&
Thrust: Equation

"Using the blade elsment expression for thrust coefficisnt,

d(r = g[(yzco.‘? > %)2.}. ’lafz:ffn Cd?]((; cd'f + g-’ﬂ f) Cofp Jy?. (I-T)

d¢, g(o!’é[fei' g bn d](g&c.,;ég * ‘%’)Kgrca;p.;. t%.)?-* );;“J?J%Jyz (1-8) 1

The expression for C; is summed {rom the second increment to the next to 1
last whereas the expression cantaining G, is surmed over the full radius. '

So,

= Ufo’é{L((‘-"”("ld*/)gyc“’p*@ +'AJ F-""’ﬁ] 84,

Yr,

; +Zq fa«ﬁ(yn;{j +% )[(—y,«w 9)+4¢ F""(’] “ayr (1-9)

I Substituting the expressions for sin@® and ecos ¢ Equation I-7 becomes:
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The rotor drag coefficient is then,

Coning Angle Expression

/'z...
&~

o

The eoning angle 1s obtained from an equilibrium batwsen the
centrifugal and serodynamic flapping moments.
. The following are defined:

maxs per foot of span

the equilibrium coning angls assuming no asrodynamic
forca. Referring to sketch (b), it is the angle which
brings the blade center of gravity to the plane of
rotation and 1s a funetion of the mdersling h ., .
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‘The centrifugal force on element A/ , therefore is:

Foo= A Aar IAZ(FEOSE +c)

AM,

Sketeh (b)

where F = Ry_ -ra(fan@-

The centrifugal force moment then is: !

_Q’“/&' ([r f.d"z‘ew(g] cor Ms)(r.nh(; ~hce se) Lr
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Letting g - 3 and  dr = Xdy

de; /',(' {l‘([fyz +h faneg]cu'é 1 eX‘ffszn(s —h t‘org) K r{yz

R R(aerpr ko r oo k) by

I4
Now é e, +g , vhere @ iz as defined.
Upon substitution for @ s Bquation I-10 becomen:

AM, o = p(K) JI‘%[5'2 cor (ﬁ*‘@?* fg' - (@»*@) * %Ifz"‘;’(é« *P’j "‘é o ((f@j (T-11)

“Substituting the trigonometric equations for the funections of

sums of angles, Equation I-11 becomes

gy = R R sectcosg= g0, o'+ §uf, <06+ s <056, » % |

[gz:m 4.6 4 Ysmg ‘¢ 4, "‘*?‘-(c:(:r‘ cg_r(g’ +{_ ,,-,.?, S % ’] b8y, (1-12) ;
{
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Since in this ragime @ will be small, the following small angle assump-—
tions are made:

i

cos(’ = 1.0 sin g - 8. mdsin@'-?’

The equation I.12 then becomes:

AM = ROR) R [5550,~ tpg +40. 400 + %]

R L R TR L (1-23)

Multiplying the expressions in the brackets and summing over the blade
the following is obtained:

/
MCG = ,ﬂ-m@) R/{[’I-g <es ?2. -7:;@‘0 "-=‘~'§o"-7r %‘Q:{‘(KA)@‘ Cﬂfpoj gva

; .
e oAb 2 .
+[‘3%yz éc‘h é" —[E/(&Jéu_ jf. ﬁ:?‘JJ_CDSﬂ fdf -\'ﬁ. 'l‘_f? co!pn "f‘pajg

>
...%’-cu.r?g —@)(jb c‘o:(g' - 7’;-{ <eIg, +* j'_{ euco-r(ﬂ., * -'fr_-‘-;.’. @: + I ‘:;p.} ‘5: -~ (1-1hk)
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This can be simpiifisd by assuming / will be smell compered to A and

s
@ 0. ; % )
The aerodynamic moment is writtem, assuming the comtritution due to §y 1is

negligibie as;
8
-£c &) R / G 4 4 (1-35)
E7 '
Equating the two moment expressions the result is:

