
UNCLASSIFIED

SAND-IA SYSTEMATIC DECLASS TICATIOIQ 7I_EVIEW
DOWNGRADING OR DECL.A.:ISIFICATIO'‘: STAMP 

;SSIPCATiON CHANGED To' 	 ! AUTHORITY:  (t) 
. 	 • 	 4.;

N UACi 0 MAPJUNG DACE

•
PERSON VERIFYING . Ak,KING

RECORD 	rL) R.30 

DATED: 	1/ / aill 7 

C. V. Miele

• •

Authority - ADD
Neste' 	 •

Nut,Onnii:
I. Cla:z.:c4tion liouthed

Clizoond to:
i:nnt.41,1: No D(3 CL.,..nato:/

a / 	11-2I-q7

Report No. R-177
7 March 1957

FINAL REM OF THE SAND/A

plyronera PROGRAM ■ PHASE 

AEROINNAMIC ANALYSIS
- C -32--SCX

11111111111111111111111111111111111111011011111111i

1111111111111111011PIMMNIIPIN

UNCLASSIFIED

Approved by  C.:(! ligiAl .:s 

Checked by

4. i.q.C•/
3.4



eLoomirtam, CONNECTICUT
Atolgrtirrluers" Imo:0

11.1.1111.111111M

►NIPARED NY

CNIICKILD NY 	

MODEL 	

REPORT NO

OAT=

UN CLASSIFIED

FOREWORD

An aerodynamic retarding device in which the rate of retardation

can be controlled, is a necessity in many weapons systems applications.

The governed rotochute is such a device. The retarding force which is

generated by rotor blades in autorotation, is regulated by a blade

pitch change mechanism called a . governor. This report contains an

analysis of all phases of governed rotochute operation and in particular

in its application to the trajectory specifications furnished by the

Sandia Corporation. The report id written in partial fulfillment of the

Sandia Corporation rumba's Order No. 51-2120 to Kaman Aircraft

Corporation of May 3, 1956
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A BSTRACT

A govented rotoehnte utilises the aerodynes:to autorotation of

a set of rater 'blades to Separate a fbroe opposite to the direotial

of motion' of as airboite vehicle. The retarding force is regulated

by a blade pitch cheage nechanism celled a goyentor. The operation

of timegoverned rciachute throughout the flight range from release

to teuchdaca is described herein. The meaner in iddch a goverhed

.rotoiltote is designed for a specific subsonic mission is also outlined.

Rinal.11y the effect of the rotoehute on the -stability of the airborne

inibiele at terminal descent velocity is determizted. •

•
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INTRODUCTION 

Controlled aerodynamic retardation of 	 airborne vehicles

is required for their maximum effectiveness. One device for providing the

required retardation is the "Rotochute". It is a multibladed aerodynamic

device which utilizes the principles of autorotation to sustain ivrotational

motion of the blades. An aerodynamic thrust force is then developed

opposite to the direction of vehicular motion as a remit of the blade

rotation. Autorotation is a result of an equilibrium between an accelerating

torque due to blade lift and a decelerating torque due to blade drag. The

blade lift and drag and consequently the thrust force depend an the inflow

and pitch angles. In the Kaman ratochute 	 blade, pitch angle is controlled

by means of a spring governor. The rotor thrust cannot be raised indefinitely,

however, but is limited by the aerodynamic characteristics of the rotor

blades. There is nevertheless an optimum pitch angle for any particular

opeyating condition. The achievement of the **ninon rotor thrust consistent

with the aerodynamic characteristics of the blades, therefore, requires

a continual adjustment of the blade pitch throughout the flight range. If

the blade pitch were fixed, for instance, the rotor blades would be operating

at their maximum attainable thrust coefficient at only one point in the

trajectory and in order to attain a higher thrust coefficient, operation

at excessive rotational speeds following deploy 	 would be necessary. It

is the purpose of this report therefore, to set forth the principles by

which the optimum variation of blade pitch with velocity can be achieved for

a specific: rotoehnte -mission, to show experimental verification for the

methods developed based on these principles, and to examine the effect of the
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The performance of a rotochute is herein defined as the

establishment of the variation of rotor thrust (or drag) coeffioientnith

velocity tip speed ratio throughout the trajectory from the point at which

the sexism rotational speed is attained after deployment to terminal descent.

This is an sero6momic requirement and is a !Unction of the aerodynamic

Characteristics of'the blade under conditions of torque equilibrium. It is

definable, of course, tD obtain this torque balance at the maxims possible

rotor thrust coefficient throughout the trajectory.

It was found convenient to divide the performance analysis into

two parts, namely high speed performance and low speed performance. Lou

Speed performance oonsiders that part of the operating range from the point

*V which a major portion of the blade becomes unstalled, to the minimum

velocity-tip speed ratio. High speed performance considers that part of the

operating range following the eompletion of the opening cycle after

deployment to the point at which the average induced velocity is half the

approach velocity. It is in this region (called the windmill brake state in

helicopter notation) that the use of the momentum theory is valid in

determining the induced velocity. The following is a detailed discussion of

these regimes.

A. LOW SPEED PERPORMANCE 

The law speed performance analysis applies to the portion of the

flight range near terminal descent where only the inboard portion of the

rotor blades is stalled. In the usual helicopter notation this region of

operation borders the windmill brake and the vortex ring states. The induoel

velocity in this regime is greater_

N CLASSIFIE
than or equel to half the descent velocity.

UD



istiatssantma evagoem. REPORT

PREPARED SY 	

CHROMED RY

NOM, 	

ti u 	 t
pAes	lk 

THE KAMAN AIRCRAFT CORPORATiON
BLOOMFIELD, CONNECTICUT

UNCLASSIFIED
marommili

REPORT NO

a

a

The coventional axial momentum theory no longer applied. and therefore an

empirical correction must be applied. This region has been investigated by

Glauert (ref .)and Locke(ref.k)and the experimental results presented in a

manner which illustrates the smooth transition from one state to another. In

didecinu the empirical curve Glauext suggest4d the **gumption that the

through flair velocity (T 1-v	 ) is constant over the disc because of

complications which were presented in analysing the experimental results.

However, the empirical curve can be applied to annular elements when the

assumption is made that the blade elements are independent of radial position.

alamert introduced two new thrust coefficients based on differmt velocities.

In one case, it is related to the approach velocity*

f - 	
✓V4.

In the other case, it is related to the through flow velocity:

277R *. e)(4 - 1r) 1""

A plot of the reciprocals of these coefficients is given in lime A-3.. This

relation was used in calculating the performance of the model Botochute on

the assumption that the some relation between, y 	and  lr 	exists when

considering the elements of the disc as when considering the disc in its

entirety. This would be exactly true if both F ar4 	 were independent

of the radial station when the elements were assumed independent...ft* the regionsl

where the momentum theory applies (the windmill brake state for instance) this

relationshipp l.etting  u - v), lap

r 	 1TR' to LI 0.1 -

and

T=z ivee r UNCLA SSIFIED
IIK110POO , 1114111, P 11911A;;;;•f..
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This relation spates in the higher inflow region of the windmill brake state

where a definite slipstream exists (Figure A•1).

k stripvise analysis had to be suede for realistic results inasmuch

as the method was applied to conditions where blade still was encountered

over part of the blade radius. In order to demonstrate the necessity for a

strip analysis more graphically, some oalculattons were made of rotor drag

coefficient assuming an average inflow velocity ratio. The average through

now velocity ratios were based on the simple blade element equation for an

i4eal rotor:

Via	Cel* a w 	 ? 	 Z a

0

torque weighted profile drag coefficients were obtained as follow:
a

The average inflow velocity ratio depends heavily on an average

profile drag coefficient. Ustmg the previously calculated,  (7,40 

distributions which were based on strip analyses (Figure A•2), the average

CTASSIF
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Using these values of Cdo (figure A-3), the rotor drag

do:efficient and the torque balanced pitch angles were calculated as a

fUmetion of the advance ratio. A comparison, between these valued and

those computed with distributed inflow:thole little difference. It

be redowever that the 'right" Cdo av meat have been used in

the average inflow calculation to obtain a valid reedit, thus requiring

a strip analysis in either case: Judging from the C do distribcrtions

(Figure A-2) a choice of the correct average CA load be strictly. for-mo

tuitous. In addition, equation A-1 is good only when the correct average

lift curve slope is known. Such an expression would be :rossiy in error

When part of the bide MOB ',tilled. These deficiencies in the nniform

inflow representation dictated the necessity for a strip analysis Bastion

for accurate prediction of the madam totem drag coefficient.

Ntmerical Procedure

The procedure for deterring the low speed performance at each

:whence ratio is divided into three parts: First, the determination of

the distribution of the through flow velocity ratio, _1_, secondiy,

the determination of the blade pitch angle required for.torque Wanes,

and third-1,y, the rie«gradnation of she thrust and/or rotor drag cooi-

ng:id:at for the torque equilibrium pitch angle. The equations for the

above three ports are developedin APpeediz /, The equation for the

through flew velocity ratio las

asawswatitme samem.

UNCLASSIFIED
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c.,,ttiLl G( +) f case 0

tan 	coa. A dr y,
	44)**1 vase em and 114 	= 41X:

The lift and drag ooefficiental need in the solstice of ekes*ion £4

obtained frost airfoil data plotted as fttnetions of angle of attarek4It the

reipiired Minh umber and Iteysoble nesieer. The keel es (is of :Mask is:

i(Act. cosr$ )
yzcares dir,* 	

44off,. e ÷10 -

114r the first approximation the oes13  Ise considered to be

ur4107. After the aerodynamic loading is obteined, the ecisilibrima flapping

angle 	 can be calculated and the process repeated. Because 	 is

normally small in this regime only one reveling is necessary.

Ome coM;ntationel proeedure rill weber described. At seek

valet ofm*vamoe ratio an arbitreeT vales of 9 and radial statics is

assumed and equation A-2 is solved by iterating an F. Simile:ay, it is

solved for other radial stations until the radial through flair distribution

is obtained for the assumed pitch angle. These vanes of 	?  are

substituted into the torque equation and the value of the torque coefficient

is then deternined. The torqee equation is derived in Appendix I and is as

foliages

cit = 	 -c AfrYzA413 viti) + cesiq otose 	 (*4)
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.,go ifie CLgod OA 	 *i6 frier al/Ilia eats illissium. of

Isola angle of attack. The eforemeatiened IllailatioNsarre repented
.	 .;

varibus valeris of pit& angle Iota the ene-ithieh yields IMP taiqee

at thePartieeler., 	 of},i4egirs raMe.b..1,4itinlined. The thrust met-
, 	 •

.#43.1112t is theneeerrted 	 the flia4• 7: 	 flies *Ossify' dIsdittbati4.

- 2`be equation for the threi .St::kbeffiaien*:. aspis1i,pU6 in Agesnidtxi iss

the 	 &rig ecefficlast is obtains! tit-the reitettenshiim
•

cait. . 7 2 C774 .

siogoion for the iUia derp'01411-

-40110dilt I. finen the final thrceei 	 top toren*

7Mi4ltbrium has been obteinad, it can be substituted into the serd.ng angle

op:intim and the eating angle determined. Should the value cd' the coning -

angle sig:dficantly effect the value obtained for the rotor drag coefficient„

it can be ivied into the equations and a mare accurate value ef C DR
obtained.

Calculations wore made by the above mentioned procedure at a full

ale Reynolds numtrer for a rotochute eith a solidity of 0.1075 end with

:1 	 NASA 0012 airfoil emotions. the reselte are preeente&in-Figunes 1-5 and

1E4. The effect of partial blade feted is gaits proscenia!. The continued

rise in the torque equilibrium pitaha3g3.0 with advanee ratio, Ad after

•
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4Lg.`Y'**I mat td s3 "a+0.4041-1 ebtelliad Wien, the

OVOT ijr thrtaili flair is zero. The reeliiii -0,tbisi iPOOkfidu VIVI* 14)

daftaital7 indiesitei that a psoitdre avtatiie thews% na ilieloemer is obtained

tor ,iftetTilmiles entorotatioa. be reason eta be onderetood frail a oiansiderr

atd.on of lion  Ala. In order for the z rage through flea to be sere,

the average profile dores doeffieinot most be seen. TVA =old then yield

0.4 .:JPf 2. The isiiste 	 lafie of blade profile dreg ,eardlleilift.4*-

listinap,.4irreforito the 	 irI31 the imoillastir*bee - 401dgeo■ieriettat

approuctit

Id* Waralpar sad pl ip Condition

The use of full stale keynolds-irsilAslo and airisoll data for the

asioto. wear titiont resulted in the optindatio lathe of the maxims rotor

dreg eoerrieieitt slam in tigers A•6.

Inuaneh as complete airfoil data IN* therlIACA'0142 was sot.

arnallablopt the data need ass a oneposite or initavatIon ab‘lned rise

references 3 to 12. Fmk this infcreationt 'charts of lift and drag coeffi-

cients were prepared for one tenth increments in Mach samiber for the

relationship between Reynolds number and Mach *ober corresponding to the

posaditien order investigation. The ratio of 'Reynolds monber to Mach

number ow becapressed ass

Rve sLe±ft.
■ Lye eV

42.Z. e
'IC  

'which equals a constant tines the chord for any pertieular sondition. The
. it ob- amber is then related to rotor tip *peed, whence ratio and radial

station &S. foliages
.1-1 	_Y—a. 1070.fly

+ A3,
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Substituting the above value for temperature, the Mach number vitiation

becomes:

m .t IP; "ra. 	
4 	--4124	 /r.li

Fbr any particular tip speed, therefore, the Mach number sad Reynolds

number is obtained for any radial station and consequently the appropriate

two diver anal data for these stations an be used.

rnasauckes themodel tests were eanciucted at lower section

Rereolikaraebersikpwere used in the calculation of Figure 1-6,

calemlitioas maritime& using seetLam data appropriate to these lower

Reynolds Washers. reduction in Reynolds number has the effect of reducing

the maxims lift and increasing the section drag ooefficient. As a result,

the torque balanoe secure at a lover blade Otch angle and the rotor thrust

is redwood. In addition, the section profile drag coefficient is affected

to **emu condition and airfoil shape. Consequently, the blade pitch

angle for torque balanoe is dependent upon these factors as well. ibr any

pvek4 eider advance ratio, a reduction in pitch increases the accelerating

torque. A higher sestionAreg therefore, requires a lower pitch angle for

torque balance. On the model mtochute, the hub and blade grip section of

the blade was very :blunt and therefore cc2tribeted a high drag thermoset

to that section. k recta:table estimate vas made of the drag of this region.

It ens then inoorporated, together with the;terReynolde number airfoil

data into the calculations. The resents rare presented and cowered mith

*lad tuotiresulte in Figures A4-Pid Al. At
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in the profile drag coefficient of even the inboard station significantly

affect; the pitch angle for torque balance and consequently the minimum

rotor drag coefficient. At higher advance ratios this effect is not quite

so pronounced since a larger portion-of the blade is stalled and the effect

of one station has a smaller influence. Reasonable correlation with the

wind tunnel results was obtained therefore, when the effects of blade stall,

appropriate Reynolds numbers and grip dr*/ Uwe acoounted for. These results

in turn indicate the improvement that may be-obtained-at fall scale with

grip drag feduced to a minimum.

Calculations for the MiX121001 value of rotor drag coefficient for the

prototype were made using reasonable estimate! of blade surface congitions

and the appropriate Reynolds numbers. A value of l.53 was obtained. This

value is less than that obtaiied for the idealised. prototype (Fig. A-6)

The difference is due to the increase in drag resulting from the modifications

to the inboard section of the blade necessitated by the telescoping provision.

The airfoil section was modified by increasing the trailing-edge radius.

The minimum drag would be increased as a consequence. In addition, the

dteg of the interim type blade grip, although considerab]y less than that

of the models, recrired a drag increment of that section of the blade. The

value of blade pitch angle for torque equilibrium is shown on Figure A-8

for eomparison with the model results.

Limitations of the Method 

Theoretically the aforementioned method should be applicable

throughout the rotochute operating range since in the high speed regime

the relationship between the thrust *04ff/ciente r and f follows the

momentum theory. As the advance ratio increases, hammer, the assumption

that adjaeeat blade elements are independent boo:ones questionable because

PIIIMPAPIIID SY 	 -

CHSCACCO SY 
	 UiN 1..4ASSIFIED
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of the maenads* pressor' gradient and three dimensional flow considerations.

For exempla, ealcolaticne were mad* aOtchrenee ratios of 0.25 and` 0.5. At

the advance ratio of 0.25, the calculated rotor drag coefficient lies 31

percent below the experimental value and at an advance ratio of 0.5 it was

38% below the axperlaantal vain.. The spangles pressore gradient is produced
•

by' the relktion, and has the effect of sweeping the boundary layer

outboard toward thi tip. It that postpones the stall at sore inboard

stations. ,A4cording to reference 13, thenextans lift at ilialittjtradins

Station on $ prOpaller was increased byapprodastigaly thirty Percent as

a result of this boundary lam thiamine. In addition when blade stall

.10eeeeds toward the tip, a tin vortex sheet is productd :rich increws

blada lilt and dreg. This phenomenon is t.aaoribad by Kashemenn in

referent* 214 as follows: *When a Imo dimensional airfoil is completely

stalled a vortex sheet springs fro* the leading edge aaddimotbar from the

trailing edge. The vorticity vector on these sheets is directed elong.the

span. On a finite span wing, these two vortex sheets at join togelber

near the wad. The vertical part of the vortex sheet say be called the 'tin

vortex sheet'. It's existence signifies that the flew not only separates

from the leadincedge bet also along the tip chord. The tip vortex sheet

will waist above a oertain insidious at etich the flow is attached along

the tip chord. The value of this angle of attack will depend as the load

eastribubion, the tip shape and the Reynolds number*. An additional

indoeed dreg increment is produced by the interaetion of the vertises.

Inasmuch as the thrust is proportional-to 	(i 1,01 41 1 the thrust would

ingress* when both the CI and the Cd of the tip section inereeee. No

6 method wee found for relating the sarineke. of these vortex sheets to the
•
a tip eagle of attack and load distrttiatioa, therefoteii,they Weld not be
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accounted for in the two-dimenericoal strip analysis. The performance method

could be used throughout the rotochute operating range, bcnrever, if a method

cculd be devised that takes these two effects into account.

