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the use of adsanced composite materials in helicopter rotor systems offers
opportunities for improvements in aerodynamic geometry, performance,
weight, damage tolerarice, maintenance and operating costs. Technical aspects
of the des.ign and ana.lysi!>.and the-practical aspects of the manufacture. of a
composite rotor system are discussed herein. The rotor system was compared
to an existing conventional teetering rotor system, in order to establish the
vlability of the new composite rotor system,

This rotor system reduced the number of components by 5S% and the manufac ..
turing tirn~by half, due to the simplicity of the design and lay u, procedure, thus
making the system economically more viable. The mass was predicted to within
1% of that acheiv$d in practice andgave a mass advantage of 50.5% over the
conventional rotor. Static tests identified the failttr~ modes and stress concen-
tration points, while. the comparative hover tests showed the system to have
± 20% less drag. The cOMposite feathering. bearing Iimited the feat:lering of the
blades and increased the control power necessary to pitch the blades, thus
increasing the pitch link loads.

It was concluded, that for this application, the advatltages of using advanced
composite materials out weigh the dissadvantages; thus making for more effi-
cient and cheaper helicopters.
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INTJR.ODtfJCTION
<Althoug1z human subtlety makes a variety of inventions
... it will nc=r itevise an invention more beautifulJ more
simple or more direct than does nature, because in her
inventions nothing is lacking and nothing is superflu-
ous'

" Leonardo da Vinci.

']fhe helicopter was nne of the first visions man had of manned flight. In 1490
Leonardo da Vinci designed a machine of wood and starched linen, powered

by a spring mechanism which he called a helical screw. But vertical flight was
only achieved some 400 years later with very limited success. On 29 September
1907 the Breguet-Richet Gyroplane became the first rotary wing aircraft to lift

itself from the ground. However, it was unstable and had. to be steadied in the
air by four men with poles, 1919 saw the Spaniard Juan de la Cierva deal with
t}1r problems of stability, control and torque reaction with his autogyro, His Work
led to the development of flap. and lag hinges which are key features of modem.
rotor systems. Igor Sikors1cyon 14 September 1939 tried. to persuade the totally

1



Figurel:Leonax'do'sAirscrew

untamed VS-300, having a single main rotor and an anti-torque tail rotor, to

obey pilot commands. Only after the second world war was progress achieved
in helicopter development. Progress was slow with many problems in propul-
sion, aerodynamics and control to overcome. The last 20 years has seen a
dramatic increase in the capability.of the helicopter with no sign that the tate of
progress will decrease.

Recently, with the development of strong, lightweight advanced composite
materials, the design and capability of the helicopter is being completely revol-
utionized. These materials can be used to improve the performance, efficiency
and maintainability of the helicopter making it an extremely versatile aircraft.

The design methodology to use these materials for an advanced rotor system
concept makes up the subject matter of this dissertation.

More specifically, the research carried out here is the development of the design
and manufacturing techniques to use advanced composite materials, namely
Carbon fibre reinforced plastics (CFRP) and Glass fibre reinforced plastics
(GFRP) in helicopter rotor systems. Thus ideally we would like to create a rotor
system where ~... nothing is lacking and nothing is superfluous,'.

2



The research program is part of a larger program to increase the local level of
technology and understanding in the field of helicopters. The global objective
being to develop rotor systems that have low weight, low drag, low cost, long life,

low maintenance, low part count, free from dynamic problems and adequate
control power. It is evident from current design trends that there is a swing
towards composite materials in the aerospace field in order to reach these global
objectives. The change from conventional materials to composite materials is
gaining momentum, with helicopter rotor blades being an integral part of this
swing. Sevet\u existing helicopters, including the Boeing CH-47, Westland Lynx
and the Aer()spatiale .Puma, have already been refitted with composite rotor
blades creating immediate advantages for the helicopter and manufacturer.
Such advantages are:

" good profile accuracy can be maintained,

o it is relatively easy to use complicated aerofoil sections, blade
planforms and to include blade twist,

o the fatigue life of the blade is extended,

I> 'Fail safe' or soft failure mode ie. early detectable signs of failure
appear and

e high level of survivability from impact damage.
The main objective of this dissertation is to develop a bearingless helicopter
rotor system concept, taking full advantage of advanced composite materials.
The development of this rotor concept involves design, manufacturing and the
evaluation of its overall performance as, compared with an existing type rotor
system. These objectives were accomplished by using a scale model of the rotor
concept. Although the quantitative results from the evaluation cannot be extra-
polated to a full scale helicopter directly, the Of ration. and measurement of
SUCCess of the rotor system concept will still be valid, Historically! scale models
have been used to verify conceptual designs as far back as 1754, when Mikhail
Lomonosov demonstrated a spring- powered helicopter model. More recently,
Arthur Young developed 1:1 two bladed rotor, using a gyro stabilizer bar on a free
flight model, which was controlled by an umbilical cord between the control box
and the model helicopter. The success of this concept led to building the Bell

3



rno.rje147 helicopter by Lawrence Bell in 1946. Thus, throughout history the use

of models for development work. is widely accepted.in the engineerillg,industry,

The secondary objectives, which ate S1'i110f£sof the project as a whole, are:
\1 to develop the analytical tools needed for the design process,

I) to develop the manufacturlng techniques,

o to develop a design philosophy in order to reach the desired goals
effectively and effic\ently and

t) to develop a fun understanding of the helicopter flight environ-
ment, and ,the processes forthe creation of'a successful product.

This research was Carried out at the University of the Witwatersrand under the
supervision of Profess6r Alan Nurick, My co-worker for the project was Latty
Shelman, whose work has been referenced in tltis document.

4



1..1Overview of some E:%istil11gDesigns
As. shown in figure 2, rotor system designs ean 'be broken down into three trl!ijor
categoric,;; namely:

,. Articulated rotor hub restraints

" Teetering hub restraints

I> lRigidf or Cantilevered hub restraints
the hub restraint' being' the.major differentiating feature of a rotor system.

Teetering
rotor

Teetering hinge

Articulated
.. rotor

Rigid
rotor
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Ben -Model· 47
leeiBl'ing Hub

Figure 3: Teetering Type Hub

This system is possibly one of the oldest and simplest types of rat or systems,

Brief1~, the system can be described as having two rotor blades connected rigidly

to the rotor hub, whichin turn is connected to the rotor shaft by means of a
pinned joint, called the' 11 .eter hinge. The teeter hinge allows the blades to
'seesaw' or teeter on the shaft, but not to flap independently. The feathering is
achieved by means of mechanical bearings or as in the case of the Bell 206 let

Ranger a tension ..torsion wire pack strap. Lead-lag binges on a teeter system art
unnecessary for the following reasons:

o They are not needed to relieve chordwise stresses in the blade
which are generated by the in-plane motion of the system, The
in..plane motion is a result of the flapping or In this case the
teetering motion of the system. As the system teeters the rising
blade's center of gravity (CG) moves closer to the center of
rotation, ·as·does the' sinking blade's CO..Because. of this .motion
the blades accelerate conserving the momentum, As both blades
accelerate at the same time the only restraint is that of the engine
inertia which is softened by the torsional flexibility of the dr;ve
system. This restraint is soft enough so that the chordwise· ben-
ding moment .can be handled with moderate stiffening of the
blade root.

e The second reason for not using lead-lag binges on a two bladed.
rotc'! .system. is that the ..rotor .'system would be susceptib[e to
unstable ground resonance for a wide range of rotor speeds, if
such hinges were present.