M !/ﬂ' JRQ' Iz 8. Corf, +1_4_c.:@~ + "/R’ Sy Cotf, + 724 @o Ca:é'} Q, - %m?o

_FE corf, +Hpfcosg + 4 & @o} Eﬂyz = _gcﬁf(é 9; ‘{ﬂz (1-26)
which becomes,

. [ 288, o [ oty + cosy [y 4, *%*"é//r %@"JF/JJJG’ |

= °’(3ﬁ" '(7z * /}Qaréf "7— ~f.cep, —“71-“)'- ?’ )']-‘9[ (rx’/(y.cgz
|

(I-17)

Now let

_)Gl":fz‘L._'fr = ﬁ’(fz = P_ /(J&Jr&jz - 5,
UN(“T;A QIFIED
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Then

) tm?’. ,‘%Cc:’ﬂﬁ --(.Jé;- .
]I é — —— e it dd e o - o m e ———— Proal fol . SR O A — 18
‘ 'C""ﬁ‘,[%i £ o5fe (1-18)

Now assuming €-= iz a small angle, tan@ 'éa and as

= 2L
@0-—‘,4’ -

So

(1-19)

i ;

6P Y, 6. _,_€ 4P Pk 2 !

= 42 4 E-OJ 53";)“4 - %> fﬁ)t _E!/»Pc:.:(_‘lgj
R 7 oy s R Ea i s s ae e
: R KF PURs, TP |

[

RS |
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OPENING CYCLE EQUATIONS OF MOTION
I [ The squations of motien for the high-speed rotochute were
I ; developed using Lagrange's oquations and the assuption that the mass of !
the blade could be concentrated in a a.'mgio_ 1line. This assumption memns ;
I that the chordwise inertia is negligible compared to the spanwise inertia
and that the spanwise moment of inertia about a line parallel to the chord
I is equal to the spamwise moment of inertis about a lins normal to the chord.
| \’r/e//'
| H
f
- * -
ﬂ CI‘ 'y 1
| |
x’ [ :
| -
] _%
| !
{ Jp '
I - € ] r
The coordinates of any point on the blade ¢sn be written in the rotating :
I coordinate system as:
x = —{—rCuJ@ o A
I 3'.': e +rCoJ€CtJA-
l Z' 'z recs A .ri.g : |
| UNCT,ASSIFTED
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‘ In non-rotating coordinstes theso arst

P X=xces ¥V - .raﬂ/
4= y'c«::.:rjl/-»L x Im
-

Differentiate these with respect to time and put them ir the Kinstie energy
equation,

-

!

i

§

i

i

i

1 7 fE gt )k
which then ylelds,

: — g[f‘FV* L g At L i e sm' 4 PP T

!

I

i

!

:

:

i

i

B

+Z (}'}‘"‘?Cf-"% +_Z; V’Z-b.r?; co.r"A £ }'J,é l}'/.r,é.( cos A

-2€es, V."éf- J‘mé smfd ~Z2e5s; U'/L(u:([ coSA + erc..i_‘, V./'éq:cf:m/;

i
f'
|
-2 z ;
_Z;é oS5 flcos (_7,} (II-I) é
Lagrange's equation now states that: J'
|
L/OT) _ oT |
o W ST N ¥ (. £
% 5 S Q or rotation, and
; (11-2)

24y A7 for flapping.
JfC’é S My

UNCILASSIFIED |

ENGINETRING GENERAL REPORT

FORM ND. K85 REV. .54




e T 3k dim bt s e s o ) e g R L kil kEf A Bl 'iL'I. R
Cit L teh S8 Rl ot i 1o ] e Rt it R L LA S gt LY

THE KAMAN AIRCRAFT CORPORATIGN U 5 |
. s BLOOMFIE:.D, CONNECTICUT .
PREFARED RY. _ nel:___._.__.m__._._.