The limitations of this method at higher speeds do not prevent

the calculntion of Performance in this range inasmuch as the method

promoted in the ftelowing section was develoPed to cover this region of

opovatioa.
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In contrast to the diffieulty encountered in calculating the low

speed rotoohate perfor■ense which requires the consideration of the induced

velocity distribution and the variation of the nessal force oeefficiamt

Cu with blade angle of attack, some simplifieations were possible in the

predis4on of the high speed rotoehato performance. einos with increasing

speed the induced velocity of the rotochute becomes preporticeately less

significant; it vas apparent that during much of the high Speed flight

regime the induced effects couldlbe neglected. In the high speed coadition

of flight, the rotor blades are completely stalled such that at the minimum

value of the advance ratio considered (Xit al 0A) the tip angle of attack
is approximately 20 degrees *tile at an adveekee ratio s Ad of 1# 16 nr nearly

the maxisam, it exceeds 50 degrees. However; it vas realised that acme

provision should be made for considering the effect of the induced velocit►

at the lower advance ratios for which this method could be expected to

apply. Therefore, the equations were devieloped permitting the inclusion of

the induced velocity on an average basis AS derived from momentum pwinciples.

Within the limits of the blade angle of attack encountered under

theses esonditun. (me< 04. < 900) the slope of the curve of normal force

coefficient versus angle of attack is fairly shallow compered with the

metalled range. Hence ; the spaniels. variation of C a is necessarily

smaller for the blade operating at the higher advance ratios. The as-

sumption of an average or constant C n therefore, while not emsct iser be

• employed.0
a

UNCLASSIFIED
A rapid estimation of an average normal forem -looefficieut
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made frime the fact that the tangent of theielnflow angle 4),
at any radial st►tion is approgAnstely_e4pal to the advance ratio

divided by the non•dimensional 	 ibr the high speed

performance range (Aarzo4-.Z.4, it cam The shown that the blade pitch

angle 9 , for torque equilibriva, is very aloes to zero. Consequently

its effect on the blade section of attack osn be neglected considering

the large inflow angles assoCiated with this regime. TherefOreoto a

close approximation, the section angle of attack at ea& of several span

stations can be obtained from the advance angle whose talent is equal

to the ratio of the descent velocity to the rotlitional velocity at that

statdene'llis independency 'atone.. of attack to blade pitch angle obviates

theacIntion for torque equilibrium. Wit4 the blade angle of attack

distribution determined, it is Only necessary to select the

4 appropriate airfoil section data for the angle of attack range deflaed

and the normal force coefficient distribution can be readily obtained.

A Ginnie tionerioal integration of this distribution will yield a satie-

fsctimiverage normal force esefficient for use in the solution of the

performance equations. Slight changes in the angle of attack

distribution due to the inclusion of the actual blade pitch zugle for

torque equilibrium will have a negligkble effect on this average normal

/brae coefficient.

The utilization of an average normal force coefficient led to

a simple closed form integration of ;the elemental lift for the solution

for tte rotor drag eoaffieient.

ThG rotoehute oozing-angle increases proportionally with

edemas ratio inasmuch as the bIfde serodynamie flapping moment changes

Nei A SSIFIED...
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with relation to the contrifugal flapping asmont. The "lethal of determining

the thrust under these conditions requires first the solution for the

equilibrium now angle. Squilibrime in the flapping degree of freedom

is obtained by equating the seroeynaidc act about the Mapping bingo

to the centrifugal mem* about the use hinge.

The developeent of the equations for equilibrium coning angle

is presented balm for the ease of a. rotor system with an offset flapping

binge and with blade undereling.
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and the !braes eating on the &lament become:

	df cx	 6

	d F smt,	 #.61-0 ells, h 	 s'"/1411k

e ostd -t le 4 (1r6 e) cos, 4 ro,, col/ (is

(la V I C dr
Vim the velocity component 110711111a to the plane of rotatiat isolates

the indeed veleeit$ vs the normal and tengential?.campecoate at th• vel•eity.

(11-5)

are:

then

Up s ( 14 -V) C °s, 	 (B-6)

and

_at e+(;-t) cost 4 i ..s-.Af/f/ 	 (B-4)

and the resultant velocity is

a. 	 a
z p 4

V :t Vv i.00S;if -2 gor COS? ♦ COr al 4 rau.at(c_ c)c.,,

•2e4 St/J/4'40'61-2ns 4e9Celfr + 24 filifi 61-000 itSp ‘rlifij

(34)
0

a

Q

sun of the mcsonta about the offset flapping hinge can be
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equated in integral fora as:
af (fb -e) dm = 	 df Silo,' 	 dr cos,

idlers 	 R
(Yirc) dN elf	 C ) (ris -11) V a

f

dr

cN 41/2  C .‘21 Pfe•et	 De. e3 4)

ER qj (2 e +14 s'A',9) c '9?

t LR-, e1 1. 	SIN, 4 h ' 444t /V ?

r g
) (IF SW, at 	

4 r.. v 	 4-% a- e, ctsfi -4. m i/fi.r,4,/felklf
rb

also

et"1t $/A/ 	 01-4 	 - c osi .(r -e)6 sayll du, As 	(B-11)

ff)dF ce, r = _ale #(1,-0) cos, 4- 4 smyll de/ 461

, e
=-C: "S/d 4 1 re 4 (11- e) calf 4- 4 :Avid leh=6

(13.12)

Substituting the following integral expression

I
Z
 (rb - e)

1..
 (IN, = Is 	 (B-13)

e 
, k
j (r,-0 ch. i = Ss 	(B-3b)

Q

J ch, . P 	 (B-35)
Q °

into the right hand side of the equilibrive expression yields the following

nipping eqpilibrinn equations
)

C„ e c -le Ca "e7 4 i[t(?94) 1444) + il ce.ri° 4
a, e 4. 11 sw

3 (1?- e es:,

4. (ta +- 2e il s/A14` 4- it•riA0 7=1 ).1 At xmlie [Cia Ss +; Cos le # 4 3: swil4 	 q0z-e) 1

6.— h cos/5 i S: ee.ste 4 P (e -r- 6, si.v") 	 (B-16)

UNGINIMNING OSMIUM/. RZPORT IrOMMI NO IIMIP-0116118

(B-9)

(B•40)

and
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Dividing through the above equation by the quantit, h S e cos!fi , letting

e/coee5 	 e and neglecting the higher order term, results in the following

quadratic equation in terms of the taste s

TAN +114-14# TAN/ -•• 	 _ em PQ CR-s7
,1

h S.1

ar 0

where the quantity, Ix s, Is a ph2

then

(B-17)

cAq;_efig..,,v-irkt.f•16110,-18)2), s 	 3 e

The thrust expression is sebsequentt► determined fromilrigure 1,

'Isere the element of thrust is the cosine component of the normal force.

dT IDAR cies 4

and barnee, nr

'Th*It ;ITT f 5 dr? ci y
J

(B-19)

which is the general expression for the rcteehute average thrust force as
a function of azimuth. However, for the rotechuto it can be *seemed that

the normal force is constant around the azimuth and thus the thrust ex-

pression will simplify to

Sines

b f 4 -7—

e
(B-20)

d Al = C y P/a

assuming a constant4ocrmal Sissies ecefficient gives

oa-n)
rig b e4 / e y 1 cos, 4 
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%V 	 Vv .s.cw ild -2 Vpv- d -;;er r ues44.-tz‘re•14, 61.d)Ccit,

4.2 ell „void 4 (re 2-2 r, a +.19 ;,e•s?, 4...1411 semisf(re -t) et 41 Itri40?)

•
Subotiteting for r and perforadag the ints.aties2 gt*olf

6 ea C ANZ2I0-4/( 	 ees/5•'44): c!`sfi

* 01•42lia,COZ:ef 4 4.00 4-0/47f, Old 	 Gas;]sgb

Having obtained the ttainit'easire ei4oU;

Tisient way be evaluated from the relattesobip

cs-n)
1.

	watt ate.

T
Nt 	 1,7",1,C-cz

abieb gives 	 •

C D7 rC ol (-4-7(—Tir 	1-‘..rxiz ) k	 i - 
cos

1
12-el/ .12.121 ir, ycz.....tr I.*. 

a
/2L5 12 1 	 :e

+( girIXIV COS 1. +(E  CO.:, 4- 2 (af.) .7,,d, Co,/

(p43)
*ere Cr • be/ Tril

A specific ease of this general rotoehnte oonrigsration sea also

investigated experimentally and therefore thIse perthrmence equation!

ware revised anao-rdingly. This IOW the sere blade =dangling configuration
tiah leads to the meet compact* system in the stored °audition. Thee for

the east§ of h • 0, the equation for blade 0012411 angle and rotor drag coed.

fiefora are respectively,
TAAvesecit.,sktg411( 	 41

e St • Zs 4 	 k
a./ +4- (7-2,z)}	 atiN,
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CD„ re. (-If 	 ff-}#-J (I- fj)).-- 1- 6- I.
	 .4..

46v 6- ro) cos:" 1,4 (s-sycot *o) - cis'?
(345)

The collection of terns outside the breasts in the'oening

lacisrusion is aotuall,y a modified similarity 'pareniter

e CaC C2:74 

equivalent to the more fuller Look's nether used in rotary tang theory.

The tau heroin designated as for eonvenionee, bemuse an important

design parameter in that the effect of a variation in blade man eharect•

aristics may be readily determined forapertioular letochute configuration.

Additional 'spondees mere develepetfereonsideration of the

prototype rotochute system which for the case of telescoping blades results

in a stepped blade planform* *ince an average chord would not adequately

represent the effective aerodynamic chord, the solution was made using a

two pert integration over inner and outer portions of the blade. This is

simply a specific ease of the general solution with sere undereling.

Again from Figure 1, allowing for h • 0 and a stepped chord with

C1 and C2 referring to the inboard and outboard chords respectively, the

equilibrium expression is:

#4 #c. (r. - 	 1 4",

	

(B46)
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and
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4Z,

(r6 _ € ))/ 2-di 3 (B-26)b

where, upon substitution,integrating, and than following the

prooedure used in the previous development the equations for

bl*de cane angle and rotor drag coefficient can be respectively

expressed as,

f V—/c-riR ♦ at(ri —4* e (ro -49:01-ek012te g.r".4 < 	 -e -R
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As previously mentioned the induced velocity 115 was

inoorporated in the perfOrmance expressions in order to extend

ftirther their applicability into the low advance ratio regime.

Pros reference 15, based on momentum theory in the windmill brake

state, a simple expression may be derived that permits an

iterative evaluation of the average induced velocity. This

relationship is applicable to the point vier* the drag coefficient

MODE

4



0 0 4 7
THE KAMAN AIRCRAFT CORPORATION 	

I

PREPARED SY 	

CHECKED BY 	

MODEL	

BLOOMFIELD. CONNECTICUT

UNCLASSIFIED
PAst

REPORT NO 
 2477 

DAM...? arch WO 

From the above reference the lath:mod velocity ratio becomes:

= '/Z— VT-77J
when corrected for the sign oonventAemi aced herein, that is, that the

induced velocity is positive when it is opposite in sense to the rota.

chute inflow velocity.

Comparison with land Tuinel !Molts

Numerical solutions of the foregoing equation, were made for

the various rotochute parameters investigated in the wind tunnel proms.

For ease of solution%the"inflor velocity insat first neglected in the

calculation of rotochute drag coefficient. ftbseguent saloulatlems more

zeds includingthe . iiidnced velocity 1;nast average baqicas detimmised

from the initiatiuneorrected rotor drag seeffielem14 .The results of

these solutions for varieus ,roter selidities are °mewed with the

experimental findings in Figure B.f. The importance of ihe induced

velocity correction can be seen at am-advance'ratie,ef 0.4 *ec the

corrected analytical results are shown to confers with the experiment&

datum. At a solidity of .318 an induced velocity correction woad also

have to be applied at advance ratios greater than OA since the rote.

chute drag coefficient at these advance ratios in still large. When

the correct:  rotochute drag coefficient values are less than unity,

successive iterations are possible and it becomes a simple matter to

analytically predict the slope of the retardatior curve. This is noted

for the corrected values presented in Figure B.2 for the two advance ratios,

›.4 . .5 a 0- r.318 and d • .4 I T • .215, mbare the calculated

points closely approximate the experimental findings. The uncorrected drag

. coefficient value of 1.09 at 	 .4 for the rotochute solidity of
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.215 vas corrected to a value of Cht • .85 by consideration of tbsis.

duced velocity. This clearly illustrates the Cuspaike rapid divergence

from the experimental curve that would otherwide occur from neglect of

the induced velocity. The lower solidity uncorrected drag coeffisient

calculations presented in Figure B..2 exhibit a more sebdued auspalke

divergence than those at the higher sotidities because the rotor drag

coefficients, are smaller. Since the CDR num at this solidity are

small (less than unity) the induced velocity corrections smy be applied

further into the lower advance ratio regime. The retardation coeffi-

cients therefore, nabs predicted with good accuracy for all C% values

that are corrected for induced velocity.

The rotor drag coefficients calculated maim the average

normal force coefficient value of 1.6 compares favorably with the es-

perimental findings (Figure B-2). At the loser solidity a slightly

larger average C4 value would be required. In order to obtain a

complete performance picture it then became desirone to ascertain the

effect of Cn variations. Therefore, oelculations of the rotor drag coef-

ficient were made with a view towards bracketing the results previously

calculAted for a value of 1,6. The results are presented in Figure B-2.

Upon examination it is observed that at the lover solidity investigated,

67- s' .106 it was found that a 12.5 percentage change in Cn produced

a negligible change in the value of CDR, Thus the sensitivity of the

results to our exact average Cn is cmall **for a first approximation

an average constant value of e n • 1.6 wee found to give acceptable

agree set}. It is concluded Ulm from observation of the curves and the      

UNCLASSIFIED                       
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retordatisn eapaimion that of the three principle perimeters of the

CDR equation namely cr, cod, 	 and Ca, that reasonable valliations

in the latter parameter least affects the results. It aaT be said then

that a change in normal force coefficient is only important if it is

varied by a significant factor but net merely by 10 ilessente-

The validity of the we of a eenetant normal terse eeettielent

is substantiated in Figure B.2 within the described Batts for kith'

speed retochute performance. It becomes evident Iris the curves Owl the

pertionlmr equations that for advance ratios higher than Ace s ois the

dreg coefficient varies almost directly with rotechute solidity. Sew

calculations were prepared for the aetermination at the retechute

equilibria"' blade pitch angles in the range et advanee retie' pertinent

to this section.

Good agreement with experimental results were obtained. The

calculation involved a blade strip analysis, wherein an iterative

solution produced zero torque and the inflow angle, which is essentially

equal to the blade angle of attack, was EEC Wed at several blade span

stations for the prescribed range of advance ratio. Consistent with

prior assumptions, induced velocity corrections were made where necessary.

As g result of these calcotationp it was discovered that at the lowsr

advance ratio of .4 the blade inflow &ogle varied from a value 	 77

degrees at the root to g.9 degrees at the tip section. At the advance

ratio of 1.6 the blade inflow angle varied from 86 degrees at the rest

to only 57 degrees at the tip. This points out, for the oases noted

and can be generally Aated, that mare significant changes in blade

UNCLASSIFIED 
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angle of attack takes place in the lie adVance ratio regime We the

airfoil characteristics 1►ary appreciably rith blade section angle. At

the higher advance ratio, the blade angle of attack for the partieu]jr

example cited changed only half as mach. What was more significant is

that at the higher advance ratio the blade tip angles of attack are

substantially higher than in the let velocity regime. Conesquently,

frembasie airfoil data in the region of blade angles of attack, from

k5 to 90 degrees, it was found that the *herd force far an WACA 0022

airfoil section is negligible and the slope of the normal force men.

cient becomes shallow. These findings are entirely conoistant with the

simplifying assumption of neglecting the blade pitch angle 0 employed

in the analytical high speed roteehate performance ealculatiens.

Affect of Blade Mass Charesteristies

The effect of blade mess characteristics on kith speed rote..

chute perfbrionce may be studied 'by'smens of the modified Lock !weber

sZy a nondimensional coefficient that relates the air forces and mess

forces on the blade. For a given blade geometry increasing the mass

decreases 	 which in turn modifies the coning angle and consequently

CDy" Thus convenient parametric studies can be made of specific rote-

chute designs with regard to both performance tnd structural considerations.

The analytical studies mobodping the proposed prototype con-

figuration illustrates the significance of r , as a design parameter.
By reference to table B-1, it say be noted that for the initial and

final prototypes considered that only the mass characteristics have been

1
1

O
changed. In Figure B-3, the effect of the sass change maybe Observed

1 ti UNCLASSIFIED 
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from the shape and sieve of the representative retardation Cuevas. The

results are understood upon exalination of the coning angle expression

shore s for the case of the protetTpe t the dimmmmme• in 17: redesodj;13 t.

a vales below that of the initial prototype at each respective Mum*

ratio considered. Then from the roteelmte drag coefficient expression

CBquatien B-23) it is seen that this smaller care angle yielda,a hither

generical value in the eae3, tore and sanagment.17 soma diwinereaso

ovary hors the CD1 value of the final prototype. For the coning angle

range associated with the operational ratochutotho ingromental change

of cpit between the initial and final protetyPe becomes mors projoencied
because of the effect of this cosine cubed !motion at the larger angles

of attack of the high advance ratio regime. Therefore, in the by

velocity region •n4 a small difference of CLIA exists between the curves

envoy 716.3. However, the incremental difference become guns sub..

'Untie]. 'within:roaring advance ratios and is due to the larger difference

between the cos3/ terms in the drag coefficient expression.