6



The rotor system is simple with relatively few components, making it easy t"

manufacture and keeping the drag on the system relatively low. The system is,

however, inherently limited to two blades which does result in a Z..per.:revolution
bounce in translational f1ight, since the majority of the lift is produced by the

blades. over the nose and tail of the' helicopter.

The main disadvantage of the rotor system is the fatigue life of the. bearings. The

life. of mechanical bearings and wire pack straps are very limited due to the

dynamic environment in which they .operate. For examplf'>, the wire pack stI;~p

on the Bell 206 Jet Ranger has to be replaced every 200C hrs, Which is a

complicated and costly task. Mechanical bearings are limited by the load which

they can handle, thus they cannot be used in rotors where high centrifugal

opers+- 't loads are expected, The wire pack strap is not limited by high centrifu ..
gallo~,",,~ but does require a relatively stronger control system compared to that

of the mechanical bearing type.

1.1.2 Articula.ted Rotor System~

Articulated rotor systems are widely used today especially in ro.or' systems

where ';here are more than two rotor blades present. Each blade is inde-

pendently connected to the hub, allowing. them to flap individually. The rotor
system is characterized by offset flapping hinges, lagging hinges and lead-lag

dampers. The Lead- lag hinges are necessary for articulated rotor designs as the

rotor blades are not necessarily accelerating in the chordwise plane simulta-

neously, thus the blades resist the motion of each other,incteasing the chordwise

stresses. The lead-lag hinges alleviate the chordwise bending stresses. Lead-lag

dampers are generally used to takethe rotor through ground resonance safely,

while the rotor is being spun up on starting of the helicopter. Feathering of the

blades is also achieved by some type of bearing. A few examples of fully

articulated rotor designs are shown below:

o The Sikorsky 5-58 [figure 5] has a pin jointed flap hinge, a pin
jointed Iead-lag hinge and mechanical thrust bearings for the
blade feathering.

7



" In .the Hughes 5000 [figure 41 the flap hinge and featherl:qg;
bearing are replaced by a flexible wire pack sttnp. This strap has
a vi'rtllal flapping hinge due to it's flexibility and the feathering is
accomplished by the twisting motion of the strap.

~ Blastorneric beatings are used for the feath~tingj ~'lapping and
lead-lag motions of the rotor bl~de in the Sikorsky 8..76 he1icop~ \
tet.[figure. 6] .

These systems generally have a. high part count. are bulky and as such have .8.

higher drag than that of other rotor systems. As with the teetering system, the

hinges and bearings are limiting factors in the rotor's design; thus. experiencing

similar fatigue problems. High maintenance costs are generally associated with

this type of rotor system, as they are relatively more complicated than other types
of existing rotor systems.

~MghlS~ seen
full" Artic!lieli@~!1~~~i~
Strap hc~

Figure 4: Hughes soon

$i~(ltnky $.76
Fldl'l' Al1iellllltod With
EIClotlJ~ric BQoriilj)ll

Figure 5! Sikorsky 8..58 Figure 6: Sikorsky 5 ..76
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Cantilevered, systems, ,often erroneously referred to as 'rigid .rotor systems' .. do
not have phySical hinges but emulate. hinges, by virtue of the.irJlexibility. The
point on the }ulh or blade root arormdwhieh the blade flaps or U1gSIn thus known
~s a \'irtualhin.ge. Cantilevered 'rotor blades are 'coupk.d ,eitherto a flexible hub
or thei)t have ca flexible. root end which behaves much the same as' an articulated
rotor "system. As with the previous rotor" systems, the £eatherlng'.hearlng is
retained using either mechanicalthrust hearings, wire pac,;, .tt::u?sOr elastorneric
bearings, Some examples of cantilevered rotor systems .are shown below:

e The Bell 412 •[figure .7] has. a soft~in-plane hub with virtual
flapping hinges, lead -Iag hinges, with accompanying elastomeric
lead-lag dampers, and feathering bearings.

o The l~ad.;raghh'1gedoes not exist in t,he stiff-in-plane hub of ~e
LQckheedAH-56tfigure. 8J helicopter. .This 'design has a virtual
:flapping hinge and a door-binge type feathering bearing.

o The MB~ BO-105 [figure 9], Westland Lynx [figure IOland the
Aerospatiale SA-365N Dauphine 2 [figUre 11] all have virtual
flapping and laggiug hinges. The feathering is handled by tension ..
torsion.straps, with the latter helicopter havingelastomeric bear ...
ings and dampers.

These cantilevered rotor systems have' a low part count and can have a relatively
, ,

smallerhub thickness thus having a lower aerodynamic drag. They are, however,
still plagued by some ()f the problems, of the previous types of rotor systems, such

Figure 7: Bell 412

~ccttl"ii)adAIHj(j
Stiff It'l·PIOLiO.fl~)t4\lot!m W~b
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Aerospatiale SA<UiSRJ
Dau~hiuu l
Mit1geless Hub It.fitfi
ftastomeric Flexibiliiy
YlttuaJ Lead'LilI) H~ ~

\·,,-···I .._~~

)Figure 11: Aerospatiale SA-365M Dauphin 2
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as high control loads and fatigqe, and thus •have similar maintenance costs

associated with them.

1.1.4 Hybrid and Experimental System

A few hybrid rotor systems, which attempt to combine some of the best features

0)' l1e previously discussed rotor system types, exist on some modern helicopters

BeH AW'lG
fle'1·BGlblm, ti@oMiil'lgo ~l.Ib

Figure 12: Bell AH ..IG

today. Examples of hybrid rotor systems are shown below:

<> The Bell AH-1G [figure 12] is a flexbeam; door-hinge hub with
a teeter hinge. The flexbearn allows the system to cone while the
teeter hinge allows it to flap.

<> The Bell 222 [figure 13] has a flexbeam, teetering hub with a hub
spring and an elastomeric feathering bearing.

1M
~ VirW!! ~ fc1 c~ Cl'd

F~·~~
();;o~~

Figure 13: B.elJ!222
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Robinson R2~
TrHlingu Hub

41 The Robinson R22 [figuteL141 is a eomb'nation of an fwcvlated
system and. a teeteling system•.It has a teeter hinge; .....offset flap
hinges, mechanical .thrust bearings, for feathering, and no lead-
la.!thinges.. ....: .....'. . .' .

An experimental bingeless and bearingless 'rotor system has bee.n designed by

Boeing VertclandIias been ~tted to a MRS BO-105 helicopter[figure 15). The

system has .a dual beam, made from.' composite materials and. it relies on its
flexibility to £t.ap~Iead-lag and twist thus eliminating the need for any bearings
or dampers. ThiS rotor system concept is the closest design to the ideal goals of
an .efficient helicopter rotor system.

~
)

}"igure 15:Boeing ..MBlBExperimental Rotor He2(!
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102 Aspects to be Covered
This design study considers the design, analysis, manufacturing and evaluation

of a helicopter rotor ••system concept, For this purpose P.; scale model of the

concept was used. This model was scaled to the identical size of existing

conventional teetering rotor whicn was designed by my co-worker Larry Shei-

man and myself, for the commissioning of a translationalflight rotor test facility.