T UNCLASSIFIED e
neviaso o ' u wooe.__1 Nareh 1957

- Substituting the equation for tie kinetic enerzy into Lagrange's equation:
- Por rotations

y/[; _P rCP f}_’,cu(d + 2455 Corg..r.n/i + €3, Co..rf! Cas Aj
+ @[fj:, J;n( cosp — €355 J?}FJ'MAJ + Wé[—-él}&»g ca;g _

—2el s:’a(j::osn .af_'.‘ .n'a@ ..rmA] +(_’;3'[-FJ; t‘-:(aca.rA
— &S5, co:é .rmAJ Q

For flapping: ! . (11-3)

\;f[f.j_', -I’;npc.a.rA —eS .rz'ntg n‘aﬁ] +(é‘[_z_:.‘-'m£€ , ]_‘_,c.,;?; “52‘4]

. + VL[.Z Sifi cos@ + €55 Smg cos A +£ 35 -"f'-'l(dm/\]

+ é [I .erg co-rg J‘mzﬂ_] H °p- (TI-h)
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APPENDIX I11

PEATHERING PQUILIBRIDM EQUATIONS

Centrifugsl Feathoring Moment:
In crder to write an equation for the centrifugal feathering

moment, the various components of centrifugal force must be found and

mltiplisd by their moment arms., Thesze forces wers diﬁ.dod into those

acting about the feathering hinge and those acting about the % -axis.
Referring to figure D-1,
$he moments abbut the feavhering hinges

- b - - /i JM[ -
M., ﬂ;{e(x f)zg,. +_Qﬁ+§)2' & (rI1-1)

The moments about the g -axiss

= affee)rdn - /(X Hy 47

dhde blad ¢
By referring again to figure D-1 it is seen that the moment

about the g ~axis can be transformed into a moment acting in the same |

(111-2}

h direction as the moment about the feathering hinge. First, let /i, eqml
Fff;nfd rec J'_] viere F is a2 farce acting at the Junction of the flzpping
link and the governor crank link in a direction parallel to the x - y plavs.

Now, lottdng Pt equal a force parallel to the s -axis ane can write an
equilitrium sbout the fulcrew H .

I £ eos J’ﬁ: m?) Flecs?y (111-3)
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The feathering moment derived from the moments sbout the g -axis is,

M, = F’((:;.;—A.rec f) s or (m-h)

| Mr --[n_“ 3:9) xdr “ﬁ_'/&f'f)ﬁﬁ_] cos § Gory

(-5 | i
The total centrifugal feathering mament is then;

M_=0 [[&,»e/x.g.-.- - [0-H g,—]mmn_‘ (16

%—{)zﬁ +Agfgz:;;f¢,r | E

or combining terms

o 2 Liysxe]ecsi ey + 264 ryrd) abl) 45
lael

From figure D-1 expressions for the coordinates g, yyand g of an

element of mass on the blade can be written;
- - N Kx, cos8, 4 hecosg Siab !
= (c:{[ tf’yl_..rmfg ma‘ + KX, / f A !
—Srn J[A -"'.ﬂﬂ 7 (yx (o.r@] (111-8)

I y= <o J[AJ"F *’Ejfc"‘ffj 1+ Jﬁ[[’ﬁfxrf;é:heh

_ , (TI1-9)
+Rxr (c.féh + ‘(M@JMQ‘J

Z= Ry .rup ces 9 + KXy 5m 6 —hcosg cos 9 '(TrI-10)
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Substituting equations IIX.8, III-9, mnd I1IX.-10 inte equation IXX-7 and
integrating over the blade the centrifugal feathering moment is obtained
as follows:

M(r=ﬂ-"{[f-"=€ -Z6 -—C.S;G‘I—L G&+ 75ty + e_f_,-(a,,yj

-[f5+36 -7, —esd 12,850~ L 8~ F s, o (G

L

—fhP lany + Ch PLlan7 —€ S 6, fb,jr]:za(g

.2
_L-,qp._/,_f‘a:' ¢4S. +ehPL-43.84 & 45.5;/"4#/"%[6”)

A Sebany +€ 35 {bony + €hP O, ton }J cosg 4-‘_)_'1,04 ) (j,‘_;-d

> & t ‘ j
LI ATECNE Loy 2 SR TR Ve VR,

where d ‘has been assumed small so that 8ind = & andcos & = 1.