The high speed performance of a rotechute esn be satisfactor-

ily predicted, as has been herein illustrated. It should be noted that

the modified Lock's parameter 	 , can be employed in nrobing the

capabilities of a preliminary rotochute demogn,

UNCLASSIFIED



TABLE B-I

Co FIGURATIONS AND RELATED
QUANTITIES USED IN =MATIONS

=IBMS UNITS mu mom
a . 	S% 'I'

1410117/116PR01OT1PE

p: snug. .e63e• 	 - .oece 1.025 1.52
6 rt. .1302 .1927. .5833 .5833

Ss ir. 4...-.4 Ft. .0353 	 .• .01195 3.7693 6.21

Is - - Mug Ft? ‘,0386 .0562 24.0 37.2

I x 	• ilog Ft3 :0374 .0555

. ----.- 1 .1142 .733

h Ft. .11457 .0936

C Pt. .333 .50

C i .pc, 1.011314 1.0834

Cg rt. .9167 .9167

2 Ft. 2.0 2.0 10.0  10.0

a-

Vlxig FO, .0020

.1U06, .215

.00217

.318

.002378 .002378

Y; Pt. - •••••••■••••■■• 5.9167 5.9167

CN 1.1411.6,1.8 1.4,1.6,1.8 1.6 1.6

b 2& 4  4 14 4

1:
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Initial. sweep and proioene 'angles are given to the retoolmete

blebs by a spring motion *ich is triggered by the aspiration of the tail

amemeasultmo esteenfla. Itspowr
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In a practical retoeteete, the blades are required to fold back

*keg the rotor axis so that the dreg at. the emit while inetellad en as

airplane is at a *Wean. The requirement of opening the Mufti after

Inperetion fres the airplane then beaus' a Considesettens . The atithed used

to open the blades in the tam rotoehste lakes nee of a for spring

which, Atm released, Teethes the blades out into the airstreen.to a pr ..-

deterwrined position.

An analytical nuns of predicting the opening (Tele time Motorise

of the. rotoohste with these initial conditions is then nocesesay. To obtain

equations -for the rotoclaate opening cycle, the segesnee for the opening

sbedied ih three parts. The first pert included the ate tit torque

and covered the cycle up to the tine ahem the blade clone angle started to

change. The second pert covered the tine from the start of cloning to the

time when the governing action began. The third pert covered the tine

free the start of governing action to the time when complete opening was

achieved.

The time required to open the retool:Jute fully in desired to

a einiere so that the maximum retardation can be reached without lonomesary

delay. Blade parameters such as pre-cone angle, sweep angle, and pito*

angle were studied to determine their effect an opening Use.

Starting Torque U LASSIFIED
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fros the reteeheta, Aterefirratete, femme roialting fret the wasp

and cons angles produes a torque *best the retoshate as of rotation. It

is this torque Bch starts rotation.. The equations for the starting

,-torqus-- are deralepsd as fele,:

(c)
JL

vysenrAwcoki•
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Sketches a, b, a, and ti show hew the descent velocity urns resolved

into a resultant velocity acting in the pleat parallel. to the chord

The sperstee air flaw emir the blade is esespliested and there

are no practical means of including this effect in the imeirtdatie. Hammer.

its quelitative effect is know and was isolated whet'litungnllidlkthe

equattaiiii ♦ diaawattar of ftte opandire flew is inalwd ed rirt of the

sestiax.en law Spied Perfasinue. The tepentetin► ads Etartiltor:* blade ro■

sato in the fanatics of 'IMAM. which area in a fastdaSE idiiiter to end. 	 -
plates. The taw* effect the opined* flaw at the asignitede of the

fateeseratingacthe blade is lamely unktecalso %it* pointed cut in the

raw Speed Neimano aletillio both t et aserliikaislcd'. the blade !oat

insreeire. The not effesit- of this Ingram on the stertingttoragne altaubfbe

The males of the tip vertices harmer,  and the constant air flow

sear the blade results In a spondee leading &attribution is f sVery

nearly =dram : Tieing tail distribution, a rearms:tattle station use

abates at shish all of the aerodynamic forma are considered to be eating.

Also leaseine of the ant** spendse distribution, the velocity and the

blade angle of attack are uniform along the blade. With this ixfornation

and using airfoil section characteristics far" NARA 0012 airfoil obtained

from Reference 12 and Corrected far Reynolds number, the lift and dreg

farces eating on the blade can be calculator*

Referring to sketch (Os

	37 /V644; ef?' 4'. .514	 0 € 1/90111
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The starting tense is obtained 1167 tearing components of the

lift and the drag fors* end appl►ing them to the representative elation.

Referring slit to elate% (4)♦

47A,Meie
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The ,rotatdmial asselaretion was feud to be cmartait lip to the

paint whir* the Wades open. The feet that the tip speed vas

ofieperod to the mate* velocity noting on the Undo affeemits fir Us

oonstant tattoo eating on the ?officiate. the eentritegal Ares raseleisg

hew rotational velocity demeans, the point shore the retiolhette

start to epos. At this point both the flapping. valuoilly aid the flapping

ceeelervrtion are toped I. sere. The fla 	 sgestien, &rived in

Appendix 31, Idtb 1)4.4540 • 0 its

FP5s s4/tod C s Wyr s 	 4-

# 212; sonar 4.05/1 f e SS si4FA
Ca-67tfs, 3-;:nrir

With the reftetione7 velocity salmi to the initial waled* venter

diagram* equations (C-1 and (C-0 now benne:

14-114 I se;It. t (Vv easrfe, 	 (e 4 r 540.44Fi (C-7)

or= # 61 * I- an Keces/g si;A,Lvp 	 *4-rs‘/fr4) 049

Using these equations and following the method used in finding

the starting toeque, the aerodynamic flapping *anent is expremedas:

= 7°4 vzcele.os 	 Cei Si :#1 rdr
AW 	

(CM

Obtained'?Uith equations (C4), (C-?), (cm end (C4) are

shown in Figures C-3 and CA. The effect of varying A and Alois also
*barn an that alarms. Figure C.h shone the linear seriatim, at tbaLratatiaral

*peed idth tins as well as the variation of the tine reqwired for spirals

uLASSIFIED
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with 	 and 	 Boma of the rate ohmage of rotational. speed sitt

tine and the change in rotational speed needed to spat the retooled. mhieb

ewer. al.th a dame in A. and _4_ the tine rigld.red to start the

opening cola eau be reduced appreciably by the proper cholas et thee*

82:16101.

Firs C-is indicItes that the higheit rotatioaal rased far the

shortest period of tine md...IL be obtained idth a high vales of initial sone

and a high value of initelaYi sweep. There is a Bait on the sine of sweep

and case that caw be set blame of the &Meaty of paddy* the blades

far out into the airstream by spring action. Figure C-3 shoal that the

r4dIFiticsal speed require to open the retooleds is greater for the larger

sweep angle if the cone angle ie kept oonetint.

Rieteehnto Opodng to the Point share Clowerniis.detitan attn.*
Gape the zotachate starts to epee, the system Jost be als3zsed

in the tvo degrees of frwdome, flapping and rotating. The dyisede equations

for these too degrees of freedom are dariv‘d in Appendix II and the final

equations are presented here.

Rebating:

IFEC IPtc4P4-is eps .z/i 4-24, cos/er coc./1- 1--2-gf5 coSeersi."4.3

4-/FECS:s Se:s/41 	 — eSs st."/,er 	 togl.-z;senj€45‘

- 2 e s -#4' cos.A.—ZCS:s se:nrer sg3nAg 	 VS:seax.sco.tei-

- e "s/a' 5.4n A-3= 41 UNCLASSIFIED (c4.0
na E Si s4: 	 — c Sf s	 .s 4.: rxitaTrs s ‘0,1;do,

4- is 405 Cos tetj t 4' 2 Crs men/ cafeltC.c S4:14,

sc 	 a:Oree s AO 1-Af 'Try se-op:reale s4n!ot3= 0 440-
(04:0
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Tha rotatieail acceleration terse in ite !Janda, apaties IL

eat= and ern Doneglooted. Aerodyvasde fee** wars semis hendlid in a

canner giallo: to that used• for the starting UM,. The Valeat, eed the

angle of attaek mere both earreeted by ineleding She flapping valise:it' tree.

Sketeh (f), illisiestai the waleettiee now eating at IlEff blade

element mad arfeetts,,,,.. C.12- and C•3 lagroes the new reaultent

and angle of ask.

•

vves4,14 s644.+1Lit

Vve.e4d—rte

✓V. CC* CPS/1 17 ÷C*.r h/1 foTn.et- # (e trc 014e osik

•

ir sa4-0 zrel*.tetri 	
„ezieer reer 

Vy r de. nie 	 4n./E 	 Aps) c 01,4- (C43)

The aerodynamic farces were written as ilaapenoats Web- would be

normal and chordwie• to a plane of 'gift pit*.

42 vs- PPM 24-N. $4,1,41 s zn.A-

A..6 4-re 4.44 e ca./09. 4 fez Cvy 4n, s c odt.

*=/1- t:r .$;(0 	 4,61V ' 411.4.:"7!;140,11 IP • 404m)
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d 4 :4" (Ale vs/i-0;d3 24-(41 sz0v1

4-.46 pp e 46.105.43+ ref Bev e eq/er -424

- (✓✓ s 	 e•:44.	 6,1•T'eq) osAji dr (c-3.5)

The flapping mee■ert and the torque acting on the blades at any

time can now be expressed set

Nic =f,•••••cod 1̂ 	(C.46)

gzi- aa tre-410e)de; 0-rseAA. .hvj (c.17)

The torque and flapping orient would be given by integrating ates•
time C.46 and C•l?. There would be a great deal of work involved, Muter,

in doing this integration by hand at each time interval chosen. As a els.

plification, a representative station was ehosen on the basis of an into.

*ration performed at tke 'beginning of the oalculations. This station was

checked frequently throughout the opening cycle so that a revision of the

representative station could be made if needed. The cheek sae made by

aceeparing the results obtained from a spanvise integration with those

from a representative station.

all of the calculations were for a high speed condition for

which there were wind tunnel records available. The equations were solved

using the Runge-gutta matliod from which the aocuraay obtained from the

integration can be established and the time interval to be used to nein•

tain an acceptable degree of securely can be determined. The results are

/shown in Figures C...9 and C•0. The effect of sweep angle soon "mirth's

with increasing tip speed and the effect of pitch angle become less signi-. -UNCLASSIFIED
11144SINIEVelkli isamanikt- 011106111T
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hand. However, the equation required for the variation of sweep angle fans

ra Pr4 an 6)/

(G.19),v►4 r P.A.! 6 01-e40.fri)i

(C-Sat

The aerodyneadc forces were calculated in the sane manner as in

the opening cycle, that is from equations C-111 and CO 3. The 310111ents

were considered in two parts; one tending to ,weep the blade forward, thereby

pitching it; and the other twisting the blade about the forward bearing.

Thus,

OA"; trx A s or?77,=— CF re 04,0

ev r̂ cos?

ftoant as 41 gets larger, terefores for simplicity of solution, these

parameters can be considered constant with little error resulting.

To include the violation of thel sweep as44ths cons angles in the

opening cycle is beyond the scope of this analysis which use caIculatedbr

where 	 and rare defined in Figure •1 and (is equate sero

anal the governing action starts.

Start of Governing Action

Ong action Starts 'hint the centrifugal and aerodynamic

memento exceed the spring moment about the blade pitching axis. Ti continge

beyond tide condition, the feathering degree of tramline scat be saaridered

in the analysis. The centrifugal feathering mem& acting on the blade

tending to change its pitch was approximated by the equations

I
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Thus,
stCp_4 2 i-re 044: *- 7.g.• 5 I 4,01 #.4 re opeVei

(C-us)ri 	 044••• corr- 	 r=e'

PRZPARRO Sy 	
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MODEL 	

. THE KAMAN AIRCRAFT CORPORATION 0 0 0 4 3 2
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PAW, 38

These memento were cosbined with the centrifugal 'Bassett and than

resolved into forces acting as the governor era*.

---(w5;:c c044.74 	 (C-23)

Fi

H

Sketch (g) shows the forces acting on the governor creak. lquili•

brius about the fixed point H then requires that:

Knowing the spring preload, the spring force is determined and

the above equation can than be solved for the rotational 'need. The point

where kerning begins is shown in Figures C.6, C.? and C•S. The point

maculated using experimental thrust values, is moneWhat higher than the

point determined by using calculated aerodynado forges. The lesson far

this difference is that in the caloulations using Onterimestal thrust, there

UNCLASSIFIED
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rat* ogy of detraining the Ghardaia* foveae acting an the blade
ands thiverores those fames sore not taken into aoseent.

asstaLWILLA‘ (*warning ashen

TheopliSito for the third degree of freed.'" wan nes be olds&

to the tee squattest already used in order to eentinee the eanalaiL"las.
This equehlen s - flar the pitching degree of freaks is tiSeidlied in the

section cosermins governor operatics.
Ter a amid approximation of the opening time s the parser on"

be ignored cognately and the calculations fir the opening °yob" carried

on to the print "here the steady state roletiosal epeed.detendned

torque equilibria' is reached. The error introdeeed ►ibie•wpprozinetioa
is rather small earared to the total opening time and dew net organ*

qualitative comparison of effects of the initial opining parooters an the
opening time from being obtained.
Prototype Op 	 Time

A, mmtbed is presented whereby the opening tins of any roteshute
combo estimated by a cempariapn of its cheraeteristies utth those of the

model. Fer purposes of preaminsry design, this method is qoite useful

simee the opening time for a greet variety of designs can be quiekly

For the final design, however, it mouldimunethuhile to repeat the esieslar.
tions eutlimed in the prodding parts using the proper paresetere.

Far the purposes of this enuarsiS, a oeowtent seseleratien and

a constant torque can lbat applied throughout the opening uYulow this botalos
that the rotational speed varies linearly with time throughout the agening .

eras. She total opening time is the seas mhether the actual or.; he limes,
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variation of rotational speed is considered.

?bus s

rt

vyac.)44"
a w 2-a: 	 ra

(C•25)

(c-26)

where the symbols are defined in the list of eyabols.

The design maximum tip speed of the prototype reteebete deeiel

the *peeing cycle following the release of the vehicle at 01.9 9 Mich =lbw

will be essentially that esperieneed on the node during the opening studies

coseMeted in the wind tunnel at 0.7 Mach nether. Therefore, the tine re■

quired for the prototype to reach fell rotational speed combo evaluated

with relation to the model results by the following conditions

.12.m RAir-ApRP

Ae  RA. 
Ai9 -

(c-27)

(C-28)

where the subscripts Brand P stand for the model and prototype respectively.

By using equation C-28 and the fact that the acceleration iv

constant for the whole opening time, one can write the equaticEs

140 	°;A--er-r7is"P ip;;/t/, tr 40; --
Vp 4"p. 	 se

Now, it is necessary to find a ratio of the acceleration of the

model to that of the prototype. The Li at the laitail cone angle end

040
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at the fair open position is as follows,

At the initial opening cone angle idP • 05°

Iz prototype • 5.33 aluture

It model 	 • 0.0205 auge2t2

At the oondition of the fully open rotochete 40F 0 OP

Iz prototype • 163.7h 01me.ft2

1i andel 	 g. 0.071 Mlos."?

The above values given for the inertia do not feller the *maim

of the rotochute. The inertia of the prototype Ahead be the smile factor

raised to the fifth poem times. the inertia of the soda litho sofa is

a tree replies of the prototype. The principal reason for the disavows:ow

is the hub inertia. With the andel blades at a flat cane s the hob inertia

is approximately half of the total rotochute inertia. With the blades

folded back, the hub inertia id.0 be an even greater percentage of the

codieti► inertia. The prototype hub inertia is sulltantiallyless than

that predicted by sealing up the inertia of the nodal hub. In th► fist
cone condition for the 'prototype, the hub inertia is less than one percent

of the total rotochute inertia. The inertia of the prototype blades was

also not at the value predicted by sealing, although they were mach closer

to being the model blade inertia sealed up than the prototype ha, mos to

the model bath.

The prototype and the model also differ in sense of the aeralrnamic

terms. This difference occurs because the model was operating at a Mesh

=Aber of 0.7 in a mind tunnel, whereas the prototype is °meting at a

4600sumnber of 0.9 at an altitude of 5,000 teat in free ail,
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Fer the prototype

1000 ft/iec•

•

	-
/4/ • 0.00205 singatt3

For the model opening cycle for which the opening time is available:

VT • 761 ft/see

0.00188 Angst&

The opening time which was available was foraone-firth scale

model at the prototype. Mescal* factor (SF) is, therefore, 5. Perth*

prate. with SF • 5 and Ar • 85° one can ,rite from equation c.26.

1i_o25)019 (8?23 • 26,400(1R9 	 0.305.33

Fele 'Ake mid .

	4;	 )(ARI)
Al° 

(525 	
• 18,ho(iv) 	 (c-31)

therefore,

4,t14 85° 1.435 	 (Cw32)

	

For 	 - 0, RI • 0.6R, and noting that equation C-27 gives

RI • constant • 529 ft/sec ene can find V for both the model and the

prototype from equation C-7.

061)2 + (5310 1/2 • 8.59 x 205 1/2 	(C-33)

• (10002 + (529)2 lit • 1.28x 106 112	 (c -310
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Using equation C.26, 	 for both the model and the prototype

can now be found.

Op . (1.28 z 106)(0.00205)41001113
(10.7h) 	

• 2 z WNW) (C4S)

Oil. (849 x 20)(0.00188)609 
0.071

2.27 a 1011(1R0 	 (C46)

thereforei

k 	 0.388 	
(C,37)

An average value of (V6t) vas cslculated chick nab* applied

throughwat the 	 cycle.

(: 	

Al.disres'•#• e.:141.),•enra 
2 	 O. 0•36)

Thing equatians C.29 and 0•38 the opening tine for the peodeippo

e‘soar be expressed as a function of the opening tilld of thitiodel net

tP
(0.76)(5)

• 0.263 tm 	(C..39)

The opening time of the model for which the curves are 0100.0ted

is 0.8 seconds. tieing this value in equation C.39 in estimate of the

opening tine for the protoftps can be obtained and is 0.21 secondt. This

value of 0.21 seconds is veil within the time specified for opening. If

it is required that the tip speed of the prototype be something ember than

the tip speed of the model, equations C-27 and 0-28 must be Serrected'as

follow*
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where • is the faster by uld.Oh the tip speed or the model ditties. he*

Vat of the PriellYbps. The rcpt the. equitiltions reada nnstmeged swept

whirs this raids apporrs.