Although the design, analysis and manufacturing of the conventional teetering

rotoris not considered in this 'report, it.·is .however, mentioned here for com-

parati.ve purposes. These comparisons are discussed in the evaluation of the

rotor system's performance, manufacture and cost pertaining to the scale rotor

models only.

The rotor system disccssed here is a hybrid concept of a teet 1ritlg ~"':$temand.

the latest experimental rotor systems. Basically, this rotor has a tet.;rer hinge with

a flexbeam hub, made from advanced composite materials. The flexbeam emu-

lates the flap hinge and the feathering bearing by virtue of the fact .that the

flexbeam can bend and twist, resulting in a completely bearingless rotor system.

The design of this rotor concept considers one area in particular for a more

comprehensive analysis, this being the root section of the rotor blade. This area

is a critical area on the blade as all the loads generated by the rotor blades ate

transmitted through the root to the. hub. The rotor blade root area generally

consists of It mechanical or bonded joint, thus having stress concentration effects

and high stress levels associated with it. Thus the careful design of the root. using

orthotropic materials, is ''¥ ltal to ensure the safety of operation of the complete

rotor system.

The design of the rotor concept followed a design philosophy which can be best

demonstrated by fig 16. This philosophy is divided into 4 major sections namely:

13



Design

!f-
11 . . ....

e the. defllu~on of: the roto~lconcept, ·its basic sizing' considetfug the
objectiv.es and lthe' impQ~,edlimitations.
devel9pment

I'

" the ...·determination of ••fJlght ..loads, . aerodynamic petf0J:ffiltnce,
sttuc;tura1 and. dynamic ,load allalysis, design ref1nement.and the
final: analysis of the rotor. .

Manufacturing .'development
the;design ·and·developrmmt ot .the.too!ing needed forthefabri-
cation pf the rotor components and the development of the
fabrication sequences and, p:toG¢sses. necesslllY to proo.ll?e" the I

, fmal product. '.'
'Testing and Qualification

"

" the staticJ~b?ratory testing and dynamic windtunnel flight' test-
I ing of the Iotor system on instrUmented test equipmenffor the
'qualification or. the. rotor design.. . . ..

The designiterations that Were done t? reach the final rotor sY$teri),'s coAfig1i--. - - - .. .

ration are not shown here, only the final rotor system design a."id:it's analysis j~

shown,

During the design', and analysis phase a ,significant amount. of time was spent on

the development of compnter software for the purposes of load-prediction and

rotor analysis. 'the prediction 4 lbility ~f the, software.Includes aerodynamic

performance, airloads, structural bending loads, natural frequency and mode
shape determination, The theory, mathematical modele and s~ 4lon m,~thods
for the computet codes are discussed in little detail in this report, however, a

detai~,ed presentation can be found ltt Cohen and Shelman [8,A,PPEN"DlX A].

AdcHt.ir naI soft\.'Vare utilized for the calculation of blade section ,Pt:operties and

Classical Lamination Theory analysiswere alsodeveloped.
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Initially, the objective of the program ·W.lS to replace the current rotor system on
Robinson R22 light commercial. helicopters with a new rotor system manufac-
tured from advanced composite materials. The project was being done in

conjunction with a number of different people and organizations, placing a large
number of restrictions on the development of this rotor system. the grOUpSI not
wishing to alter the performance 0.'1' the aerodynamic characteristics or the
Robinson to any great degree, retained certain features for the new rotor design.
Some of these features being:

e the retention of the rotor blade aerofoil section which is given as
a NACA 632~015 series,

e the retention of the rotor blade geometry and

o the blade root had to fit in with a composite rotor blade which
had already been designed.

However; the project suffered some problems making it impossible to install
such a rotor system on the Robinson. helicopter. The rotor system was then
scaled down and redesigned So as to be tested on a translational flight test
facility, which was being developed. The aerofoil section from the Robinson
helicopter rotor blade was retained in an attempt to construct a functional scale
model of the rotor system which was to be placed on the .Robinson R22
helicopter.

1.:tl Hardware Limitations

The rotor system. was designed to fit onto the translational flight test facility.
'filis facility is portable and was designed to fl~in the university'S 1.5m x 1.5m
low speed windtunnel, The windtunnel, in its present state, CWldeliver a maxi ..
mum air velocity of 27 mls at the test section, while the rotor test rig has a
maximum power output of 4 kW within the speed range of 15rev/rrlin to

3000rev/min. Parameters that can be measured by the rig are:
o thrust (...1500 to 1500 N ± 5.0N),

e torque (~25to 25 Nm ± O.lNm),
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\I> flapping angle (~15 to 15 d~g.1:0.3 deg.),

o control a.r1g1esincluding .collectwe (0 to 28 deg, ± to deg.) and
cyclic (-7 to 7 deg, ± 1,0 deg, for both lateral and ·longit1Idina.l
cyclic), .

II rotor shaft inclination (-80 to 80 deg, ± 0.3 deg.),

1} rotor sha$tspeed (15 to 3000 r~v/ntin ± ;2.Qrev/min) and
'. - :".:

Q strain measurements from the. rotor blade surfaces.
The test lig .and the windt:unnel thus put limitations on the geometry of the rotor
system.

Other hardware Iiniitatlons on the deslro of the rotor were!
q the availability. ofmaterials and their associated costs,

, -" -: '. ":: - ".' :

~. 41e available manufacturing skills and machines to manufacture
some of the mote complicated c?mponen~,

e the size of the. autoclave which was available at the university for
use in the manufacture of components using composite mareri-
also

The limitations caused by the 'Use of computers only effect two. areas of the
project, namely the design-analysis and the testing phases, The acquisition of
software for the analYGis of rotor systems, which is currently being used else"
where, was. not possible and was thus developed as part of the p.ro,Ject.

The only computers that were available for use were IElV! 1.y..pe Pc.· AT work ... . . ,

stations. The inherent memory and operating speed. limitations of these work ...
stations placed severe restrictions on the analytical software and data acquisition
software.

)
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2Q Jt Helicopter Rotor Aer()dY~Aamic~..........- ,. ,_' ,-

)

The most elemen, ;y analysis of rotary wing aerodynamics is momentum theory.
This considers the momentum balance of the fluid 'upstream an4 downstream
of the rotor. This analysis, aocountinj; for the entire rotor disk, can be used.
effectively for performance calculations, however, it does not give spanwise
blade loads. The an:1lysis thus makes no contribution toward the structural
design of the rotor blades .and as such will not be considered. Nikolsky[32.]
presented a method using blade clement theory, as does Johnson[20], which 1S

used to find the section ae-"dynamic forces, In the theory it is assumed that a
blade section acts as a two dimensional aerofoil for which the influence of the
rotor wake consists entirely of an induced velocity at the section. The two-
dimensionality of the blade section in the theory also requires that the aspect
ratio be high, which is generally the case for helicopter rotor. blades. Thus two-
dimensional aerofcil characteristics can be used tOI calculate the section loads
itt terms of the blade motion and aerodynamic environment of that section,
Blade element theory is, however; dependent on the induced velocity which can

18
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Figure 17: Blade Element Theory

be obtained by various means such as momentum theory, vortex. theory and/or
non- uniform free wake inflow calculations.

Associated with blade element theory ate a number of assumptions which llttrlt
the accuracy of the analysis -.Some such limiting assumptions are:
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o LiftingIine theory which is 'a>fundamental assumption of:;rotor
aerodynamics but is not validin the vicinity of the blade u,)? The
rotor tip loss significantly influences both the performan.ce and
the blade flapping motion, thus necessitating the use of .tip loss
factors in.the analysis.

e Tip. stall of the retreating blade is neglected, which m~yonly. be
valid. at high. forward speeds.