In the integration the following terms are definedj

A’Lu{ﬁfﬁ = Zs ﬁu.;f G E ;;
sz;@ﬁ' = L ,q‘;tzfy- - 5 f
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Asrodynamic Moment aboul Feathering Axis

At high speed, assume the moment about the 8 axis due to the
chord foree is savo as the 3  axis is closs to the axis of rotatiom where -
the torque 1s balanced. Referring te figure D-1 and sketeh (a), -

MA{ 48 the moment about feathering axis as sueh
I .

.Mﬁ{; = -g (n@)t:k"é [(,,i‘z +g(£- —:&fug)]

(oo %) “hrd e plf sy, s s,

Lot M, ’ equal the moment about the feathering ax{s due to the reactiem
£
from the 1ink am caused by M/’z

The aerodynamic force mormal to the g axis is,

I =£ [Hcasg sme, 1 € o 8, |04, (111-13)
AJM(Q

The moment of this foree about the = axis i=s

1

/
M, = —Z RN es@smg, Y B, /?‘Z C el ca3§, 4, Ay,
Yart 4
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i Using the preceeding assumption,
I Mz = =R ‘;MA/ ¥z cotd sm8, by,
Referring to the squation for the cmtr!?ugal moment, equatien III.5
l /'!{ =My cos d tany » therefore
l X
/v!q{& = _Zj‘s m‘-c }(’L(,, Yy cosg J:},Q&co.r{faa)’
| Yesogt -
3 {(ﬂzcugi. g@)‘-f— (JJ ._J")tu!;ﬂf‘dyz (m_m)

The total aerodynamic faathering moment therefore is:

MA:' Mdl';f %f;_

M,= - é_e @Q)Lc ,e"(o;p{ Z&o;gﬁ ( X 1C [g _ylfa,,(_;])

B

i

1

i

i | z /
g [(sseospoa) +hr W)eotes + KD Gz 7mgycord m
-

i

g

i

f

Ay J“F

by o
[ (450070 + % )+ (ha-Ai Jeor (J’J 4y, ~ (ITI-17)
This must be solved an a strip-wise basis. Cp and C, are functions of

the respective angles of attack at each station whieh 1a »

Q/r = 6 + arcton (M{fg_

% ws@d + R
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;
The rotar rigidity factor can be interpreted as the ratio of the
; apparent momemt about the blade Tanping hi!igo with the design blade con-
figuration to the apparent moment about the blade flapping hinge with an
asgumed rigid roter configuration for any given rotochutes disturbanee from
the equilibrimm. A rigorous solution for the rotor Mgidity factor can be
obtained, but would involve lengthy aerodynamic and blade flexibility cal-
culations using the approsch of refcrence 19. For design purposes it appears|
that the rotor rigidity factor can be reasonably spproximeted by a rather
simple approach. With no lozs in generality the incremental bLlade forces

can be represented by a cyclic pitch variation. Further, the flexible
rotor system can be regresented by blades which flap about 2 restrained

flapping hinge (schematic disgram below).
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The dlade flepping equation of motiocn can be writien

I.,(ajs‘) + In*ap) +Cy(ap) = ;—'—3’ (6- %) (1v-1)

uhere Cﬁ is the spring constant of the fliapping hinge restraint,

Mﬁ nﬂmurodynniemtabmﬂnnappinghinga,md B 1is the
- eyelic pitch variation. Considering first harmanic flapping

Ap = A, sinal + /5'1"'5“"1"

- IS 8'_ Sil"l.ﬂ-t

(Iv-2)

By substitution of Equations IV.2 in Equation IV-1, it is apparent that the

inertia terms cancel; the equation of motion becomes
4+

C’B (ﬁ' Si'ﬂﬂt -i—/gl_:.osn't) = 93-2& (9, Siﬂnt —ﬁlﬁosn-t .f.ﬂzsmnt) (IV-B)