It should In noted that the *petting MAO can be appreciably

attested by the initial *lase of the nee and NNW gigue. The Webb

of these V►lselle has alms* been diesuesed, 'bet it ellissat be *Late* eat

that the values et 	 and ..A.,,timed for the modelopt;, eyele mire

those that give the smallest stitting tame. temps. prepar.oboles at

initial *see far the Sweep and the sane magffies, the *soft tile et the

firSteirpe could be made very small.

Yitid Noel Test Results
The melte obtained with equation C4 ale she is Tipsy C..1

oomparittli tlith the mind towel test remelts. else ealculetid starting tereme

increase linearly. with dynamic pressure, bat the test results indicate that

the rate at which the starting torques increase becomes lees at the highr

dynode pressures. This diserepency in the shape of the ~vies esn easily

be mq►lained by the fact that in the analysis the blades were sonsidered

to be rigid for purposes of sisplisity whereas in the test, there was a

slight ensect of bending which increased with velocity. This beading
should result in a lcver torque due to the damage is the air leads and
in the mementgarms resulting free the maaller cone antibi at the outboard

Emotions of the blade. Tigers C-1 indicates that foe the high sweep angle.; ;

good agreement was reached in the emaparisca of calculated starting lialipaell

with omperinental starting Until. Tor the mealler axweep anglcitbe
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agreement vas also good at the high cons angles but not at the lower steep

angles. Forth. purpose of celeulating the tine hieteriet of the reminder

o&' the opening cycle the Starting torque measured in the test uss 'uses.

Her 	 the experimental value rather than the calculated value a quanti-

tative as well asaqualitative Cheek of the nethOd developed far calculatting

the thin histories of the rotational speed and theme eagle could be nods.

Ian tunnel results forth, openimg crele areahem inlignres

C416, Cal aMd C.S. Of the exporimentel MIMI of relational 'elect* verses

tint(tigure C4both the point ubere opening starts and the point *we
governing begins are anted. It can be sees that up to the tineubere
opening starts, the curve is linear as was previenely determined. Freglibe,

start of opening to *ere governing starts, there is a rapid increase in

the rotational acceleration, followed by a decrees* inthe rotationalaa-

coloration until an equilibria' value of rotational epeedia-resched.

In Figure C-7, the curve of thrust versus title, the same boundaries

are marked and the thrust is seen to be sera before the roteohuto opens.

After opening, the thrust follow much the sane pattern as the rotational

velocity with the rapid increase in thrust up to the point where governing

starts and thereafter a lesser rate of inomse.

Figure C-8 shows three points. The point vhere the initial sweep

and one angles are reached, the point where opening begins, and the point
where governing begins. Once again, the eurve follow the same getters

after opening starts 'with a rapid coning change up to the point where the

governor action starts and a less rapid ageing thereafter until a constant

BLOOMFIELD. CONNECTICUT

Value is reached,
O
w

w
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D. DOTATIOVIII. SPRED ODTEMEING

Purpoee of Governing

The retested* rotational speed ass be oontralled tirrougheat the

Mined range by appropriate blade pitch cheeses. In the saes retested*

the glitch chews are be 	 ás* by a balms: between a eentriftwal

feathering nenent and the feathering Intents ocetributed by a 'prim sad

the aeredyesatc forgo. This balance is willed gowning sad is obtained

* mans of a governor neehealaa utilising the principlas of the con.

ventlenal fly bell governor to naintidn a presoribed rotor speedaseleelig

relatteaship. illat a governor i.e nesessery far optinee parragarees mis

widerifteiffnis the folloodng nonsideratiens.

As described in the previous section/ the balance of torque, Mitch

antAretatien requires, defines a blade pitch anglo192 at meth eelomity-

tip speed ratio. This is an aeratneadc rocuirenntt based as a‘balonce

between an accelerating torque doe to blade lift and a deeelerating torque

due to blade drag. The performance equatiers of the prOVIOUS sections

ahoy that the rotor thrast coefficient increseca as the volseity-tip speed

ratio is reduced (Figure B-2). This is a result of a redaction in blade

section drag coefficient and an immense in blade lift ooefficient as the

average blade angle of attack is redacted fres O. At the nne tine the

pitch angle progresess in a positive direeties to maintain the Waage of

tonne. A fined pitch matockste, Dor ale, menld OfilleaSO at only ape

value of veloclicr-tip speed voting, Al with it onriespendirg emits aft robs

thrust coefficiart. It mould therefore be *Nimble to owlet* the fisted
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pit* rotechato ocx the peek value at rotor drag coefficient Ci4r This

peek slue moors at a velocity-kip speed ratio between gab and .20

depending sumest on the rotor solidity. It the velars vest* sere

1000 ft/see, the tip speed would have to he of the order of 5 to 29 times

this vane. This, of =mee t load be inpeesilds to achieve because

compreassildlitr and the stringent strestaral resdrotowits. Conescooet6

the only alternative Is to operate the lffted pito& relashabe at a MAW

umbra of velocitirstip speed esti* end Seept the oerrorponding lever value

of rotor dreg eoeffielont. The *Rai= of a iseesser to the scare sots

permits the pitch and comossatilly the admen MID to chow in a now

eth the aeredreellie torque balsas residremet. The modem

rotor drug coetifttent mudynesieallr attained* can therefore be achieved

throughout the flight path. By prosper choice ef pitch Waage eschudan

owl governor charecteristics the nooriene tip speed moisten% 'dirk structena

Unite can be achieved and the tip speed ccotrolied ever fibs ocaplette

rage of operation.

Operation of the Coverage

The operation of the governor can probably be best ascribed by

emoidering its antis et4 ert+ LTV.? the rotor bee opened ache the

influence of the etartirg tons (Ise Section C The Opening Oyule)„ the

centrifugal farce arrant hareems so* to drew the pitch in a positive

direction agidaet the spring nuenst. is:_the velocity degreases slang the

flight piths the deselerotteg 'easemuiS 	 done begins to *raise*
and the rotor tends to les retatiamil speci. This decrees in rotational
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speed reduces the contribution of centriftel fore. to feathering eqeiIi-

brium and the spring noment Changes the blade pitch to a slightly sere

negative angle. An accelerating torque due to blade lift than dominates

and leads to a higher rotational speed than woad have been obtained at

this lamer velocity' at the previous pitch sees. At the sere time the

change in blade pitchredocee the spring no■ant and anew blathering squili-

brim is obtained. Thee, during the conditions of steadily Changing

velocity along the flight■path, the governor adjusts the blade pitch to

sminteinthe Wilms batmen centrifugal, earedromic and springs:seats

about the feathering axis. A Aare nearly constant 	 relation

is therefere attained which results in a decreasing inflow ratio &rim

the descant. The rotor drag coefficient ingresses as a conseqeence to

the point Aare the maximum rotor drag coefficient is schlevelimaar tended

descent.

So far only operation in the blad000talIed condition has been

considered. In this flight regime, vherein the average blade angle of
attack is oonsidecrabay beyond the stall angle, the chordeise force coef-

ficient approaches sera. The blade pitch angle is therefore near sere

since the resultant force must be normal to the plane of rotation fir

autorotatioa. How, as the velocity along Um flight path is mimed

as a result of the time reopen,' of the rotochnte to the developed thrust

(drng force), and the higher level of rotational speed obtained through

governing, the outer portion of the blade tend* to become Installed. A

considerable amount of accelerating torque is therefore available to speed

up the rotor. Mere of the blade span than become metalled. In this
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range the average blade chordate* force changes &ratios. Yoe exisepla,

at high velesittac the net oberdeise fore* Ins decelerating. • slight

negative pitch les cooseqeently required to give a Wareing esseessat to

the nasal bare*. Near ternisal deorett, be■ever, the predeninert ober&

wise Threes are in the accelerating direction ettich requires a positive

blade gib* to simply the balancing comparmt of normal face . None Coin

the geverser pleas a significant pert. Sine* the.seellfialMillt tarns* tade

to increase the relational speed, the bend cap of eentritappa terse Inbred.

doses a sore positive pitch 'blot inereesee the deeelerating cospenent et

the nerne2 foram. =be rotor is eceesesently prevented tram troteipseding

yet S achieves optima perforimmoe witidui design Units. The degree to

mach the rotational speed IMAM with velocity is • frectica of the

detailed design of the governor. In cameral, considerable dosive fled-

bility is available in my particular governor system and the effeetiverese

of the centrifegal, aerodyreadc and spring nonents in providing equilibriva

about the feathering axis eta be curried. A satisfactory tip spes&velocity

relationship cm be attained which mill give the optima peribmorce

possible consistent with the aerodynamic characteristics of the rotochrte

eith a given solidity and disc area.

Methods of Governing

The previous discussion indicates that in order to obtain nein=

peribtemmee with ressoneble street:ma Unite s, ems feat of gamerning is

necessary. /Carly inveatigations Of reteeieste governing by Zama Aircraft

led to cersider•tioa at pitch-awe cowling (Delta 3) as sweattoctive

UN CLASSIFIED
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isenremb, het it vas found that a single delta 3 eagle was not sensitive

anough thromtwitt the speed range. It-ea an approsinatten to the watowl

required variative of pitch with cowing wee nesessilates at least two

delta three angles, awe for the partially stalled (levs speed) regime and

one for the campleteli stalled (high speed) regime. The *wigs cereal-

tattoos inherent in the above approach led to the emeldsnatice of *prise

governing. One possitility was to ow a spring cm each individeal blade

to blames the centrifugal nowt. This bee boas a secomossfal governing

device on ether retocbstes. Another spring, however, is useesemy to sat

the precuts and initial sweep angle to initiate a rotation. A Wiagie

owing w le re Brie is located an the ands of :viatica was used to set the

precone angle and sweep angle on all the blades through a suitable link-

age system. The use of the hub carter spring to de the complete job of

setting the pre cone and sweep anew" as well as governing three ighoct the

speed range led to a simpler design and ems therefore adopted for the

present application. The following sections will deal enebeeivelyerith

the central spring governor as it is believed to be the simplest for the

present application.

Governor Design Principles 

The rctochnte blades can be coneidered to be in feathering equili-

brium ender the influence of the centrigegal, aerodynamic and spring

feathering moments. Figure D-1 Moms a schsmetio diagramof the linkage

"stem. The eq1114146 41cr2ilibeiva  11" UNCLASSIFIED



Dada of the 111013411ste in Eq. D4., and the offset as the of varies =ea

and aerodynamic paressetere will be disonseed

Centrifema Yeathering Masi — the equatice for the emetributien of

trontrifnipil farce meant to feathering eleilikelem is derived in Appeediat

rn. Based on the Linkage system sham soheestisal3y in rigors 15-1.tide

noment is es follows:

= -Ceff-1; ea Zak 	ired0) f e .; aril •
4

-Ccs. A4te- - e-s! f;o:t-4 	 "4,4164:7

eh/P I 	 - c S, 84 iw►72 ..r;ste
P -4Se i 4SG * elPi -hi;

4-14P#4 17 ar►), - F.& litto # e4 Fin7' 	 e4 P4kiitaljeorty

÷1-&'	 ah13:16•29 L-4 2-19 9 t A 'Re4fL3 cot 'its

—LiA 464 -A24334*(13;r casel 	 ONO
The angles I 01 and 	 Cell be 'mitts% as regatta= of e and e amd

the tecestri• constants of tile system,* These equation* ere as follows

i,c	 —

sm 194 —9 SeCe

4 cos sec 6711 4,r ..rht GC.9

[o S7 = -S44e r•S Q Jim 	 c.$ 4

The definitions of the above eyehole are given in the list of sysitou. The

volume of G and e rewired for laseetdon into the above equitiomo

be found when the sera resale feathering mommt is disemoseff.

The above equation shows that the contrite's]. !blathering nommot

is directly piespertionel to the ag►r* of the rotational speed. The
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effects of the pitch and Cloning angles on the centrifugal feathering

mamma however, are not quite so apparent, as they are also !Poeticise of

%be linkage geometry. Refer, for sample to Figure D62. At a pitch and

of sere the moment varies almost directly with the swore of the rota-

tional velocity. As secs as some pitch is introdused, however, the blade

moves forward as veil as outward with coning angle. The blade center of

gravity is tb■s brought nearer to the feathering axis which relieves the

reaction at the governor crank. Similarly, a variation of pitch at eass•

tent coning angle moves the blade center of gravity , fore and aft as the

angle c chews (Figure R6.2). At constant coning angle, the contrillegal

feethering.noment would be olmmWborimel aboLt sere if the arc through

which the flopping'-hinge link unwed were syseetrieal about the plena if

rotation. Care most be observed in designing a particular rrteehmte,

therefbre, to distribute the weight, restrict the angles 4 mia► B and
legate the feathering was sahib that the blade center of gravity Timmins

aft of a line frau the center of rotation, through the feathering pin. If

in any flight condition the blade e.g. moved forward of this line, the

centrifugal force moment would act in the same direction as the spring

iament and there would be no governing.

Spring Feathering Moment - The spring sament determines the extent

to vhioh th.e centriftgal force governe.the rotational speed. If this

womeet were sere, the blade mould assume fell positive pitch and case to

a stop. If the spring stiffness were to great, the blade would amme

full negative pitch and continue to aceelairate, prebably to distrwettem.

In the present amt.'s, the spring fee Being moment is developed as felines
0
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Fr= Figure D-1,

The distance .41, is obtained as follows:

FH■a-acos (2 1 +e -7 )

and BB 	 - Ca - a we (tv #f - 	 2

BF 	 - Ca - a cos (Ter 	- 7 ) 2 • is sin ( 47,4 f 
- 1)

- s 	 _map— eiii0of A F -VI' 4- in Jilatef-V-s (D4)

Bar 	 [Z 44, — 44] 	 014)

* lien egnilibrrie■■a ahont the lislarea of the governor crank, the force at

the flapping-binge crank joint:

F = 	.s 
4 4.r. cosy

The flathering aneent, therefor, le:

A./site. - Li° rin.․), c.446- sec

Since the angles 1 and r are functions of the pitch and coning angles

the spring noonent too is a f4wation of the pitch and coning angles.

In the eqoatioa for the deflected length of the swing, )s the

tam dl a is the spring preload length. ?reloading the spring has the

effect of requiring a higher centrifegal noamit to fore* the pitch

from the negative stop. ?reload therefore, provides an affective ear trod

over the maxima rotational speed. For enasple, the aerodynendo require-

malt for opidann performance (the variation of (3 and 	 idth admen

ratio), together with the link geometry, determines the cptiannt spring

rate. The Idlest of an increase in preload is an increase in the amaim■t

tip spoci and a decrease in the reduction in rotor drag coeffielent after

the stall.
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Aeroeynade Yeatherin5 )runt - The eeredirenrie •weisat is rather

variable. Its inportance to governor operation depends ups, the flight

regime. In calculating the aarodYnanic feathering neseet, it le ecomerient

to consider sepirrately the two general ties reginsin the abelled

case (high speed) where the indosed velocity is low but the esatig estels

is appreciable and the pa:41211y stalled ease am speed) *fere the essing

angle is mall, but the indeced velocity is appreeiehle. In the leer speed

eases the effect of the &wady:nide nament on the feathering esallibrina

sin be considered negligible since the aero.usede foveae at torninal

velocity is of the order of 3 percent la the use fore* at MA speed.

The choice of the aerodynanic fore* •omont ern spat sense hat altar tide

figure bat not appreciably.

The derivation of the striation for the aerodynamic feathering

lament is presented in Appendix III and the result is as fellow

At2F _ipitta cesp 	[cityer,;•94cosfienT	
J

r(yt•sei-V4- 6,d -W-cesidaYzi
	

(D-9)

In the above equation en and Ce are functions of the angle of

atteek at each station which is:

ccr = 0 	 orcten (Ad - eljcesil
yzoae fic (D-10)

Agin the forthering nonent is a fimetton of the pitch and cone angles. -

These meads met be eateelated before the feathering apilibrium elevation

(1ft. D-1) can be solved far the sprites casetnat A. They will be oalsedated

for the high speed came using the followingiasavati..a.ne aebe

UNCLASSIFIED
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9etbetituting the values of t -deteudnad by means of the pre-

ceding equation into the torque equilibribm (eq. D-11) the values of 9

can be calculated by a rnaterical integration. In the lower speed portion

of the high speed regime, the effect of the inflamed velocity can be &occulted

for by re-eyeing the torque equilibrIns calculation using the sa■enisse

relation for the average induce] velocity ratio derived in the higb-epeed

perfbrmence section,

=L2.

In addition, if the values of 8 are comsidered appreeisble,

they say be inserted in the expreasion for local angle of attack used in

deteradning CI and Ce and the teitrue equilibrium expression re-cycled

again. Finally, good estimates of the pitch and eons angles are ealeviated.

Although in the low speed regime the aerodynamic feathering nament is

negligible, the pitch and coning angles are necessary f the calculation

of the centrifugal and spring feathering momenta. These angles are cal-

culated as part of the solution for the low speed performance and the

calculation has been discussed in that section.

Referring again to the aerodynaide feathering moment equation,

(!q. 13-9) all the factors are now determined with the exception of Ti.. z

which is the distance from the chordwise center of pressure to the pro-

jection of the feathering axis measured parallel to the chord line. The

valves of center of pressure position from the leading edge can be obtained

from ail-fel-4sta. In general for most airfoile„ the colter of ormesere

11110768 frau near the quarter chord point at =stalled angles of attack to
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neer the 16 percent chord point at angles of attack corresponding to the

high speed flight regime. The aerodynamic feathering moment can therefore

7De zontrolledls, proper location of the feathering eels with respect to

the high speed ehorduise center of premiers. For example, if the wise

of Z.z is relatively large (es vas the came with the models) the aerodyne,

nits mama combines with the spring mosmont to fore* the piteh engle"In a

negative direction. The awing 	 beads softer, therefore, to swig

excessive retatiemal speed. Thomas the seredOmenic moment Muleshoe with

the redmrtion in forward speed, the ratetiamal speed weeld be reamed with

a corresponding redaction in perfommenes. It, therefore, seems desiradole

to lwaute the feathering axis closer to tLa stalled °enter& premiere

position and govern primarily with a stiffer spring and centrifugal mmesets.

This, incidentally, is the arrangement Orspesed in the prototype &wigs.