.. Compressibility effects of the advancing blade are. negl~cted.
This assumption is invalid as the major pOrtiq~l ott the blade
producing' tile lift is generally operating at high Mach numbers.

o The section lift .curve slope is considered linear.

" All the harmonics of motion above the second are small and thus
have been neglected. This simplifies the analysis but does effect
the load and dynamic analysis. An' investigation done by Ludi[26]
indicates that in a stalled condition the higher harmonics can
become almost as large numerically and are as. important as the
lower" harmonics,

The trailing edge of each element in the reverse: flow region is
considered to be the leading edge, thus disregarding the effects
of stall is a questionable assumption,

~ Uniform inflow may be satisfactory for performanceealculations
at high speeds, but.leads to significant errors in 1he calculation of
the blade flap motion.

o The blades are considered to be infinitely stiff, which is reason-
able for an aerodynamic analysis but cannot be assumed for the
structural load and dynamic analYSis of a rotor 'blade.

o A small angle assumption is used for all angles except the azimuth
angle. This. assumption is only valid for angles less than 15
degrees; which may not always be the case. For example the
flapping angle Can exceed 20 degrees.

Similar methods are presented in a number of publications such as Stepniew-
slcy[39], Saundets[37],. Layton[24) and. WheaUey[46] who used the method for

autogiros. For accurate quantitative results for the analysis/design of a rotor

blade, the above model is too limiting •. Thus most IDf the assumptions made

should be eliminated so as to consider a thor.ough anal~{sis of the' helicopter rotor
in .forward flight.
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A more theoretical approach for determining the performance of a rotor :in
forward flight is presented in Bailey[3]. All the rotor parameters, .such as

flapping, thrust and torque are represented as simple' functions of the. inflow

velocity, tip speed ratio and the blade pitch. However, this method seriously

underestimates the drag coefficients and it also does not account for the com-,

pressibility effects, thus the approach becomes optimistic.

A set of theoretical rotor performance charts for both hover and forward flight

is presented by Tanner[43]. The charts are calculated using numerical tech-

niques which include stall, compressibility effects and disregards the small angle
assumptions. The charts covel' linear twists of -8, -4, 0 degrees. advance ratios

from 0.25 to 1.4 and advancing blade tip Mach numbers of 0.7,0.8,0.85 and 0.9.

These charts do allo ''11 for a reasonably accurate rotor performance prediction;

but the spanwise loading is not given in the charts, making this method useless

for the design of the rotor blade and structure.

Equations and procedures, based. on blade element theory, are presented. by

Gessow[13] for numerical analysis of lifting rotors, using computers. The equa-

nons are general and can account for stall and compressibility, hinge offsets,

reverse flow performance .and other limiting assumptions usually associated

with the conventional analytical solutions. The model Can contend with variable

geometry, variable aerofoil sections, variable flight conditions including pitch,

roll maneouvers and transient blade motion caused by control input changes,

The general equations are solved using numerical techniques thus allowing any

number of harmonics of blade motion and blade loading to be extracted. This

model is thus very attractive for the analysis of a rotor system. Gessow &

Crim[12] expanded this model to include 'seesaw' or teetering rotor systems,

where the integra-differential equations motion for the rotor system include the

effect of both blades on each other, as they are coupled together at the teeter

hinge. A further in depth look at this model and the derivation of the equations

shall be discussed later.
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Although the numerical techniques e!inlit'late many .of the :re$mctiv.e assump-
tions and simplifications (lithe conventional rotor analysis, some .assumptions
still remain, One. of the more important assumptions, which is inherent in most
theoretical rotor .analyses, is the use of steady, two-dimensional. aerofoil char-
acteristics for evaluating section forces and moments. Comparisons of theory to

data that hav~ been made thus far do show good agreement. Also the use. of
experimental' aerofoil data. does itnprov~ ..the accuracy of the analytical model.

A further resmction on the method is the inflow model that is usedto determine ,

the air velocities and iru1ow. As has been mentioned, a uniforminflow model :;

may be acceptable for performance calculations, however, it produces signifi-

cant errors it} the calculation of the blade flap motion, which is the basis of the

analysis. A first harmonic model for induced velocity considering the linear

variation. of inflow with radius and azimuth, in translational flight, is suggested

in Johnson[201.

This model uses a mean induced velocity which, may be obtained from momen-
tum theory or any other method, and first harmonic terms, which are functions

of inflow and tip speed ratio. The mean induced velocity term can be calculated ';.~if

from an inflow model presented by NikoJ.sky[32] which is based on a previous
model by Nikclsky &; Seckel[32], Avortex model for translational flight was not

used as it yields similar results to those obtained using momentum. theory and

it would increase the complexity of analysis with ).'10 real gain [10]. Goldstein's
Modified Vortex ·Theory, presented in Nikolsky[32]f was used for the hover

flight·analysis as it includes the tip losses and provides far better results than

does momentum theory, thus justifying its use.

Further assumptions that were made are those of blade rigidity, which is
reasonable except for. aeroelastic and dynamic analysis, and neglecting the radial
velocity component along the blade, which would probably be significant only
at high tip speed ratios wherein they might influence the profile drag and stall
pattern of. the .rotor.
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AerbdynamiC•models using .vortex lattice methods;· ptescrl6t:d and free Jake
" . " )

inflow~ the ~oluti.onof the Navier Stokes equations' 3f1d.ext?rnal flow to ,&ease
the accuracy of the .load prediction were superfici~y inyestigatep. .~ut not
considere,d for this application. The fuct,yElse of accuracy for ~e load p1edicti.on
did not warrant the increase Incomplexity. In addition design safety factors were
used 011 the predicted loads thus allowing for inaccuracies in the ca1(Pulation~.
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202 qtll"uduraI Loads and Rotor Dynamics
Numerous .methods are available ror calculating the uncoupled spanwise ben-

ding moments of rotor blades in steady .nnaccelerated flight. One method

involves the tabular solution of the differential blade deformation equation [221.

The moments are Meat functions of several independent rotor parameters and
can be computed by transfer .:function, superposition techniques. 'The blade

fiapwise equation of motion is integrated numerically giving the transfer coef-
ficients which relate the independent rotor parameters to the moment harmon-
ics .•Charts of the transfer 'coefficiel1ts are provided giving qualitatively.accurate

results of the flapwise •bending moments. These tabular procedures are very

lengthy, particularly when numerous loading conditions and rotor speeds are

being investigated, which is characteristic of the design iteration process.

Other methods for calculating structural loads. require the calculation of mod ..

shapes and natural frequencies of the blade. Such a method that requires the

bending mode shapes is. that which is presented in Johnson [20] . This method

equates the moment due to the aerodynamic, inertial and centrifugal forces to

the structural moment due to the curvature of the blade, resulting in a partial

differential equation, The ·boundary conditions needed for the solution of •this

equation are that the moment and shear force be zero at the blade tip while the

inboard boundary conditions are dependent on the hub constraints ie, a cantil-
evered hub restraint has zero displacement and zero slope at the root. The

equation is solved by the method of separation of variables, giving a series of

mode shapes describing the spanwise deformation. The bending moment can

now be obtained. from the corresponding mode shapes or from the blade

curvature. Similar methods have been documented by Tse, Morse and

Hinkle[44], Blankenship and Harvey[5], Mil'et_al[30] and many others. How-

ever, these methods' are very laborious and must usually be repeated for each

rotor speed and flight condition to account for the full rotor envelope.
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A'method for calculating bending moments withourprellminary mode shape Of

natural frequency calculations is presented by Mayo(28).· This method is adapt-

able to cantilevered, teetering and articulated rotc- hub restraints. The differen-

tial equation for the blade pending moment is composed of matrix expressions

for the centrifugal and vertical inertia, damping loads and aerodynamic loads.