, Bquating the coefficients of sinnt and cosnl  separately this can be

written
oM oM

pr= SERT TG (1v-h)
Mp s = 0

C'ﬂla:. t 35 /3. (IV-S)

-:nqs_'ntsni_nd?ptr&:ipm. _FONM NC. £ 48 #EY, 1.94
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Equations (IV-L) and (I¥-5) can be solved simultanecusly for A

d

;3' = ob 9,C,6 (19-6)
e)____M 2
% + (38

The flapping hinge moment of the flexible system can be written

M‘F lex N %’ﬁ ' (-1

and the flapping hinge moment of the rigid system is given by

M
Mriq = 3-9; 9' (I'V-ﬁ)

Thus, making use of Equations (IV-6) through IV-8), the roter rigidity
factor can be written

2
- M{ ex . C’ﬂ
k Mg C; + (3.).."5)2 av-9)
6

The serodynamic moment derivative, 3"‘}'/99 s can be approximated as
follows:

| W
d}

= 3% g (r- f)(b co,sﬂ) ' (Tv-20)
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where, since { aznd A are both small, the differential thrust per
blade can be written

dT _ T 2ot (7 ) >+ v2 cos?s dF w
?'%wfbnﬂ(rcl*-l‘o A 4T cS/SA {ITv-11)

2(4T) -y B BT s v

In general, the imner portion of blade is stalled even for terminal descent
conditions. It can thus be assuwed that

F 4% ~o0

(Iv-13)
c. aC - - - =

where T, is the non-dimensional radius which separates the stalled and

unstalled portions of the blade. Thus, substituting Equation (IV-12) into

(IV-10) and making use of the relationships of Equations (Iv-13), the moment
darivative about the flapping hinge becomes ‘

oMy _
38

olq

I .
= %o Q‘R“"S aF P+ 7% (F-3) cos’ad? (IV-1h)

il
»
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Since for wnstalled flow the net inflow parameter, A , i3 small, the -:_-_E
approximation

i eF: (F-) = F2 | fefguo ]
appears to introduce no appreciabla error. )
Integratiom of Equation (IV-1L) then leads to the simple result

B oLy cosia (17

(Iv=15)
x -éﬂ.z Ib 7 co 52/9

where the lock mmber, 7 , is defined

v o= ‘rgaO’Rs
blb

It sppears that the approximaticn for M, /38  will be reasonably
accurate for the rotochute at tarminal descent. The rotor rigidity faetor,

Equatian (IV-9), can thus be written

R
| )+ (Zeosrs)
[ where
(fg)"‘ - -
| al TR
l | UUNCT, ASSIFTED
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Rigorcusly, ) 1s the static natural circular frequency of a rigid

blade oscillating in the flapping mode about a restrained hinge. This
represents, for prastical configurations, the static natural ﬂnpp:lng fre-
quency of a flsxible blade with the synchronizer linkage locked at the rotor
axis, It is interesting to note that the rotar rigidity factor shows a
dependence on cane angls., For the usual condition of small cone angle &t
terminal descent, howaver, the influsnce of small changes in cone angle
should not be particularly signifieant.

i

|

|

R

i

1

|

|

l The ratic of blade static flspping frequency to roter rotation

| velocity, o, /o , 18 of grester signficmmce, The fourth powr of thé retle

l : appears in the expression for the rotor rigidity factor. Thus changes in

I  edther the blade naturel frequency or the rotor rotational veloeity should

| have & fronounced effect on the rotor rigidity, Since the blade natural

I frequency is fixed for a varticular rotor design, any veriation in the
ratio can be considered to be 2 change in the rotor speed, 2 , In Mgure

l F-6 the variation in rotor rigidity factor as a function of uhfr is showr.
The sdverse affect of increased rotor speed or decresased blade static

l Iﬂnpﬁng frequency iz clearly indicated. Increased rotor speed has been

i shosm to have a deletericus affect on rotochute stability in test flighte
caxinoted with ssveral rotochute configurcii ms. It avpears that the

|

|

|

:

trend indicated in Figure F=6 offers a partial explanation for the adverwe
effects of increased rotor speed,
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