In summarising the go or &edge principles, the rpeimg rate I

must be the last chareeteristia - detendael. Fran the trajectely and

weight specifications the general geonetrie and mess characteristies eon

be tentatively &Unlined. Amin= rotational speed is chosen and the

performance is calculated as outlined in the previous sections. At part

of the performance analyses the coning angle variation along tho trajec-

tory can be detensined. As part of the ]as speed perftrmanos anslymis,

the pitch angle B required for autorotation is also determined. The
rimmired pitch eagle in the high speed regime can also be determinedly
the torque Waster equation (ft. D611). Having the valises et e the
required values of e 	 and the biodegrade and geometria eharacteristies,
the spring forme and the rotational speed eau be determined fOr oaf choose
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feathering ads leeatima at the advance !IMO for maelmom rotational

irpeed, by means at Vte feathering mmeent equilibria' equation. If the

erring rate is too large to be pew:Usti, the feathering axis eon be re-

legated.

Comparison with Wind Tunnel Testa

Aceerang to the feathering equilibria' apation, (2q. D.1) the

centrifegill. and spring feathering memento cam be 41s1Mamdeed if the angles

and a are know. Camper/sans of thee* angles ealtedated arearding

to the previously given equations with ewes men need in the wind teenel

tarts are presented in Figural D-3 and nit.

Conrider first the variation of *cab* angle f with edemas

ratio At 	 ♦ dimerepeeny of between 2 and 3 degrees allots thronging&

the flight range. Even though this discrepancry extete, the differasne

between the trigonometric itrketiace of angles tam or three depress apart

in this range, would have a negligible effort on the feathering equilibriem

equation. A possible explanation for part of the discrepancy may be due

to the wind tunnel model blade weight distribution. Tee maple, in the

wind tunnel node, the neearigid blade bent ender load an as to redoes the

coning angle. As a easequence the caring angle near the hub, "'bare the

necteurement we made, was greater tikes average. 	 calculated curve,

however, was based on a rigid blade.

Consider now the comparison of pitch angles preemeted in Tiger*

D-3. In the high speed rano the agreement between the calculated and

experimental values is fairly geed and the trend is fairly wall defined.

At very high selves of advance retie, the average blade angle et attest

UNCLASSIFIED
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approaches that at mbich the blade chards/se force is ewe. As a cos-

sequence the blade angle for astorotatios approaches sere. Folleeing the

aeons:don eider governor operation, the pitch aegis bosoms slightly

negative then turns positive as the blade average cderdeise folios ebssigei

sign. This trend is shoes in the calsalated results. lire calesletlela

are based on a strip analysis iin mddch tea diaselianal airfoil data in

the high ania,e of attack range at the required /bob nemiers and leynelde

=members was assembled fret References 3 to 32. These data may net re.-

present tommetly °auditions on the blade. Ns fact together with the

edam:ern effect of surface ocrutitdon probably led to the discrepancies

obeervul in the easperisen.

in the Zee speed regime, the *aria= also seems fairly geed.

AltIxeigh the peak Table of rote. drag oc4fficient Crit has be saimptted,

the peak value of pitch angle ems not. The peak rotes drag coefficient

Cm_ and the peak pitch anglq do not occur at the sena advance ratio. The

peak rotor drag coefficient occurs when emcee& of theblaihris stalled

to reduce the ratio of thrust to d►la;ic pressure. The pitch angle,

however, continues to increase until the average blade chordwise farce

changes sign since it depends on torque equilibrium. This occurs in the

neighborhood of 240. It is improbable that the peak value of .9 can be

i silculated exactay because of the effect of *ponds* flow described in

the section on lam speed performance.

The magnitude of the aerodynamic feathering anent can be obtained

frau' the rand to 	 tests ale the differmse between the eartritagml and

spring feetheringamente. Theae nements mere ealeslated using the

UNCLASSIFIED
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s. experimental values of piteh and celoer saglas. The airsdirnesktn Venthoi,
asaant ate also eelenlated using the waywatiseatel yobs awash _I

Gone 	 oesperisce of these tip methods give* es lalalket
acceraorat the equation. T ceeperiSawi is shorn in Fiore Di.., Assis the

trend toward a legtigibla serekiwielt feathering soliat s %WOW.,

ratio 1.1 re*** is apparent. There is Aped agressmiit hetwaele es SON!

(=bitted sasi*aarboontal to 	 at the higher advance reties. %it MOSSOr.

Ilea that the imseief tiatmelip is entifkaralp tititribulati one the asi

.01111 'IMP CI admen reties is avideattr Valid as all el!„ the 100111041LIN

that teoissibleadonal strip res3ye1s. is .egelliealm. Ts Prafain,orp.detain the.eptheg ,rate is detarniseliat- tate &sip she vSleitemel speed

ewers in the range of high advain* wetted. ?he Irwin Teti so tio.

terminal ohne& therefor* be accurate. At the laver values of Weans*

reties however., the calnelated 	 eaperimeetal reenite deviate* whit&
indicates a gradual swarming of the validity of the assnolPtivels. The
Table a the serolynamio feathering nosent in this range however, approseame

sero.

In general, the analytical methods deeeribed in this section

provide adekteate mans of doternining the design filers of a reteelaste

governing system for any reasoreble set of spenirications in the etheonic

we of flight speeds.

1
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K. ROTOCHUTE TRAJECTORY. AULT= 

The criteria that define a specific rotochnte design are the

trajectory requirements for the trajefttorydetermines the effectiveness of

the rotochnte for a particularmission. Frequently a primary trajectory

specification is the terminal velocity or the velocity existing at tomeh-

domn. The ground impact acoklaratial to which the system twilit* subjected

is determined by the terminal velocity. Where a minimum terminal velocity

is required in order to insure the delivery of the payload intact, it is

desirable to operate at the maxi cam rear drag coefficient. The a A.1,►ais

of t46 by speed flight condition, previously discussed, has indicated

that a maclaans drag coefficient irtlata when &major portion of the rotor

blade is metalled. The governed rotochute makes operation in this un-

stalled region possible by providing the necessary pitch angle changes to

allow the development of ma mum drag coefficient at low descent speeds

without causing excessive tip speeds imendiately following release at high

velocities. As a result, the maxi am retardation possible is attained for

a particular rotor diameter, solidity, blade mass distribution, and design

limit tip speed.

The trajectory requirements specified for the prototype rotochute

I designed under the Phase I contract were as follows:

a. The release velocity shall be 600 knots.

I b. The release attitude shall be horizontal.

I c. The release altitude shall be within the limits of tram

UNC ASSIFIEr inT*1 53°° feet "klard PI"sure
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d. The velocity along the flight path at a point 200 feet

below the release altitude *hall be lase than 130 ft.lies.

e. The range from the point of release to a point along the

trajectory at an altitude of 200 fist below the release

altitude anal be within the limits of from 2000 to 3000 foot.

f. The attitude angle to the 'vortical Shall be,h0. degreee crimes

at an altitude 200 feet below the release altitude

g. The above trajectory specifications shell bt tent for a guess

weight of 3000 pounds.

In addition to these trajectory regtdrounits, it 	 swoommaw

to meet certain rise and fit 'imitations which wad allorai6rnal &iron"

earring' of the store as discussed in Deference 21. These reqpirowitts have

defined the maxima blade chord and the maximun rotor dieter of the rot°.

dhute. A preliminary design atuckrwas made of the overall store in ralatinn

to aircraft fit and the blade storage within an acceptable low drag store

contour. As a result of this study a prototype configuration has been

established with a maximum blade chard of 13 incites and a rotor diameter of

20 feet utilising a two section telescoping blade. The remaining variables

which govern the trajectory are tbi variation of rotor speed with flight

leimitr and the blade mass and mess dimixdbution.

The solution of the rotochute trajectory was deve2Oped from the

analysis of a mass trawling along a curved path through woos having an

initial velocity awl being ft;ted . upen bee ac gravity force ante reterdlog

force. peewee of the expected stability of the rotedhute vehlele the
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retarding force or rotor thrust tilts considered to be tangent to the num

path at all timer. A system of rectangdlar coordinates las ahlistedpto

deocribe the position of the system at any time a3ang the flight path as

Shown in the fallowing iketah.

The equations of motion for the system were written in terms of these

coordinates. Equating the forces in the 7, said 2,- directions gives

the following expressions:

In R, = — cos

EMISINEERIND SEMINAL **Pon?
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7nie • the total 66L86 ca the system&

g •

•

 horizonta3. acceleration

•

•

 vertical acceleration

• acceleration daa to gravity

7 • rotochnte thrust

r • tangent to tSa flight path 'assured fres the barlsontal
>

The elemental distance lilting the flight path 13 c be /elated

to its vertical and horizontal compensate by the flight path me, r so

that

O's= 	
_— 	

NC°57.•

0 = 4•• dr

where Vie • velocity along the flight path

and therefore

Co s 7.

c/2e
g,ctt
	

✓,

5/n/' 	 cit

Substituting these relationships into the initizi equations of notion gives

7"-y;
2P7R 	 V

and

- -727, — 	77-7R
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These eqesatioss ware goateed by the Renge-ltetta method of nemserieel Integra..

'Ken lash can be made to yield a high degree of cosurasy. The sob:tics at

each tine interval pergleees a check which determines the maxis= Inters.'

that can be :seed consistent pith an aceeptabie degree of acesersay.

The thrust variation with volenity necessary few the solnidca of

the equations of notion was deteretbsed by the soothem outlined In the Sadism

on rotor imyetemi performance. These methods &itemise the rotor drag eeeffl-

eient as a function of the non-dhessmienal whence ratio VAR. The

Parton, rotor 't's that street the dreg coefficient love been pre..

via	 disc	 and their significance to the restating performs. noted.

It was necessary therefore only to intrados the ttill sale reteehute chose-

teristier; into the methods of high speed and of low wooed perfermsorte to
develop the drag coeffieient variation with advance ratio for the prototype

configuration. As discussed in Sactis: A, the prediction of the prototype

performance vas depmadent on the consideratioc of the fall scale Rapala

number in the low speed performance analysis. As shown in Fiore 1.1, the

immximeni rotor drag coefficient we calculated to be approximately 1.53.

This is considerabl,y greater then the experimental values detemmined in the

nodel wind tunnel tests primarily butane* of the highor Reynolds number

associated with the full scale configeratiom. In addition, the eared/need-

*ally claimer blade root and grip regime of the prototwpe have also contri-

buted to the improvement in the sircbras low speed drag coefficient. Figure

E-1 represents the calonslated full wale drag seeffleient veriatice viti the

'velocity tip speed ratio and ma need in develop:We the rotochesto trajee-
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The remaining qeantity neceasery to eamplete the 'elution of the

trajectory problem is the variation of rotor speed with velseity along the

flight path. This can be determined from the combined analyses of the

blade pitch angle for equilibria' autorotation at each advance ratio (T 10e.n.1)

and the dynamic response of the governor aschaniam to the serodynemie, the

centrifUgal and the spring moments existing at each blade angles and retor

speed. by eareftl matching of the governor cheresteristics to thereto?

blade aerodynamic and 11111618 characteristics, the rotor speed can bonen-

teined sith a minimum variationalong the trajectory: The flmaribility of

the governor design *ekes it poseible to ;valise the optima rotor speed

consistent with structural limitations from release to the *Odium* of

terminal velocity.

Ter the purpose of the tralbaUnalr design of the prantype, it

eel oonsidered desirable to determine the trajectory characteristics in

relation to various design limit tip speeds corresponding to the 'stop'

condition near terminal descent. The terminal descent velocity is defined

as the velocity at which the thrust is equal to the gross weigbt. It is

Obtained as a function of the rotor drag coefficimut and therefor dies area

by the relationship,

V- kf'	 -6(Scixt

Seth value of CAL in Figaro !]C-1 represents an equilibrium condition

at a certain velocity-tip speed matte.) Stets to obtain the adsmiarm terminal

velocity, the amaimame cDR of 1.53 wax, be lased and the norresPendin
advance ratio Tvi.n. s moidd be sot. to 043. glemstantion of tide
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drag coefficient into the above equation will give a terminal velocity for

the prototype of 78 ft/sec. at a terminaltip speed of 78/.13 or 600 ft/see.

The experimental results of the wind turmoil investigations an model rote,

chutes have indicated that the peak drag coefficient occurs Younger or

at the stall boundary and that at velocities slightly above that for peak

Cog an abrupt decrease in rotor slieed results frog the decelerating

torque produced by excessive blade stall. The stall-boundary therefore

defines the limiting rotor tip speed consistent with a speeific terminal

velocity. However, if a higher than minimum terminal velocity is allowed,

the governor spring rate and preload can be increased with a reigniting in-

crease in rotor speed at the same velocity. The advance ratio will there-

fore be reduced with a consequent reduction in Cat . Ender these condi,

-tins, operation is confined to that portion of the drag curve Shows in

Figure E-1 that is to the left of peak drag coefficient. At a terminal

drag coefficient of 1.4, for instance, the terminal velocity of the proto-

type would be increased to 81.6 ft./sec. at a corresponding tip speed of

710 ft/sec. However, since this ad7ance ratio is below that for the stall

boundary, the tip speed can be expected to increase further with velocity

at a rate similar to that for the high speed model rotochute up to a limiting

tip speed of 750 ft/sec. as shown in Figure E-2. At this point the maximum

Cot is again reached but at a velocity of 97.5 ft/sec. instead of the

previous value of 78 ft/sec. In order to determine the important* of the

limitirg tip speed on the developed trajectory, additional conditions were

studied far terminal drag coefficients down to 1.20. Figure E.3 &on the

terminal velocities and the tip roads associated with these conditions.
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The characteristics of the velocity--tip speed curves brand

the stall boundary mere predicted utilising the results of the wind tunnel

tests of the model rotochutes. The results obtained with the high speed

rotochute model, which most close],y represented the final prototype con•.

f figurations were utilised to relate the estimated minima tip speed encoun-

tered beyond stall to the limiting tip speed at the stall boundary. in

increase in governor effectiveness with governor spring preload was exper-

fenced thryaghont the wind tunnel investigation. This was avian t from the

reduction in the slope of the curve of rotor speed verins velocity with

each additional increment of preload. Combining this effect Ifni's the general

increase In the level of the equilibrium rotor speed throughout the somplete

velocity range achieved with increased governor spring stiffness, it Li

reasonable to expect that for the final prototype design the uinimum rotor

tip speed relative to a particular limit tip speed condition will be in

the order of that shown in Figure E-2.

Although during the final mind tunnel program an investigation

was made of the higher tip speed conditions expected with the Atli scale

rotochute, this could not be done beyond a Hach number of 0.7 because of

limi ted tunnel power. In the trajectory calculations pre seated in this

report an attempt was made to approximate the effects of oompressibility

on the rate of ehange of tip speed with veloeity. The maxim= tip Minh

number reached under steady state vanditions during this latter program

was 0,86 at a Urinal Mach number of 0.6$. Up to this point the rotor speed

was increasing lioaariltar with the vele° it,y. and blade tip eempressibilityi

if present, had no apparent effect. Little is known about the effects of
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melt path, the attitude angle from the vertical, the trejectegr resse

and the thee are all plotted in relatialk to the drop dietesee bela the
k.

release altitude. It way be seen from thane remelts that tbs talejeettal

range and the veloiity along the flight 4path at a drop dietelbei 	 feat

are well idthin the specified Mate in sub of the CAMP inenetissted.

It asy else be noted by oamperison of Mires &h it 114 seat NS that the

variation in tip speed in the region there cempressibility is likely to

it 	 produced no sigitilloant change in the trajectory parforimaines 2110 .

required attitude angle of the vehicle at the specified *Dip diatoms is

more difficult to soldere and based on the results of this study appears

to be the aritimal operating requirement far this application of the veto-

Shute.. Due to the beds stability eherneteristies predested ter the

pretotne, which are disclosed in Section F, it is equated that the ampli-

tude of any oscillations remelting from a disturbance during &Wiest mfill be

orfficiontly mall to allow the attitude angle to be represented by the

angle between the tangent to the trajectory and the seminal. A oceoperisam

of - the trajectory revolts for the severalecases investigated in tams of the

attitude angle at 'various drop distances clearly shove the importance of

operating at the highest passible tip speeds from release to terminal descent.

As increase in retarding farce is realized througheat the trajectory as a

result or the higher tip speed redwing the advance ratio at each velocity

and time increasing the rater dreg ceeffivdset at that velocity. The advan-

tage of epeeist:deg in terminal deeeent act an Mum* retie base that for

ossisvvi CDR can be seen from the incevased tip speed poosible at the stall

boundary to sheen in Figure
tRiViadaggitffDliceitills
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the flight path. Since in general 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 maximum CsrA is ob-

tained. This will result in a considerably higher retarding force at a

time in the trajectory when it can be most beneficial in changing the

attitude angle. For example, if the maximum drag coefficient of 1.63 is

set to occur in terminal descent, the terminal velocity will be 78 ft/sec.

However, if the governor is adjuste i to give operation atiendnal descent

below the stall boundary at a Cok .• 1.2 then the velocity at the point of

maximum CA,2 will be 118 ft/sec. and the resulting drag for the same

e70401000 mill have increased by a factor of 2.3.

In order to show more directly the significance of the design

limit tip speed in relation to the attitude angle along the trajectory at

various drop distances below the release altitude, the results of the tra-

jectory analyses were plotted in the form shown in Figure E-9. It can be

seen that for the prototype rotor configuration a limit tip speed of 950

ft/sec. is required to achieve an attitude angle of 40 degrees within 200 ft.

from the release altitude. The slope of the 40 degree. attitude angle curve

in this region is rather gradual and with an allowable increase in drop dis-

tance of 40 feet the limit rotor tip speed would b) reduced to 825 ft/sec.

This tip speed condition also corresponds to a 50 degree attitude angle at

200 feet drop distance. The significance of this change in tip speed is

apparent when it is considered that it represents approximately a 25 percent
reduction in centrifugal force. The centrifugal loading is a primary factor

in establishing the quantity of structural material necessary to show setts-
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fact structural margins. Thus it Janne:wee the gross:weight in tilt-

tic= to its affect on the weight of the rotating components. An estimation

was made of the variation in groes weight with design limit tip speed. Ms

results are presented in Figure 24.0 and show that at the design unit tip

speed of 950 ft/sac. cerreepooding to a h0 degree attitude angle at 200 feet

drop distance, the gross weight is 2910 lbs. with a 2000 lb. peeled. film*

the trajectories are calculated with an assisted 3000 lb. gross might* the

reeni.s are valid for a vehicle with & 2090 lb. payload.
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The stability analysis is bSiUed on classical stabiliW methods

in ahlch inorneeatalportorbetions tens the equilibrium aro Ocasidsred.