The effect of structural damping, which has generally been omitted in other

methods, is included in this formulation. The boundary constraints at the hub

are, as mentioned, dependent on the type of hub used. The equations are derived
for articulated. and cantilevered hub restraints. however, fOr the solution of the

teetering hub restraint to be accomplished, the even harmonic loadings. •as

applied to a cantilevered constraint, and the odd harmonic loadings, as applied

to a hinged constraint, must be considered [28J.

This method is a finite element method in which each term of the moment

equation is represented in matrix form from wh-re the solution can be found by

normal matrix. manipulations. The method and the formulation of the method

into a computer code will be discussed later. The validation of this method for

teetering rotors was done by Mayo[Z9]? where the measured structural bending

mon.ents were compared to the calculated results. TIle method is also capable

of calculating the blade deflections? natural frequencies and mode shapes,

however, the natural frequencies and mode shapes are difficult to find due to

the slow convergence of this formulation,

The dynamic analysis of the rotor system is done c 'be design phase in order

to establish the resonant frequencies of the system, ""u~~to ensure that they.do

not coincide with the operating frequencies of the rotor system. The natural

frequencies of the rotor blades can be calculated by the methods outlined above,

however, they axe complex and laborious. Simpler methods for the evaluation

of natural frequencies are available. Some of these methods are presented in
Tse, Morse, and Hinkle[44]. The Rayleigh method is a simple technique applied

to discrete systems .. 'This method is generally only used to calculate the fun-

damental natural freque!lcy since the dynamic mode shapes have to be assumed.
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The first mode shape for this method can, however, be calculated from the static

deflection [44]. Another method is the Holtzer methodwbich is a semidefinite
method, This method is essentially a systecatic tabulation of the frequency
equation of the system. It assumes a frequency with a solution being reached
when the assumed frequency satisfies the boundary constraints .of the system.

'Ine transfer. matrix and Myklestad- .Prohl method are finite element methods
for continuous systems using a Holtze type approach. A continuous system is

approximated. by an equivalent discrete: system of springs and lumped masses,

where the spring of each element rs determined by the structural properties of
that element. This type of method thus allows complex systems to be modelled.

Another method for the dynamic analysis is the Holzer-Myklestad approach
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Figure 18: Finite Element Dynamic 1\iodei of Structure

adapted for rotating beams [45]. The method is based. on a finite element
approach, as discussed above, with the rotor blade being modelled as a lumped

mass system with elastic coupling. Rotary Inertia, blade geometric pitch and
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vertieal Inertla are among the five degrees of freedom. at each mass station.

Blade properties at the discrete spanwise, elements and the various. hub corrfigu-

rations are also catered for. In this analysis different ",1;:; of boundary conditions

ate used, depending on .the hub restraints, The resulting modal characteristics

doe to the boundary conditions are designated . as collective, cyclic and scissors

modes. The collective mode is. characterized by symmetric out-of-plane and

antisymmetric in- plane deflections of the opposing pair of blades, whereas the

cyclic mode has symmetric in-plane and anti symmetric out-of-plane deflections

about the center of rotation.

Shaft

Blode

SYMMetrIc
Figure 19: Collective Mode (out-of-plane)

For the scissors mode, the in-plane and out-of-plane boundary conditions at the

center line represent clamping of the blades to an immovable hub. This method

has been formulated in a computer code by,Weller and Mineck[451 which makes

it extremely versatile and easy io use. The output of t!.fs program gives resonance

plots and mode shape data completing the dynamic analysis of the rotor system.

The objective of this dynamic analysis is to ensure that aU the harmonics of the
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Figure 20: Cyclic Mode (a:]lllt ..of",pRane)

rotor system are not excited by the operating frequencies. Mil'et.a1[30] suggests
that only. the fll'st eight harmonics m-e necessary for the analysis in order to
minimize the computing time while still retaining the necessary accuracy.
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2113Composit.e Rotor AppUcat~~
The application of composite materials te helioopters has been well documented
by Foye &. S"1ipley[10] and Rotor & Vving magazine[35]. These publications
document the evolution of composite material applications since their emer-
gence in the 1940's. The following discussion on the application of composite
materials to helicopter rotors is based, among others, on the content of these
two publications.

Composite materials had their start in the early 19401s with the introduction of
fiberglass and"polyester. This material saw applications in radomes, farlngs and
rocket launch tubes. The first application of composites to helicopters occured
in 'ilieSikorsky R-6, which had the floor coverings manufactured from fiberglass
reinforced plastic. The 1950's saw the first composite structures on helicopters.
The YH..3'- helicopter, developed by Piasecki Aircraft) had a primary fuselage
structure made from a metal truss covered with glassfiber skins. 'This helicopter
showed that composites could be used without weight penalty and that the
potential existed for lowering the structural weight and costs. the late '50~s were
also marked by the appearance of graphite and boron fiber materials, although
they were not used on helicopters at that time.

In the 1960's inroads were rna::'", in applying composites to rotor blades. A study
conducted by Bell in. 1966 concluded I... there were no major benefits in applying
composites to heUrJoptersexcept in the rotor blade area.' Kaman Aerospace and
Boeing helicopters developed composite main rotor blades, which eventually
led to the composite advanced geometry blade program for the CH-47 main
rotor. Sikorsky also began with composite rotor blades and by 1968 had flown a
boron composite tail rotor on the S ..61. By the end of the decade, dozens of
components had been built out of advanced composites, but these materials
made no substantial production inroads.
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In the 1970's, new helicopter programs in both the US and Europe began to
~

make extensive use of composites, especially in primary >sttuctu.res such as
:fuselages and rotor hubs. Aerospatiale was a leader in the development of a
composite rotor hub, which was designated the Starflex, In the Star:f1ex hub the
mechanlcal' hinges Were replaced with flexible composites, which reduced. the
part count on the hub from 377 to 70 and made the Starftex cheaper to produce
and easier to maintain. In recent years, every major helicopter manufacturer has
developed or is developing a composite rotor system.

Currently, two lnajo!' composite helicopter programs exist, namely: the Ad-
vanced Composite Airframe Program: (ACAP) in the- United States and the
British Experimental Rotor Program (BERP) in Europe. In addition Boeing is

funding its own composite program for the all composite Model 360. It is also
involved with MBB in the development of an all composite hingeless and
bearJJlgless rotor system, which is currently being tested on a MBB-105.

the development of composite rotor blades and hubs is directed towards: [38]
I) Improved performance and lift capability of the rotor f'o,ra given

size and weight.

\) Reducing the size required for a rotor system to achieve Ii specific
performance or ill+. capability.

Q Reducing the weight for a given size of rotor system.

(I Improving the rotor system's safety, maintainability and relia-
bility.

o Reducing the. projected cost of ownership by virtue of a longer
fatigue life and less required maintenance [36].