Perturbations in forward flight velocity ean be a to hafnium direst'

effect od thivroteehate stabilityielistinating that degrosoffreedon.

ramtber, the : assumption of a blade flapping synehroniser precludes leak

depindiat biadeflapping. The thrust Teeter thus possis thraugh thSrabar

&into canbar rof=grawity at all time. Tho equations of motifs ars arab* •

a 	 far fouridagroes of freedom translation along the x and y aim and

rotation about these axes. The eserdiaste ',stem needled the peeltbre

dlraetions of notions, forces, and 	 is sham in the sketch below,

rso
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Ihe coordinate system is assumed to d*scsnd with the rotochuts. For

transiatictkof the rotosbute and rotation about its center of gravity the

equations of motion can be written

UNCLA SSIFTED 	 PRAtarowr No.trnnod, we

Mai — f; —4% = o
•

"IA —F7 — 	 o

— 	 o

-m 0

where

Fit r. ic(r4 +i(F) )4 	+ocsOrAig + 04#0,111

= i(Oic + 61.#1,141 t a/(Gli.s

Fi i(F0i + 	 +«,1(F:) + 64F1):4, + oi(E001tO1IFOc4
= 	 + 664 )ic + 0:x(90cx

0-1)

OP-2)
ic(M2r);( + ci(mit)ei t oix#44c 444(mkel— Liti +004114,+«.#644

yr4,. 4 (%).1 t octrnx)i  +
	m *osh +	 + 6;1[0440424 +ii414);(s+ctimar

	+ 	 + c4.10,901,1

UNCLASSIFIED .,

• . 	 •

•



(vire

dr'
o

+ E4 I- SI n(c0+6.) —crocoso+.54

2.1t R

r4i R, Se ! ck cos (4+z* +J.Dsi$10+440] sipipsio p

Ec1L s ;v1(4• 14) — cos (4, fii.liccos1V}
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Since the rotoehute and force system is symmetrical it follows that for

the forte and lament derivatives in general

(G,t)41 = (G1)63

(Gg) = (CFO&
AI 	 '1

(7-3)

Thus only one set of derivatives, say rith respect to the z-axis,

need be found.

Rotor Derivatives 

In determining the rotor derivatives the rotor speed is assumed

large compared to oscillation frequency; the force and noment .defivatives

can thus be taken as the average for one revelation of the rotoP. 'Spree-

:ions for the derivatives are readily found by use of a qaud-stem,appreseh

in which the uncoupled notions of the rotochnte are considered seperstebr.

In general, with the rotochute in istraight flight attitude such as mould

be encountered for uncoupled motions acs Y, ax , and as , the aercdynamic

forces and moments take the form



Air R
-I- cos otx 	[a co s(4) tA41) + siqe; 4445,75 s -yr

0 4

- Ed L. sin (43 +adi) - cos (ct+a‘)g cos yrj dr (MA)

R
— s'Ilmie 	 cos(0 +AO + s; bi(cb +MO] cesfi21r

e

ry =
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,IT,R,

Nix= 	 1[14sivy5 +eV* fi k(r -q[ciLcos(4)t + JPsin (4) 4.01 ►ir
• e

— tH + (r- 41)5;rlit•I L OP +li4) — 411, cosCs +41,1 Ocoslq.41r

R
My 	[fl ecor+kfr_lik.,...s0+4+,0s;n0+44..s,

• e

4[H+ (r- 5■73] sitI0P+Ado) - cos(41444 s6V-1

•

where hub drag is neglected throughout the analysis. For flight with

angular displacement about the x-axis, the x,-componente of force and moment

are unaltered from the above expressions; the r-components of force and

moment must be written to conform to a yawed position relative to the

coordinate system. Thus the force becomes
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where the last integral expression is the quasi-stems thrust component.

The moment becomes,

M iii-r eosoc I 	 ['Ns i73 teco 	 k 4[4-0O5(.4.44 +,41;45;910 +4.0s*
0

+ 4-(r-e)5inig[ciL s 4104-AO —dDcos Gp+Assivevir 1 tilfr 	 0.4014

tA' R 	 .

zrJ_ 5;), Gcer t [e (r-e)cosfircIL s'wt (4) + —JD cos (fteblinAkjir
0 e

where the steady portion of the last integral must be identically sero to

satisfy the condition of sero net torque for quasi-steady motion.

The coefficient k, which appears in the moment integrals isa

rotor rigidity factor which governs the effective moment of the blade Imre-

mental aerodynamic forces about the rotochute center of gravity. When

k 1.0 the rotor is assumed rigid and the aerodynamic moment is trans-

ferred undiminished by the synchroniser linkage. When 0<k<1.0 the
robor is flexible and aeroelastic effects reduce the Aerodynamic moment

transferred through the synchronizer linkage. The rotor rigidity is a

significant factor in determining rotochute stability and is treated

separately in Appendix IV,
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The lift and drag forces per unit span can be written,

dl = i p RQ (ci ÷,ic.1)(v +av)2Jr

dD 	 Rcr (cj + /Ica) (V + died r

bot/AC = Cler

= Act C
40(

pot peti = d (un ' 4)
UT

Ur 04) — UP ( OUT) 
UP +

V +AV lk Up 4"A IV + (Ur + dUrt

and since tist is considered mall,

co5( 1+64) 	 cos4 tid•sinct•

UT 	U CUT(ALJA-Up(AUTg
/UP

P	 T 	 P 	 7

S41 (04-44 -= sin + A4cos.

UP 	uTcurcAupl—ue(64 4+4, 	 (u:-.4)./A
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Bence, with non-linear velocity increments assumed negligible and with the

use of nano-dimensional terminology, the force per unit Span normel to the

path of rotation and to the blade span axis becomes

aLc.sot1O) ns;v0#4.) = 1-01- + 	 craFis [Esau?) + Za(ourA ircar (74)

and the force per unit ;pen tangent to the path of rotation amdimmeal to

the blade span axis becomes

as;rom.)— docos(o+.10) = tchRi+ 	 anie[Cs(Au? 	 (74)

where

2.
cos/31 (c.1 7 c4) 2X2c.es 213- ca

+ co siS [I + (17---.6cosAj(cl +cad)i

It-(F- .§)cosAC; + 	 2Y5 ' (ct ca.')
1- Xeorri 	 1)Ce5/33(Cd—C10)i)

r-Ez 	 l Ls÷0---sx.0932(cl_c40 ♦ atc.52-13.ct

+xcosfi[3+(i-.-1)cor]ccl,-ci)

E4 2` 	 2 [ 	 i) c° 	- X2.(''s73. (G1.,+ co)
ijg81142§orifig14- 1Y

mactricattleo sumentRoa;itrismarr
'• 	 • 	 • 	 . 	 ' 	 •
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hue= ckl,R pis■sye - /0- ces/3) Fjs;n4r

66R Lt7 - jsiry3 + I:5;73j cos v.

(3) For angular displacement about the x-amis
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The position of the rotochuta muter of gravity in the x, y

plane does not contribute to the aerodynamic derivatives. The velocity

increments for the perturbations from eqtillihrium which need be considered

can thus be written:

(1) For motion along the z-axis

AUG, - sinfi cosy

414 	 sins

(2) Ferrotationalielocitrateut the z-axis

1

AUp = JAR tanOtx S;TIff, Sin lir

CUT = RjaR temdx cos

The incremental perturbation velocities and displacements are considered

small, hence nom-linear terms will be assumed negligible. After substitu.

ting the unit span forces Bola. (F-5) aid (F-6) into the integral ex-

pressions for force and moment (eq. (F.40), integrating with respect to

UNCLASSIFI
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and taking the partial derivative *thin the remaining integral,

tte force and moment derivatives can be written •

(FA(  - 	 T12R3 Ce; 5;p1 2"7 - e.-4)
41 	

/

(F1)* = tf cr s 3s	 ( + C3 ) c1F

(
(Fx%ex TfperiLe leasi0710- IsIvItt.

	f E3 Pi ityg - § / -car) ÷ 	 tit"

(El) 	 4,--T//TAW* 	;73 Ell 5;75 -Of -cos/0+

- 	 + F 541/3)1JF

(Fx)oix = • Xin.R(R3)*

(F,da, - Xja.R(FAI - T
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It should be noted that the aayumption of small cone angle

results in the coefficients 	 being independent of /11 . This aseumption

appreciably reduces the calculations required in determining the derivatives

and is valid in the range of interest.

Bod► Derivatives 

Slender-body potential theory, references (16) and (17) was

utilised for the purpose of determining the derivatives for the body without

fins. The test results given in reform's (17) indicate that neglecting

the non-linear, slender body, viscous flag terms results in little loss in

accuracy for smell angles of attack. The lift and the moment about the

rotochute center of gravity for the body without fins esn be written approxi-

mately as

Le = Or
,

 (C-o
ciS cal
clz

(7?-9)

Ma 	2)(Ki-ki)20(da

C

Determination of the aerodynamic forces due to the fins, including the

induced effect of the body, was adapted from reference (18). The fins are

easeptially thin, flat-plate wings hence a section lift curve slope of 2w

is 'summed; the aspect ratio correction is included in the lift and moment

UNCLASSIFIED
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emPreesions. Since a cruciform fin arrangement is used it can be assumed

that one set of fins is always aerodynamically effective. The lift of the

fins and the moment about the body center of gravi* due to the fins, in-

cluding the induced effect ad the boty en the fins, combo written

L irglai-sf0+1)0(
I + + (Aay(t -141

14 01.4 (I +be(  (1m_ zio)

+ O1('- P)

The body lift induced by the presence of

be approximated as

1-8 = L K
41.1 	 w 5 •

flow field about the fins can

Cr -11)

*left Ks as a ftnetica of EA is given in reference (1/0. The center

of presser* of the induced body lift is assumed to coincide with the canter

of pressure of the fins.
#



PREPARED

cmicmuileY' 	

111111111111111111.11111 vnem'er 	

THE KAMAN AIRCRAFT CORPORATIOIQ 0 4 7 9
BLOOMFIELD. CONNECTICUT

UNCLASSIFIED
PAGE-

REPORT NO. R...1 n 
MODE T 	 TA/

The expressions for the total body lift and the total body moment,

including fine, about the rotochute center of gravity. canna: be uwitton

fvy2 cloc_1(32 c4cia 4. lrs(i0-B)2(1 + "g) 01 

+ Vi +(rt)10-te)

O►-it)

,,z(
fvv (19.-iX4-Kt ad. + I (g4.0 +}) 

O 	 1 	 1)2. _mo) t *SW° 110)( I +

The angle of attack in the -above expressions is determiosd by the distizabemee

at the rotochute body tram the equilibrium. For the throe perturbations

previously considered the angle of attack can be written as follows:

(1) For ,otion alohg the x-axis

ot _ y,
(2) For rotational velocity about the x-axis

( -

(3) For angular displacement about the x-axis

= o=x
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1+ it +(.04)(i_mcl)

0.43)

-v ( 4,)x

(I) = 	 sect-43 fos-15? 0 + 1)  (z_amx i+loi
is+ qr(s_4;)
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The angle of attack is cauridered small for each of the retechute perturbs-

time. The lift thus become the force in the x or y-direction; the

aarent about the rotochuts center of gravity becomes the sonont about the

x or y axis. Substitution :late Di. (F-12) of the appropriate ang3s of

attack in terns of the perturbation, integration over the body length. and

subsequent pares differentiation leads to the force and moment derivatives

for the rota:hate- body. tun

x
_ tx,[5. 4, 	 + 1)

1 +



-	 0 0 0 4 81 --

THE KAMAN AIRCRArr CORPORATION
mr-ooktrino, CONNECTICUT

UNCLASSIFIED 	 PritreA

lifirth191

(00esc 6tut-sow4/1 +21.1(J5.-4)

_  (g- 5N 1 +4) 

I +	 Pt) (2P—ajli+leis)1

(n)otot:=

whets OC*-10 is assumed equal to salty for bodies of high fineboss. 	 ,

ratio. The-ierivatisse thus foiled aro applicable to the rotoehute body

whether 	 wet the- rotor is oglerativot. -
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of' ticttions of Notion

athetitatioo of Ws (F4) int, Ws (P61) leads to a set of

lineer, second order, eimiltaammaudgftrintial equations. The hersonle

solutions

trt

•

Ndiers p is complex 	 — Go% t /Go 	 ) 	 lead to a sat of

vilnliammems, linear, algebraic equations in %, 11, o w , and 0ry .

Far solutions, ether then the trivial case 'here no notion is possible, the

determinent of the coefficients most be equal to sere. Since the actions

indicated by the equations are symmetrical uith respect to both x and y

and Ott, and ot, the four by four determinant can be more simply expressed

as the product of a complex two by two determinant and its complex conjugate.

Thus, the characteristic equation is Obtain/Ad by taking the equare of the

modulus of one of the complex determinants. The resulting equation is of

the form

P4 As pf 4- ik.e 4. As ps 4. Ao' Ad , 4- A.

being of 6th degree rather than 8th degree because the position lcog of

the rotoChute oentar of gravity does not contribute to the forces acting

on the rotochute. Solution of the 6th degree equation can be achieved by

oar cf several well knoen methods. Thu six characterisrtio roots define the

motion of the rokehute. .When it is desirable to stod► the variation of

UNCLASSIFIED
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Celealatimes 
The -equations of antics and the stability derivatives are written

• in a getteralleed foils which makes the analysis app.11eable to air pieties

of the flight trajectory. Flight .test esperience with various retoshate

configurations has ladisated that the stability of the vehicle is at

critical at initial release, prier to the start of rotation, and at the

:Aeridmal descant condition. . tha4 with Use rotor gyrating, it apPinve-'

that the stebilitr analysis need only be cericerned with the teradaaldeeeent

oindition. 	 -

The fores and mann* derivatives can be fa* by suomatica over a

finite - nneber of radial strips using the net inflow, lift, and drag diatribe-

tions prepared for the parforinuami calculations. The lift curve and dreg

curve slopes are then taken to be the slopes at the miklpoint ef cash radial

blade Segment. The rotational speed of the ietor is determined, for a given

inflow dIrtributicn, as that speed which is necessary to provide thrust, as

a inaction of cone angle, equal to gross weight. This method of obtaining

the force and moment derivatives appears to be the only-practical seethed of

coping with the high degret of stall encountered in practical rotechutea.

It appears that the artifice of assuming MrtifOrK inflow and linear lift

curve elope would result in spurious stability derivatives for the semi.

stalled airfoil condition. The body derivatives are calculated in a
forward meener as outlined in the section devoted to that purpose. Far
terminal descent it is evident that the square of the Mach number is neat.
040 small compared to unit* In general, as the rotor eons angle is dui. -

creased the body has increased influence on the stability of the vehicle at

UNCLASSIFIED 
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terminal descent.

The stability of the vehias at initial release requires primarily

thit-it possess a slight margin of static stability. The static stability

depends to a considlemblia &arab, however s. en the effective area of tbt. base

of the body; a blunt base tends to increase stability and a base rotating

from a diffusing rearward coat tends to decrease stability. At higit

flight speeds it appears probable that the flair will foils! the surfataW

war the meet gentle diffusing contour. In general the effective base area;.

will be greater than the geosetric.:base area as a result of flow slosmetiati.t.

It agepre=m that wind tunnel testr might be .neeemoury te determine *

effect!** base area for a given diffusing scatter. An alternative ilildeb

will allows give eanservative results is to amuse the effective bean smaire -

equal to the Apematrie base area (i.e., as in pax* potential flow) aid

than determine the fin area aft of the vehicle center of gravity el** wilt

provide marginal static stability.
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Anairtieel Investi,gatima 
' 	 • Analytical stability inveatigations were conducted for both the

protetgie rotoohute aid a rota:hate preoently being flight tested by The

tams Aircraft Corporati.en (designated tbr.„ N2 reteetute). The geometria

masa, and inertia prowling of the two rotochutes aro given. ia Table 24j.

the operating conditions Mach merle investigated ere gives !a - Table Tiiitt.

Solution of the equations of mogon 'wee achieved by the nee of a

CMS electrical analog computer. The sol.utfad for one operating coeditimi

was also obtained by w4 calculatiin coMor to substantiete the seise

results. An ample of thi solutions' obtained ssheen in-FicartT.. for

one operating condition with a systematic .eariation of the rater rigidity

factor.

Analytical investigation of the P rotochute stablltty Imo oalagi-

takel only as • means of subetentiating the proposed salvia method by use

of the qualitative mcperimeatal data availabl‘ for that vehicle. A further •

attempt to substantiate the analytical naltod alas to have been by comparison

of analytically and oxporinantalfy deterained =tor static ya derivatives.

The experimental. work was performed in the SAC 8 foot diameter wind tennel;

inadequacy of the balance system for the conditions imposed„ however, re-

sulted in side forces and moments of questions/he quantitative accuracy.

Initial attempts to predict the stability of the N2 retochutli -

involved the calonlation of derivatives for an assuarad rigid rotor. The

methou predicted a reasonable margin of stability for operating conditions

ubleht in feat, goad net be obtained toperinentally due to doctrannir

divergent opiral oscillations. Subsequint study of the derivatives having
UNCLASSIFIED,..
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a significant ;it/1feet on the rotochute stability indicated the deleteillems

nature of sereelastic effects. he rater rigidity factor was then included

in the stability derivatives. In Time IP..2 the damping of the spina

oscillations„ resulthsg from an initial year o:asdition, is given as a hustles

of the rotor rigidity factor. The damping is ahem as the percent of eritir.

eel damping (i.e.; for which no oscilliktien is possible regardless ef

deflection); stability. is associated with positive damping. The signifisectee

of the rotor rigidity factor en the rotochute stability is readily Ott.

It is interesting to note that oomparisce. of analytioal stability results

and experimental stability observations; iatelmding the oscillation frequency

in each ease; inilzatesthst the rotor rigidity faster of the K2 retechute

is appreadnately k • .114. Ths treads sham in Figure 1P-2' Indies% farther

that there is a signitisant dependence of stability or the advance ratio,

Xa increased advents* ratio corresponds to increased etsiasility. The

qualitative dependence of stability dn --achance ratio has been observed for

a large ramber of test flights with various rotoohute configurations and

tends to oznfirm the trend indicated by the analytical results. The analyti-

cal methods outlined in the section on stability theory appear to give a

reliable estimate of the rcrtochuta stability as compared with experimental

observatims.

the prinieple remits of the stability investigation conducted Si

the prototype rotoehate are also &min is figure 7-2. amparison with the

resultz for the 112 ratechute Indicates that the rotor rigidity factor affects

the prototype'rotochete in a very similar senner.- This rotoekate - is seen to

possess a good margin ef **Mtn. Weaver, for the range Of rigiditir-factoni
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investigated. The physical parameters and operating conditions of the two

rotochutes are such that the difference in stability levels cannot be

attributed to specific design parameters in so Complex a relationship.

The high degree of dependence of rotochute stability on certain derivatives

does permit some insight into the establishment of some important physical

parameters of the system.

The influence of the rotor inertia an the spiral oscillation

damping is shown in Figure F-3. This parameter affects the gyroscopic

moment Which tends to dynamically couple rotations about the x and y axes.

It appears that reducing rotor inertia is in general advantageous to roto.

chute stability. However, for design purposes a balance between rotor

rigidity and rotor inertia must evidently be maintained. It is interesting

to note that for large rotor inertia an oscillation associated with the

gyroscopic nutation becomes rather suddenly predominant; this leads to a

high Frequency spiral instability which is superimposed on the aerodynamic

oscillations. The reduction of rotor inertia to sere resulted in increased

damping for a rotor rigidity of k - 1.0. It was determined that damping

above approximately 70 percent of critical damping could not be accurately

measured on the oscilloscope used in conjunction with the analog computer.

The reduction of rotor inertia to zero resulted ia a sudden decrease in

damping for a rotor rigidity of k *h. Maximum damping for this confign-

ration appeared to be at liat .C3 t bet the actual damping value ems

too hAgh for accurate determination. The spiral oscillation frequency in-

creased consistently with decreasing rotor. inertia.

The influence of five of the colbined rotor and body stability

derivatives on the spiral oscillation damping vas very large compered  to
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the izglinosse of the Yeasining MOVIE derivatives. The 'Met d varying

these derivatives eeperately is he in Time 	 the influence of the

combined aerodynamic danying masa derivatha t 	dose a trod•

vddch meld be eapected (Firma ?4a). /nereseing this derivative is a

valve dose to semi -remits in the predominsam 44 the high fropee■ey

oscillations asecolatod vdth gyraseopic rotation rimpsedbeee of rotor rigidity

Desavoring the wise of this derivative has a prensemeed etateLlising effect

an the rotesherte.

The inflames of the coeibined reetorieg ament deriontive Adam.

shoes a trend rich is of considerable importers* to retoebite &alp

(Figaro 1P4ib). With the rater mimed rigid, dsereesing the derivative

(increasing restoring ammot) appears to increase stability at an inereoliag

rate. It is shorn that this trend doss not continuo for redeem! rotor

rigidity; the rate of stabilising Inatome of the derivative decreeing

SS the derivative declasses.

Recalling tram Bes. (IP-8) and (11.13) that (N 5 )i• •YL (fix

and noting the influence of the combined .trotobetiemal coupling 11106116►

derivative, (S y 	(Vivre 1P4se), it is eoucelvehly peosible to design

a rotothate *rich is dynamically unstable dee to ostensive statue stability

and lov rotor rigidity. That is trthe coupling amaott derivative shoes a

poonsoseed destabilising trend with decreasing "slue and deorsesing rotor

rigidity. tines the proportionality taster batmen the tee derivatives is
this reciprocal of deseamt velocity it appears tiket, increasing the deem!

velocity has a stabilising effect. T, hires OPPIPers to offer an oapleam.
ttcn for the stabilising trend of inarcliMed atom* ratio indicated fro the

lir rotosiate in Tigers /WI. UNCLASSIFIED
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The influence of the rotational couplingsomentderivative,

0,1?ax , is Shown in Figure F-Ird. A pronounced stabilising trend with

increasing value of the derivative is indicated. The large degree of in-

fluents* exhibited f7 this derivative is evidently partially responsible

for the existence of spiral oscillations which do not involve gyrosoopie

nutation (i.e., vhen ' 1 is assumed equal to scare).

The influence of the combined rotational coupling feree derivative,

"C)atx , is shaft in Figure 7-he. This derivative is apprerchmUtlrequal

to the thrust force acting on the rotcchute and indicates that high load

factors result in a destab4lising trend of the derivative. Since high load

factors occur only at high speeds, which in general favorably effect more

influential derivatives, the net effect of increased load faster appears

to be beneficial despite the trend sheen for (P1).
The fact that the important derivatives were moment contributions

in all but one instance is strong evidence that the rotation of the rote-

chute about its center of gravity is the principle motion of the system.

The fundamental rotations about the x and y axes are coupled in & manner

which produces the spiral motion observed in test drops and on the analog

computer. The period of the predominant notion is ahem in Figure 7-5 to

be a function ef both rotor rigidity and cone angle. The trend indicated

is that which would intnitivoly be expected; the oscillation period decreases

as cons angle is increased and the oscillation period increases as the rotor

rigidity is decreased.

The investigation has provided an insight into the problem of

rotochuto stability which resits the qualitative establishment t of some of

UNCLASSIFIED
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the inpertint pinvisal parateters of the systems. lime rotor rigidity castor

has been established as a eignitiCsat 	 Paramptar. 11006 des hi*

degree of rater rigidity is shorn 114 be beneficial' to roteetarte stabilitro

it is &ern that inereased rotor inertia has en adverse affect cn stability.

It appears that a design balance between rotor rigidity Red =ter inertia is

nociwia* Amer it design of naginas stability. In general, it appears' that

the rotor rigidity fester will be eensiderably lees than malty. Sines the

eaddsed tranglationil cisplieg some ent derivative, (RN , is ingerscay

proporticeda toifie . descent velocity," the =gig; tsrainal dement velocity

should b. saffielant3;y high to prevent 	 Amish woad result from

largo negative value of this derivative. In this respect it spitfire that

excessive static stability is =desirable einem (AA is directly pro-

portional to the cod:dned restoring noment derivative, (W ar  • A. ecneeivab3S

'method of reducing static stability, for ntochutes Whisk inive significant

belly stability derivatives, is to. design the body configuration for a suffi-

ciently high degree of static instability. The high density body cenfigurs-

ticn of the prototype rotochuts, however, :units in body stability derive.-

times which are rather insign:Lficant compared to the rotor derivatives.

The rotochwte body, as suspended fro* the rotor, would be quite unstable

if the rotor were replaced b7 an equal mesa having equal inertia about the

body center e gravity anti incurring no arrodzonsods forams. Fromm 	 0-8)

it Ippeare that such a configuration road result if either Cr sir R (and

to a certain extent 	 ) sore vas4sh4aglor swell. Tadoeir.ivs retooling thus

indicates that, with all other influencing parameters Selsvinged. issresses

in these parameters must have, a stabilising _Iffiest on t1 rotoshute• A dm-
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inflamege of each parameter on retodhute stability single soy cheese most

affSet other significant parameters.
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TABLE P-17

Roteshute- Operating et:editions

Used for Stability investigation 

lbtoehute Airfoil
&litotes(Ngress) (44410) (Depose) con

Prototype

•Prctetype

Prototype

NAM 0012*

NACA 0012.

NAPA 0012*

M2 IIAC4 0012t

NACL 0012 11

.12 2.85 57.21 5 1.522

.12. 2.85 58.21 10 1.512

.12 2.85 59.92 15 1.522

.168 3.175 59.6 10.75 1.0

0220 2.60 51.99 12 .767

If Lift and drag curves were corrected for compressibility aricsio.

• Intompreesible flaw vas asessed throughout.
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Blades Governer
*del Ie. Nets amber Chtud Gore 	 pest on a?rE Taper lathe

15 	 4i 	 4 	 ter 	 Weighted Aft	 250	 1.0

16	 ha 	 le 	 Alum. Nova 	 750 	 1•0

i7 	 tee 	 b 	 V 	 stool

le 	 stool sew. 	 150 	 1.0

19 	 10 	 4 	 Itu 	 Alm. Norma 	 1000 	 .bit

20 	 1C 	 4 	 2.3* wood 	 Nana 	 1600 	 .644

22 	 40 	 4 	 2.3* Wood 	 11!*. 	 1600 	 .61*

2$ 	 140.. 	 1t 	 2.3. Wgt. 	 "Waal 	 1600 	 Agis
Heavy

23 	 hA 	 it 	 14' 	 Steel Wanusl 	 750 	 1.0

24 	 la 	 4 	 6u 	 Woad 	 Norma 	 750 	 1.0

25 	 4A 	 4 	 4u ! Wood 	 Marna 	 750 	 1.0

26 	 IA 	 is 	 2.33. *UTZ Noma	 2440 	 .644
s

27 	 ire 	 it 	 2.3 	 Wood 	 liarrnal 	 21tis0 • 	 Ash

Flub 1St has 1w filing blade-grips

Ruh ItS has high irederaling blade- grips

Rub 40 has salt tindereling blade-grips

• Hub' 2 is twu-bluded hub with: 	 P pressure measuring configuration
- 0 strain gage measuring ecadlguratiset

Weighted blades uere of built-up sonstlemation with leading-edge or trailing

edge.smas bale:see.

* Average chord
i4 Hake este

GINERAL RIPONI
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The retechuts models were "wonted anacantileversmocrt in the

18 and 8 ft. test sections of the UAC Wind Tunnel. A diagram ef the in-

stillation in the 8 ft. test section is presented as Figure 044 The

support WAS wonted to a housing through teo:straie gaged ltdki ter 11111118UP.

Aitg thrust. The hewing was atiarthed. to two silents viltieh we imeetted en

the viol tunnel balance frame. Vas- dada guess strut vas used to pitch the

model about an min at the for 	 strict. .

The pressure differommtbmteeen the upper and loser surfaces of

the blade vas 4Wasored at five chordeise positions. These 5 pressura

readings were indisrUNsairrepeatel for 5 spaniels. stations. ?he output

signals from each of the five cherdeise pressure gimes along With the signals

from the governor crank angle and coning angle poteutioneters were trans.

witted by means of a slip ring assembly in the rotor hub. A eitteen channel

oscillograph was used to record the pressure signals as well as the signals

from the spring collar position indicator, the two thrust lints, the rotor

speed and the tunnel speed transducers. The rotor speed signal was trans-

mitted from a variable reluctance pickup which was actuated "Sy a magnetised

slug inserted in the rotating governor spring disc. The rotor speed was

also measured by a Hamlett-Packard frequency metmr.

The tunnel airspeed was measured at four peripheral stations in

the plane of the rotor disc to minimise mind tunnel interference effects.

The four pressure orifices were then teed to a 5 psi Statham pressure

transducer in order to obtain an average value of airspeed.
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Provision was made to study the rotochnte opening cycle by taking

Fest= motion picture/ an well as the conventional oscillograph records.

Tests

4 	 The tests were conducted with two purposes in mind; first to gain

an insight into those phases of rotochute operation which could not be prom

dimply analysed beeauSe of the theoretical limitations of rotor aerodynkiiet

and, secondly, to determine:the operating characteristics of a rotochute

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

were achieved.

The tests were divided into thl%4 phases. Parse:D;eonsisted prismm

cipsily in determining the effect of spring rate and solidity on the perm

formance at high speed. For this series of tests, Models 1, 2 and 3 were

used. During this phase, an attempt was made to *mere the load distrim

button on the blades from shish an inflow distribution could be calculated.

The Slipmring assembly failed and unfortunately was not discovered until

it was too late in the test period for retesting.

Performance characteristics of the model at low speiiod was one of

the objectives of the second phase. This obese was conducted in the 16 ft.

test section. The effect of solidity and of various changes in governor

configuration ware also investigated. For example, in the Kaman linkage

system, changes in coning angle affect governor operation (see Section D).

The equilibrium coning angle was, therefore, varied by providing for

different amounts of undersling. The raielkionstdp between undersling and

equilibrium coning angle is given in App flit 1. Governor operation with

T.J14  Ilagnirnets of blade mass, ehorduis. 'enter of gravity and abort



PAW, 	1105.---- 

arrow wo  •an 
DATE,_L e.

0 0;0 4 9 9
pro•"! GY

CRECEMISY 	

MODE

THE KAMAN AIRCRAFT CORPORATION
BLOOMFIEUD, CONNECTICUT

t.

UNCLASSIFIED

wise Center of pressurooslative to the feathering axis was investigated.

In those tests, Modalsh. to or Table I were vas&

The tests ef the third 	 were- 	 pally concerned with ob-

taild-WPOrforantlie data on a tapoestblade configuratinn 	 spolated

tests, &dela 20, 21, 22, 26 and. 27';vere wed. The spring rate and preload

Imre adjuetectso that tip speeds of the same order as that proposed for

the prototype were obtained. In addition, the model vms restrained from

roteting and the static starting torque was measured bymeens at a strain.

gaged link for various values of sweep and piwoona angles. Finally, time

bistoriwk at the opening cycle were measured at various sweep eagles, pre-
-: 	 •

_done angles and Mach numbers. In general, the basic requirement* of the

teats were acccaplished far the model configurations noted.•

The data were reduced in accordance with the procedures outlined

in Reference 20. A coMplete tabulation of the reduced data is given in

Reference 22. In order to make the best use of the available time, the

complete data j reinetiortprocedhre,uns programmed -for autoemtic eomputation

on the IRK 7(1 calculator. The reduced data ineIsded- time average valves

of the thrust coefficient' Mich number, rotor rotational speed and rotor

drag coefficient. The cocillograph data were reduced to values of the

governor-erank engle,00milig and pitch angles, governar.spring preload

length, governor spring feathering moment and the differential pressures

between the blede upper and :Lover serfeees mosomwed at five chordwise and

five spanwisa 'stations. An extensive amount of instruwentation was used

throughout the tests and a large quantitr of data were recorded in rola.

UNCLASSIFIED 	  . 4
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tively short test periods. The frequency of the test period* prevented

conplete scrutinization of the unreduced data before they were reduced.

A certain percentage of the computed results therefore are either in error

or questionable. However, the primary purpose of the test programs was to

provide experimental verification of the analytical methods. The data to

be completely analyzed, therefore, were selected to compare with the eats.

latians on an overall performance basis. Because of the good correlation

obtained on an overall integrated baste, corroboration of the intermediate

steps in the analyses was not considered necessary.
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H. ROTOCHUTE DESIGN PROCEDURE

The principles outlined in the preceding sections are used in

designing a rotochute for a specific set of requirements. The re-

quirements are usually given as specifications on the trajectory. The

design procedure used to fulfill the trajectory specifications will now

be described. The final design will depend on which of the specifics.'

tiona are to be emphasised. For example, if emphasis is placed on

attitude angle at a particular drop distance, it maybe more advanta-

geous to design the rotochute to attain terminal descent after it has

passed the peak value of rotor drag coefficient. The sectieniee'rots..

chute trajectories demonstrated this feet.

Whatever the emphasised specifications mgy be, however, the

general dimensions of the rotochute must first be ascertained. With

the specified terminal velocity and gross weight and an empirical

attainable terminal velocity rotor drag coefficient the rotor radius is

tentatively chose; ass

I 2- by 

re ecD„

The solidity is chosen as the maximum attainable consistent with

that geometric installation requirements, such as the fit of the roto-

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

aircraft. A maximum tip speed must then be tentatively chosen.
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With the geometric parameters of radius, solidity and maximum

tip speed chosen the rotochute blade can be laid out and the mass

characteristics ascertained for purposes of preliminary performance

and stress analyses.

The performance can then be calculated according to the methods

outlined in sections A and B. The variation of rotor drag coefficient

with advance ratio is thereby obtained. Using the tentatively chosen

design maximum tip speed, an empirical variation of velocity with tip

speed and the calculated performance curve, the trajectory is calculated

acorsding to the method outlined in section E. The calculated trajec-

tory ia compared with the specifications. If the specifIcatior.1 are

not mety the rotor radius and/or tip speed is adjusted and the above

procedure is repeated. The second recycling is usually sufficient 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 establish this relationship, the governor characteristics

must be determined. The values of blade pitch and coning angles that

are to be inserted into the feathering equilibrium equation are found

from the performance analysis and that part of the governor analysis

which determines the pitch angle at high advance ratios. The governor

linkage mechanism is tentatively laid out and the dimensions determined.

The solution of the feathering equilibrium equation is an iterative 
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procedure together with the opening cycle analysis since there are at

least two unknowns; the advance ratio at which the maximum rotational

;iced is attained and the spring force. The advance ratio for maxima

rotational speed is calculated from the opening cycle analysis (Section C).

The feathering equilibrium equation is then solved for the spring

force at the aforementioned value of advance ratio as well as the advance

ratio corresponding to terminal descent. The spring forces;it these two

advance ratios correspond to the extremes in spring displacement which

are a result of the specific blade pitch angles necessary for autarota-

tion at these conditions. The spring force results from a combination

of spring rate and preload. A spring may therefore be chosen which,

with an adequate combination of rate and preload, yields the required

spring forces at these two conditions. Slight changes in governor link

geometry may be necessary in this matching process. Hiring established

the spring nate and preload, the feathering equilibrium equation can be

solveifor the rotational speed at several other advance ratios. The
•

actual velocity-tip speed relationship for the particular governor

geometry and spring characteristics is thereby established. The tra-

jectory is recalculated and the results compared, with the mission speci-

fications. If the trajectory satisfied the specifications, the chosen

value of maximum tip speed is satisfactory and a final weight estimation

and stress analysis is made. Should the trajectory performance be

UNCLASSIFIED
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inadequate, minor modifications in governor designymambniu tip speed, or

spring characteristics can be made and the procedure repeated. Thus, by

successive analyses of preliminary and intermediate configurations, the

final design can be established which will produce compliance with the

trajectory and airplane stowage requirements.
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APPENDIX I

DEVELOPMENT OF THE LOW SPEED PERFORMANCE EQUATIONS 

In the development of the low ;peed performance method the

following assumptions were made:

1. The Glanert-Lock empirical curves for thrust coefficients Fend 1 1 .

can be applied to an elemental annulus (see teat).