The materials and the des~gn concepts required to fully exploit their advantages
have the capability to achieve an unsurpassed Ievel of fail safety and damage
tolerance without sacrificing the cost objectives (38J.

Manufa.ctU1ing techniques for composite rotor blades generally follow the same
pattern. The blades are manufactured ill two halves, the upper surface half and:
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the lower surface half. The blade. halves •.are assembled in their respectivetoG\l

halves, the tooling moulds then being placed on top of each other closing thlr
mould, giving the completed blade section. Such methods of. consu,'Uction ar;p
used. by Boeing Vertcl [38J, Sikorsky .Aircraft [36], Hughes. B:elicopters [42],

Westland Belicopter~ and Aerospatiaie. These manufacturing methods were
adopted and are. discussed in more detail, including th~~adaptions needed .for
the design and manufacturlng linUtatio~s, further (In In this ].;eport.
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204 Composite Materials,
The analysisdfcomposite l.amina:~susing classical lamination theory (CLT) is
well documented in Jones(21]. l~s the<;>IYconsiders the macromechanical
behaviour of. a laminate. "'me laminate is made up 'Qf a number ot unidirectional

" " . ' .. ).

lar.oin~, wl1ich ate orieI};ted to pfQ¥ide the best strength and stiffn.ess. in the
. required au:~ti.cin$.The theory is b~~eu"Oll.athin plate aIlalysjs .with a number
of assumptions being made .. These assumptions being:

(> A perfect bond exists between each layer in the laminate.

'the behavior of the laminate is linear elastic.
if

The plate. thickness is' small coxrlpared to the length and.width of
,the .1aniliiate. "

'", . _. .. - '.-.

There is a linear variation of $~airiwith stress.

" Each layer is in a state of plane stress.

" Transverse strains are assumed zero,
These assumptions do limit the use oieUr to regioUs of the. structure away from
free edges, Ioad introduction points and boundal1t constraints, This, however,
doe~ not limit the usefulness of CLT..

Figure 21: Composite Laminate
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The failure 'of composite laminates can be predicted by means of a number of
failure criteria theories. the most common of which are:

.. Maximum stress theory which states that if any of the stresses in
the principal material axes exceeds the corresponding allowable
stress, failUJ;e will occur.

f> Maximum strain theory which states that failure will occur if any
strains in the principle axes exceed the corresponc.i',:~ allowable

. .. -

strains.

4> Tsai-Hill theory whiq,h takes into account the interaction be-
tween the varieus stresses and strength,

The 17sai-Bill theory is the most conservative of the three mentioned above.
Simply stated, fallure occurs when the LaS of the following equation is greater
than or equal to t

(1)

The CLT analysis method using the Tsai-Hill failure criteria was adopted and
formulated into a computer code and is described by. Sheiman[49].

Often, the full strength and stiffness oharacteristics of the laminate cannot be
transferred through a joint without a, sigl}ificant weight penalty. Thus the fasten-
ing of composite materials is critical to its successful use [21].

The fIrst type of joint to be conridered is the bolted joint. This type of joint
introduces holes into the composite laminate considerably weakening the corn-
posite, The failure modes of mechanically fastened composites are tension,
shear, bearing, cleavage and pullout, as shown if figure 22..

ITnlike metals, the failure mechanisms are complex and varied and depend on
many ~actots such as fibre type, orientation, surface treatment and matrix, etc
[27]. Methods ofminimizing the failure of a bolted joint m.~to use metal inserts
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llEARING fAILLlRE BOLT FAILURF.

Figure 22: Modes of Failure for Composite Bolted! Joints

[21] or to use quasi-. isotropic laminates [271 (see figure 23). An empirical
analysis used in the design of bolted connections in composites is presented. in
Matthews [27J•.The approach of this method is to identify which factors must be
accounted for and which can be neglected for any particular material, based on
the material's known behavior.

A bonded joint is another type ofjoint that can be used to fasten composite
laminates. There are many configurations of bonded joints>namely double lap,
single .lap, scarf and stepped lap Joints. Methods for analyzing bonded joints in

composites are presented in Hart~Smith[15]. These solutions are largely closed
form analytical results, employing iterative solutions for the more complicated
joint configurations. The method covers tensile, compressive and in-plane shear
load conditions. In addition to the usual geometric variables, adhesive plasticity,
adherend stiffness imbalance and adherend thermal mismatch are considered.
The adhesive plasticity increases the joint failure strength dramatically above .
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Figure 23: Selection of Lay-up Pattern for Composites

the predictions of the purely elastic analysis. as the maximum lap jeint strengths

are shown to be defined by the adhesive strain energy in shear. The dissimilarity

in the adherends educes the joint strength. Three types of failure modes are

prevalent in bonded joints. Firstly, the failure will occur outside the joint, which

is particularly dominant in single. lap joints. Secondly, the ultimate adhesive

she ir' strain may be exceeded. Thirdly is the peel stresses induced at the end of

the joint may exceed the interlaminar tension strength of 'the laminate, resulting

in a splitting failure of the laminate. This latter failure is particular to thic.k

section lap joints, but can be virtually eliminated by simple geometric modifica-

tions .:The complete mathematical analysis for double lap joints is published in.

Hart~Smith[l4]. The analytical form of the analysis was used in the design of the

joint for the rotor system,

Further methods for the design and analysis of joints include theoretical sola-

tions using firutp element stress methods. These methods are presented in.

Matthews [27] for both mechanical and bonded joints. An additional finite

element method analysis for the design of mechanically fastened joints is

presented in Chang.Scott and Springer[7] using the Yamada ...Sun failure crite-

rion. These finite element methods are, however, complicated and the results
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·.. .
gained from 'this' type of analysis over the ,c1assical'ana1ysi~ do "not' warrant.tnc
complication Jor tbe/ conceptual design pto¢ess of this rotor system .

. .
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'All parts a/a helicopter are 0/ equal importance but main rotors are more equal
than others' (34). It is for this reason that special care be taken in selecting the
parameters for the design of the rotor in order to reap the greatest benefit. The
goals of the. parameter selection for the {ato! .are. to ensure the best possible
hover penonn.ance, best forward flight performance, lowest cost, lowest weight,
etc. Some of these goals, however, complicate the des~gn and conceptualization
process as they are mutually contradictory. in nature. Satisfying these contradie-
tlons, using a compromised solution within the limitations placed on the design,
make up the definition and basic size of this new rotor system concept. The
discussion of these compromises in order to reach the final concept constitute
the content of this chapter.

37



3ell. Rotor System Concept
The current trend in .helico;ter rotor system technology .1s toward hingeless and

bearingless rotor concepts. The best example of a hingeless rotor concept is the

Starflex system, developed by Aerospatiale. This system has been fitted to the

Dauphine and Astarrrwin Star families of helicopters. Ai...example of a com-

pldtely hingeless ..and bearingless rotor concept is under development at Boeing

Vertol, This rotor system has been installed on a MBB EO-lOS and is the closest

yet to achieving those desired. goals ff'''' the ideal rotor system, These rotor

COnCe]irtshave only. been made possible by the recent onrush of composite

materials research and development and application of this material to primary

flight structures. These current trends in the hellcopter industry Were thus used

as a starting point for the concept development of this new rotor system.

As there was a two blade limitation on the rotor system it was decided initially,

to make a single unit, continuous system, Thus the two rotor blades and the hub

would consist of one component, avoiding the need. for any joints in the system.