2. The lift and drag on any elemental annulus are the as as they

would be if the blade section were in two-disensioial flow.

3. The tip loss is accounted for by assuming no lift on the outer

4 percent of the blade.

Through Flow Velocity Equation

The expression for an element of thrust, using assumption 2 is:

dr.. f_ c- iniritcas eKyic. so * 	 A Lc s kr9 Co s 	 Q J" ,!, 4)ciyz
2

Using Glauerts empirical thrust coefficient f as a correction to the

momentum: theory,

dr= 4 	 Yr. k 2 a 2 R) 1,21 Los itg 7C (Ircci(g i 6/1{

UNCLASSIFIED
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Equating both expressions for thrust element and solving for ft

the following is obtained:

f = 	c4e1-1- fc":6_1(C ("0 (4 Sm

_A,4  (yecoser e/g) cos 19

Now referring to sketch (a)

ACcSta 
Eqn =

51(.0.10 	 etiq (I —2)

.ORA Cus0

Si,, 0= 	A cos g 	

(1-3)
.1,42c4".ra-+("7„..ce.rel 	 703.

Sketch (a)

CGS
	

= 
( Cal() 64) 

•	 V A2-Co30 (77 C0Je e/g) 2".

'OHM NO. R1118.141111. t44
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Now

cc, = 6th	 4;0 4- arc ton 
Wall 4 EVR,)

Using the other Glanert thrust coefficient F

/11T = A L F

F-

Substituting the above value for A into Equation I41. as well as into the

expressions for sin 	 and cos 	 , Equation I-1 becomes:

[(yzcos(3 Tf) /1,1 co.rpj (CI
8,1,1 4 Cd 6m ) — es rp

where tan 	 has become

, 	 sco p'
ion

Cyz co, e 940

Torque Equilibriu► Equation 

The blade element torque coefficient eroression based an assump-

tion 2 is:

d = (r-J- 0 - imol(yrc. re te%02-0- keosN(rese #e7,,),Iyz ('-6)

Substituting the values for sin and comop (Equations 1-3 and I.-I),

Equation 1-6 becomes:

UNCLASSIFIED
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= EZIC4 — 4P/46)Ar"re * e41; /4: A-44.5;et(xcia ,,

where at. before, tan id
5z 	 t

This value of CQ must be sero for equilibrium autorotation.

lo
Thrust EAcs

Using the blade element expression for thrust coefficient)

e 	&
eiCr = fgyzces'/5 14) # 114 F. re-rel6 &a:0 * rept) co,rp gl yr (1-7)

Substituting the expressions for sine and cos 46 Equation 1-7 becomes:

cr qcos-Aic + (4 6,, 4ipyz.c,se 	 yr. 43
e) 2._ 	 i; ce.sLd	 ei&i (1

The expression for Ce is summed from the second increment to the next to

last whereas the expression containing Cd is surmed over the full radius.

Soy

27. co se > 	 <

Yr,
%.1)LrYt-C"t6 # V 4- A4 -Ft e" (5 I "' AtZ

11740.r" 	 A3 "5 Le ' Ayr (1-9)
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The rotor drag coefficient is then)

2 (T

,‘;

Caning

The coning angle is obtained from an equilibrium between the

centrifugal and aerodynamic flapping moments.

The following are defined:

A - moms per foot of span

the equilibrium coning angle assuming no aerodynamic
force. Referring to sketch (b), it is the angle which
brings the blade center of gravity to the plane of
rotation and is a function of the undersling h . .



Sketch (b)

The centrifugal force on elenent 4A , therefore is:

Cr.= ev. 	(r 'cos e 4.c)

where r' 	 itery

The centrIllwal force moment then is:

4/14(c 	r Joy] cose3 c jr..r,;y3 -A c. se) dr
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Letting y r. = 	 and 	 dr = elyz

otAel,„= )1 -az([ R 'x i- A fingic.,ro eXyz R say; —A

=17(142"REJZGAS 	 - (-re) lYz

Now 9 -

, where 	 is as defined.
°

Upon substitution for 	 Equation 1-10 becomes:

S

ksfcs ..-,174 7:1-yzect (64(32 ,1 (e.1)+ 5kPr.r1.4-0-14,r(644 (T-11

Substituting the trigonometric equations for the functions of

as of angles, Equation I-11 becomes

ef Nice 	 2.k) 1R1-giceqA c. -re'-if-.- 	 I+ -1 s'Aft core 	
. 	

sa eik•
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evo CQ

and min r rcos e l a 1.0

The equation 1-12 then becomes:

•

(I-13)

alnes -=-)F04 RLYzce -Tee — yrete' 	 coe. # e4.1

De- lre"c-vo kc-so. 41.Q ' dYz

4e a ja'
V- 1-

Z 4
	(cc-se• -=-}e.s(3 — ,‘j 0 7( ./ 	 ÷() C_GS R 	 L • 7 	 • 	 --0,ccovo
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Since in this regime Q will be small, the relieving small angle assump-

tions are made:

Multiplying the expreimions in the brackets and summing over the blade

the following is obtained:

;
me :: i- -A (naV 1R r iDrPt. cosP.-11-10.e=zet-yr-6--e÷(-92(-4 cos	 7e j qe 	 R 9 IC c 	

Z•

	_h_co4	 cose - LI; c.c.,- 	 A
g 	 • 	 Vt. 	 • R& 6. 1 Yi- €.`".00 	 f Yzfe (5. 4r I-24)
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This ems be simplified by assuming h will be mill compared to i?
(3'‘ 	 0 -
The aerodynamic moment is written, assuming the contribution due to 44 is
negligible as;

B
0 = e oe-Af *.1A E

Equating the two moment expressions the result is: 

(I-15)

4-1co.rk 4 7 Coy 4-1 CO.recie R • 0 

— R curl t Ai Ce..sig ÷
vu 	 A. ft

which becomes,

c fri yr3 ( — 1 6 )

[-3hcos(36.--yrdyx ccskfr/rAyi *- i-cc-reof)-yr.elyz -f- Atc.,6-dje

ya
° (5-)1" lYz p eorefi-i 4yz -6co,eirtyrtlyzP 	 ((Ayr/ z,34_

(I-17)
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Then

P`A'AC&Ill.?, ,cos6—c.74— c%r 1- 	 _j_
CcJQc L v. 4 __4.se. "„ 	 e, 

Now assuming . is a small angle, tan

ti p

So

Cans
 f I' _ / 
4' .5 R R cos -ge

pc-R .4L
t-

	 5‘ s:

1

is

1
1
I

31) 	 R 	 e s-,. 	 h-s73- 	 74. 
A P 	 e	

it

RS's

&05(*) 	 _ e sec AP 	 eCez.E4 	1
_ 	 / 	 e4/9 cc-141D j

S..r 	 6/t 7--R r <b.; 2' e ♦ e 	 *. AP 	
a-20)

R S, h P R Ss
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The coordinates of any point on the blade can be written in the rotating

coordinate system as:

x'= - -rcose

E r cos e
r co s A '3.;
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APPPNDIX 

OPENING CYCLE EQUATICNS OF MOTION 

The equations of motion for the high-speed rotochute were

developed using Lagrange's equations and the assumption that the mass of

the blade could be concentrated in a single line. This assumption means

that the Chordwise inertia is negligible compared to the spanwise inertia

and that the apanwise moment of inertia about a line parallel to the chord

is equal to the spanmlse moment of inertia About a line normal to the chord.
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In non-rotating coordinates these are:

X = z'cos 	 - -y'

y y cos y/

-

t

Differentiate these with respect to tiros and put them in the kinetic energy

equation,

T -titT (1 2- 4 r 1 2) dr

Which then yields,

/ 2

2. 	 s. #.4 5-4 ces4A 	 ev-syj 	 zfsse vs4le "s A

	r 	- 2.i/ (1 .Tme 	 4- 2 e V Co-rerCo 54 * 2 r 	 cost! se.) A

- 2_
+ 	 co-r&A co s'e

Lagrange's equation now states that:

APT) _ JT-
41-k)

-113. _
.1 I 	 43-

for rotatin, and

for flapping.

UNCLASSIFIED

(11.2

ENGINEERING GENERAL REPORT



,1141 
OTHE KAMAN AIRCRAFT CORPORATIGIONJ u I I

•
EILOOMFIE,:,D, CONNECTICUT

UNCLASSIFIED
PREPARED MY

cmccocio err

11111111111111111111111111110Revisal BY 	

PAWL.	1" 
REPORT NO...-&331L.

MODEL harsh VP

- Substituting the equation for UV kinetic energy into Lagrang•+,

1‘,1"

FOr rotation:

qr'? 0.e /13 #.4c•-: Lier 4 2TSs co se -r ;AA f 2e5s C 0 el Ca.; A..]

(1 S1 s;„ec„A c s, .17 .4r smAj v./(irEa r, soy rose

_ze..5:rssycos - 21S4- ffi.A0 .rmAj 	 afFs, (--se
— eSs rose 	Q

For flapping:

equation:

("-3 )

Lt JS Si ae coSA —C _,-,„e sin/11 Ez; rM 1w ,r CDS e co s 2if]

cosy feSS s1i cos A f-fSJ clef x■Si

• 2- r
co-r0 -Pm
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APPENDIX III

'FEATHERING sonumum =mums

Centrifugal Feathering Meant:

In order to write an equation for the centrifugal feathering

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

multiplied by their moment arms. These forces were divided into those

acting about the feathering hinge and those acting about the s -axis.

Referring to figure D-1,

the momenta about the feathering hinge;

MGT = -CLP X -0 2 	 tny04-5 SIa 5tA"
A4Je 	 kde

The moments about the s -axis,

/V4 -(1.z/rI 1 eft YAT —
ALA 	 64.4

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

about the s -axis can be transformed into a moment acting in the same

direction as the moment about the feathering hinge. First, let N2 equal

FE(cAs6 sec cr.]	 where F is a farce acting a the junction of the flapping

link and the governor crank link in a direction parallel to the x - y plane.

Na,, letting 7.1 equal a force parallel to the a .41.11111 one can write an

equilibriui about the fulcrum R

ENGINEERING GENERAL REPORT
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The feathering moment derived from the moments about the m -axis is,

MIT 	1'4 (4 ec..r4 .rec tr)
	

or

mc , =-EreiCy#
414e

The total centrifugal feathering moment is then;

Atcr = a afLitirej X •Yr 	 cos 4160-7

iSt -i)Zir 	e)7 *Mt rgir

or combining terms

(In-5)

(In-6)

M9i L aiv #XCI co-re 10,•19 	(reel -61 417} efit- 	 (n-7)
4.14E.

From figure D-1 expreasicee for the coordinates

element of mass on the blade can be written;

= resit—Kt .1;16 Jae -# exz col 8A 1 A CUJs SW.

— Sn ((A -riy of yz co.v

cus ips;,(1 f g 	 It] Jia fl.—Rfz s;te

tr re s 601 	40,5es/1194 j

Z = RI1 sore S 4;)4 A 7 Z.L. 	 — A cos 	 dico.7

UN

Z s y and s of an

(111-9)

'(1n-10)

•
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Substituting equations 111-8 1 111-9, and III 10 into equation III-7 and

integrating over the blade the centrifugal feathering moment is obtained

as follows:

Al, r= ieffisci -z 	 Qs' -4 4 i L4 Ilk I-4.1 -r c fan -y

#2;42:- Zp -eSsi 4, 0: I -Ty tr"- f 	 r4f1

—CAPt17 .Y 	 cA 	 &or -e -5; 9Aft:0 - r

- C A P -h se t): 4AS, f e4P1- hs".042Y 2" sc iL-e AP64 [4h -)

where 4 has been assumed small so that sin 6 - dr and cos 4tr - 1.
In the integration the following terms are defined)
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Aerodynamic Moment about Feathering Axis

At high speed, assume the moment about the I axis due to the

Chord fdree is zero as the a axis is Close to the axis of rotation where

the torque is balanced. Referring to figure D-1 and Sketch (a),

is the moment about feathering axis as such

Sketch (a)

Let Ahr 	 equal the moment about the feathering axis due to the reaction
from the link arm caused by AV4 4it

The aerodynamic force normal to the s axis is

tc-A = 	 PV"Vs"Al 
Cosh

 cos oA I LIZ
4 .111

The moment of this force about the s axis 182

/ 	 /

R ,/ WO Sin () yr ay: itE C c440
44.r;fte

(III-13)
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Using the preceeding assumption,

le - R
L
z

.^/^

w cote s;p7o4 4.2r
Referring to the equation for the eentritagal moment, equation 111.5

/Hl= biz 	tem)."

Aka. = 	 1.1(241-c R a" cm yr cos
Writ

f(Izewse#V/.

, therefore

sm (;) co.:

(111-16)

The total aerodynamic feathering moment therefore iss

/1/14 = /14 (

2-
/11 	 _e (ok) c (-0,7(3

A ; cc[1- --Yz&10.9

[(14CoSe eiiz) (,44,- )'(-0s. 	 i- A'? c-,, az 5-,;, 	 670'

(III-17)

This must be solved on a strip-wise basis. en and cc are functicns of

the respective angles of attack at each station which is,

4	 "1-r of c tan (As-Adcosp
yi c..re*
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APPENDEL IV

ROTOR RIGIDITY FACTOR

The rotor rigidity factor can be interpreted as the ratio of the

apparent moment about the blade flapping hinge 'with the design blade con-

figuration to the apparent moment about the blade flapping hinge mith an

assumed rigid rotor configuration for any given rotochnte disturbance frog

the equilibrium. A rigorous solution for the rotor tigidity factor can be

obtained, but mould involve lengthy aerodynamic and blade flexibility cal-

culations using the approach of reference 19. For design purposes it appears

that the rotor rigidity factor can be reasonably approximated by a rather

simple approach. With no loss in generality the incremental blade forces

can be represented by a cyclic pitch variation. Further, the flexible

rotor system can be represented by blades 'which flap about a restrained

flapping hinge (schematic diagram below).
a
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The blade flapping equation of motion can be written

where Cr is the spring constant of the flapping hinge restraint,

Mit is the aerodynamic moment about the flapping hinge, and 8 is the

• cyclic pitch variation. Considering first harmonic flapping

tip A sin ixt Iszcos.at
(IV,4)

8 	 9, sin sit

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

inertia terms cancel; the equation of motion becomes

Ss (pi sin a 4- fix u,s4 	
09
?-1‘...1 (Os sinnt -ffrcostit +/82 siblikt) (117-3 )

Equating the coefficients of sinllt and cos slat separately this can be

written
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(Tv-6)

(IV-7)

(rv-8)

The flapping hinge moment of the flexible system can be written

Molex - c/8/3:

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

c)til
Mr. 
	 t

(IV-9)

2

hA 	c
tvgrii 	 C2 	 (c)-2-1)2

IS 	el)

(IV-40)
alms 	3 ix: 	 eIT

R ye C (r
- 1)(b cosfi I

Equations (IV-1) and(IV-5) can be solved simultaneously for A

k = IlifkX =

Thus, making use of Equations (1V-6) through IV-8), the rotor rigidity

factor can be written

The aerodynamic moment derivative, aVa9 , can be appruzlaated as

follows:

	UNCLASSIFIED



where Fs 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

derivative about the flapping hinge becomes

- 'Tr ? 	 Rs. .S F 07;72-dAle 	 a, 

Fs

(F-3) cosalecIF (xv-111)
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where, since 	 and /4 are both small, the differential thrust per

blade can be written

1. 0 ii3" R4 (1= + 	 174-T2 cos 1 3b 	 b

I' dr, = -err ri1R4 (r )5. t, a_5d\ITA +r2 c.05
3
/

(117-11)

(Iv-12)

In general, the inner portion of blade is stalled even for terminal descent

conditions. It can thus be assumed that

_ ac, 	 acr 	 + - -4 •-t: 0 ) 	 < rs

(1T-13)
d 	 ac— A 4 - acs
a	

_
e	 r	 _ a F

	at;	 ?s <
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Since for unstalled flow the net inflow parameter, 	 , is small, the

approximation

67♦F2 (1—S) F2 	 Fs<erv.o

appears to introduce no appreciable error.

Integration of Equation (IV-14) then leads to the simple result

8
-1-relb7 cos,11 (i — F;4)

( v-15)

8 	 cos2fi

where the lock nuMber, 	 is defined

7' c irpaTR
bib

It appears that the approximation for am,y/ae will be reasonab4

accurate for the rotochute at terminal descent. The rotor rigidity factor,

Equation (IV-9), can thus be written

/ g!)4 
mar 4 (icos2fir

where

k

n 	 Ise
TINM A RSTFTED
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Rigorcualy, eig is the static natural circular frequency of a rigid

blade oscillating in the flapping mode about a restrained hinge. This

represents, for prairtical configurations, the static natural flapping fre-

quency of a flexible blade with the synchronizer linkage locked at the rotor

axis. It is interesting to note that the rotor rigidity factor shove a

dependence on cone angle. For the usual condition of small cone angle at

terminal descent, however, the influence of small changes in cone angle

should not be particularly significant.

The ratio of blade static flopping frequency to rotor rotation

velocity, cleAl , is of greater sigeificance. The fourth plover of 06

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

either the blade natural frequency or the Totor rotational velocity should

have a pronounced effect on the rotor rigidity. Since the blade natural

frequency is fixed for a Particular rotor design, ax variation in the

ratio can be considered to be a change in the rotor speed, fl . In Figure

F-6 the variation in rotor rigidity factor as a function of 9pii is shove.

The adverse affect of increased rotor speed or decreased blade static

flapping frequency is clearly indicated. Increased rotor speed has been

sham to have a deleterious affect on rotochute stability in test flights

conducted with several rotochute oanfigurens. It appears that the

trend indicated in Figure F-6 offers a partial explanation for the adverse

effects of increased rotor speed.
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