Referring to figure 24, the spar of the rotor blades would act as a flcxbeam near

the blade root. An aluminum center piece would then attach the whole rotor

system to the shaft of the helicopter. A teeter hinge connection to the shaft was

selected SQ as not to pass arty out-of-plane bending moments into the shaft.

However, this system does have a complicated fabrication process, as the

Sho.f't

~
Blo..d~.e ~ ...Sp 0,r .»-:_..---

'"Z. ~-=-----
I

Jtigure 24: Continuous Hub and! JlUa.deSpalr
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spar/hub would have to be prefabricated and then inserted into the moulds

during the fabrication of the complete rotor system. This type (If system also

requires a large autoclave for the curing of the complete rotor system, which was

unavailable. Another disadvantage of a one piece rotor is that if one blade or

both blades get damaged for any reason, the whole system including the bub has

to be replaced, which can be a costly exercise.

The. rotor system thus had to be in two parts for it to be manufactured ..Initially,

Flexbeo.r1
hub

Bolt r.Jles

Figure 25: Mechanical BoU Connection.

the blades were to be separated from the flexbeam rotor. hub. This meant that

there would be a mechanical connection between the hub and the blade.as

shown in figure 25. For this type of bolted connection in the blade root, two root

retention systems were explored, these being:

e- The 'coke bottle' type construction as shown in figure 26. This
type of construction has the retention holes drilled into the
laminate after the fabrication of the blades. Metal bushings and
washers are then bonded into these holes. The bushings are used
to relieve bearing stresses which can easily start cracks propagat-
ing into the laminate, as the fibres around the holes have been
damaged. However, with the soft failure modes of fibreglass, this
damage does not pose a threat when stress levels are low, and the
crack growth is properly monitored.

o The 'wraparound' type construction as shown in figure. 27. 'This
retention concept has unidirectional fibre'S wrapped around the
connection points. The fibres are thus not damaged in any way,
providing a failsafe and damage tolerant system. This retention
system has been verified to be significantly lighter than the 'coke
bottle' type construction [38]. However, the fabrication of this
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Figure 26: 'Coke Bottle.' Root Retention
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i~mote complicated thiul thattype .ofroot retentic
of the 'coke bottle

Thus the 'wraparound' toot rete. ~wouredforthe design.

Figure 27: 'W ...aparound' Root Retention

A problem now arose with the connection on the hub end of the joint. 111e

flexbeam hub was to be fabricated using a; carbon fibre preirnpregnatedmaterial,

because of the material's low moduli in the. transverse and shear direetiens; thus
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allowing itto twist readily. Although the. specific strength and stiffness proper-
ties for carbon are excellent, the static and fatigUe failure modes with theit
associated crack propagation propertie.s are too rapid and severe causing cata...
strophic failure. Thus inserting holes into. the flexbeara laminate would provide
crack: initiators for a catastrophic" failure, making the system unsafe. To reduce
the crack propagation rate and in"I,xl'lve the damage tolerance of the carbon,
fiberglass can be combined with the carbon, The fiberglass impedes the crack
growth, thus; giving the 'carbon. a. softer failu.r~ mode. However, this would
severely impair the operation of the flexbeam, .limiting it:> twisting and flexing
capability .•

Thus the use of pure carbon fibre in the flexbeam ruled out the possibility of a
mechanical" bolted' connection. The solution of 'this problem finally led to the
concept that was adopted. The problem was solved. by splitting the flexbeam hub
in. two and bonding each half of the hub into the root of each blade, thus malting
the hub l1art of th() rotor blade. The flexbeam hub is then connected to the hub
center pieo~ by means of a wedge type connection. The inboard section of the
flexbeam hub has the carbon fibre material wrapped around a wedge shaped
core, thus not damaging the fibres in the flexbeam, The hub center piece has
two components which bolt together holding the flex-beam wedge in place. TIle
outboard end of the flexbeam is bonded onto the spar of the blade with an
adhesive, thus making the manufacture of the blade simpler and safe, as no holes

Hula cen -ere piece
Figure 28: Wedge ..BOnui Root Concept
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have to be cut into the blade root or the flexbeam, This concept can best be-seen
in figure 28.

Another factor that has a large influence on the conceptual design of the rotor
system.is the root cut-out area ..The component in thi.s area of the rotor that has
the largest effect on the root cut-out is the flexheam hub. In order for this
flexbeanl to operate effectively as a flap hinge and have sufficlen; strength to
carry the centr!tfugalloads, it has to have a high aspect ratio (ie, be relatively
long as compared to the width and thickness). This would suggest, that in order
to accommodate the flexbeam, a large root out-out is necessary, Aerodynami--
cally I the only benefit gained from a large root cut- out would be to minimize
drag on the retreating blade in a translational flight condidon, However, a small
root cut-out offers benefits for both hovel' and translational flight. The stream-
lining of the components close to the center of rotation to create a small root
cut-out, reduces the drag in hover and Oil the advancing blade for forward flight,

thus allowing for a more efficient power to weight ratio. The disadvantage of the

small toot cut-out is that the aerofoil in the reverse flow region of the rotor disc
acts as a shovel scooping the air and creating high drag and down force on the
blade.

This undesirable effect of a small root cut-out on the retreating blade can be
compensated for by untwisting the blade near the root. This reduces the angle
of attack in the reverse flow region, thus reducing its drag effect? while not
adversely affecting the advancing side. It was thus decided to enclose the
flexbeam in a faring $0 as to minimize the aerodynamic effects of the root
cut-out, while maintaining the lengtr :>f the fie)' beam.

A secondary use of the faring is to input the feat her controls into the rotor blade,
allowing control of the rotor system. 'Ihc faring can thus also be referred to as
a pitch case. However, controlling the blade pitc,'t using the pitch case causes a
secondary out-of-plane bending of the blade at the blade root. These bending
moments can be minimized by using an elastorneric qeating that is stiff with
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respect to radialloading, bpt soft in torsion and in-plane shear ..The, bearing is
bonded into the pitch case ~wthe feathering axis 0: the rotor blade, which is at
the center of the flexbeam, 'i'he elastomeric bearing, which is generally called. a
'snubber', is compressed. at all times so as.to prevent it from debonding due to

the relative motkms between .t\1:leflexbeam and the pitch .case.

The resulting dsfiriition of the rotor concept shape is best represented below in
figure 29. This rotor system desigl1 was frozen .at this point, thus taking this
definition to be the. final conceptua.l design, A detail description of the compo-
nents' in the design concept follows.
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3..2 Rotor System Geometry
The basic geometry of the rotor system was defined by optimizing ..its aerody-

namic perforrrrance. WIthin the given. objectives and limitations; the design
allowable parameters were altered in order to obtain the optimnm.aerodynamic
perfonnanc~. The parametric study was done with the aid of the aerodynamic

:' .: - -_-- .".. .

performance module of the design/analysis computer program (to be discussed

latct). Parameters that were kept constant in the iterative procedure are listed

below:

" The aerofoil section was retained as a NACA 6 series 632-015.
Thisis a symmetrical aetofoil with 15% thickness and a Cl range
of +l- 1.4. The complete set of lift and drag data can be found in
[APPENDlX EI.

e The number of blades was kept at 2.

e The rotor blade twist was kept at 0 degrees as the machining
capability for a twisted blade geometry was not available, ie, The
only machine available to manufacture the blade pattern was a
MAHO.3 axis CNC machine which can only work in two axes,
while keeping the third constant.

The geometric design allowable parameters, with their associated limitations,
used in the basic sizing. of the rotor system design are listed below:

o The main rotor diameter, which cannot be larger the 1.5xn as this
will clash with the test section of the windtunnel into which the
test rig is to be placed. A rotor cdameter of this size will in any
event be operating inside the bou.ndat).70layer of the wind tunnel
as well as in. ground effect Ideally, for a minimal air flow inter-
ference, the wind tunnel test section walls should be at least three
rotor diameters away from the rotor disc edge. [11].

t) The chord of the rotor blade which can be of any size. However,
the aspect ratio of the blade should be kept to within reasonable
limits, preferabley high for the theory to be valid.

o The root cut-out radius; which will be kept to a minimum for the
reasons discussed previously.

o The precone angle, which.Is optimized to keep the operating
out-of-plane bending moment to a minimum.

To. assist with the sizing of the rotor system, a parametric study, based on a thrust

capacity for the rotor of 350N (size of thrust load. to be discussed later), was
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carried out to determine the effects of the chord and radius on the power
consumption. Two flight conditions were considered, these being. translational
fli&ht.at the .windtunnel speed of.lOO~, and hover. The results showing the

effects of chord \t..ith the radius kept constant. and the effect of radius at constant
chord are shown in figure 30 and figure 31, respectively. The design possibility
that arose out of the parruneter study that was considered most viable is .that
shown.in table 1 below. These figures thus define the geometry of the rotor
system concept,

@ ~oooreWmin, Radius = '720mm

~~(1\jr.: ....,......,---------------~--~----§l
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Figure 30: Variatior.A of Power with Change In Cl!lm~d
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3~3Flex1beam
The flexbeamis·.fue primary structural. component that connects the two rotor
blade assemblies to the central rotor hub. The flexbeam carrles all theJoads and
transfers them into. the central. hub, whel'e.they ate balanced with the. opposing
blade or transferred into the rov,t. shaft .:

'The flexbeam, shown in. figure 32fis 167nun inlength with a 15.23mrtl.weJge
length. The wedge has been optimized, based on str~ss levels, to give an
optimum included. wedge angle of 20 degrees. The wedge core was machined
from brass with the flex-beam laminate wrapped around it. The flexbeam is
formed .as a flat rectangular beam which is untwisted. It. is insel'tedint() the blade

. .

giving a 0 (deg. blade setting angle. The flexbeam laminate is built up of
unidirectional OVicotex913C T..300 carbon/epoY.ijlpreimpregnated material with
a (0/0/0/0/0/0/90/0/9Q)s fibre orientation. This material was chosen because of
its low shear modulus and high tensile strength. The fibre orientation is mainly

o degrees giving ita capacity to carry large centritugalloadst While maintairlitlg
a low torsional stif~ess. The 90 degree layets aid the interIa.'1'linarshear transfer
and provide :transverse strength for the in ..plane loads. The details of the
flexbeam and:hs design can be found in ·Sheiman[49] .

."
~ .•• "~~.~ .••..••.•.••>•..•..••.••••.>:....~;~....>.•.•..••te";;;;;- ~~ .....

Figure 32; lFne)::beam
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3.4 HubCeJnt~1i
The center piece of the hub, shown. in. figure 3.3, consists of an upper anda lower
hub plate which. hold. the flexbeams in place. The upper hub plate. is. machined
from mild steel with center lugs for connection. to the drive shaft. The lower hub
plate.has alarge hole·tmough·· its center which fits· over the ..shaft.thus allowing

_" - .. . . - . ..

the system to teeter to a maximum value tif 25 degrees, The two hub plates are
joined together bY·six anchor bolts, thus-preventing the flexbeams-frem puJ.ling
out. Blastomeric p~(ls have been inserted to provide a soft mount between the
hub plates and flexbeam thus minimizing the compressive stresses on the
flexbeam, These elastomeric pads also prevent frictional erosion and maintain
a preload on the flexbeam so as to prevent it from slipping. within we hub plates.
The hub plates ttre·designed to .be strong enough to carry the·cctl1tifugal·loads
of each blade, the out-of-plane bending moments due to flappfug~ and the
COllOUS induced in-plane bending moments. These. Coriolis .forces can, how..
ever, be greatly reduced by ~u»derslinging'the rotor. The wedge section of the
flexbeam is fitted into the hub with a small clearance fit, A 20mm edge constraint
allows the torque reaction from th~ drive system to be transmittedto the-blades

and is also acts ·as a. constraint for the in.,plane blade. loads ..The detallecl design
pf this component is not shown in ,this report but can be found InShehnan[49].

)B'igure 33: Hub Center
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3.,5 .Flitch Case
The pitch case 91' toot faring, shown in figure 29, is fabricated from. unidirec-
tional Vicotex:, 91:3C T~ 300 carbon nbre laid at +/- 45 degree larnUt~~eangles
and M9 R.-Glass laid. at. 0 degree~, Inboerd, of the blade root, the pitch case

enlarges t~ give suifici<mt clearance so that the flexbeam can .twist and flap. '])w
pitch case [figure 29] tapers in the 4'panwise direction. to reduce the £1apwise
stiffness but'Wiiliout sacrifj,cing the torsional rigidity. the inboard tr~g edge
of the pitqh case'ls strengthened with .the R~glass to provide support for the pitch
horn.

A steel pitch hom, to whieh the pitch link attaches, is bolted to the' strengthened

trailing .edge of the pitch case. The spanwise location of the pitCh link connection
defines the 03 angle, w}lJ.chis the pitch-flap coupling1'atio. F<!>rthe current design
the pitch link connection is .at the center of rotation giving a 0 degree 93 angle

thus no pitch-flap coupling.

The. pitch. case is fabricated at the same time and ill the same mould as the main

rotor blade, thus making it part ,)f' the rotor blade. structure. The outboard

section of the pitch case retained the same aeroioil section as the rotor blade
while the inboard section of the pitch case has its chord length increased to

135rrun. Th ... snubbers are bonded onto the inner surface of the pitch case at the

feathering axis, as has been discussed previously.
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:3Q<6 Pitc]:rtJLil!l!k~
The pitch link is attached to the pitch.nom with a pitch-flap coupling (Jf 0 degrees
(03 == 0), Since,the pitch link is connected to the, trailing edge of ~heblade, the
pitch link loads are tensile for any pos~tive bl~e setting angle. The diametet of
the pitch lin1cs can be relatively -small due to. the fact that the flexbeam has a

. . - - - .

tendency. to renun the blade to a zero pitch angle thus 1l1aintajrtinga tensile load
on the pitch links. However, buckling of the pitch link shouJ:dbe considered as,
a.possibility as. cyclic compressive .loads .may be experlenl,~edin t.hil' dynamic
envlronmeru,
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3tl F!exbeaml J3la(ie rootl Pltch,!CaseAUacbment
The root-end of the bladeis a critical Stnlctural area for the load transfer. It is.

here that the torsional bending' moments are transferre! front the blade to the

pitch case, and where the flapwise~ chordwise bending moments· and the remain-
ing centrifugal force ::0£ the blade is dumped mto the flexbeam.

1;.bondedjointwas Selected fOI its structural efficiency and because it eliminates
the induced stress concemradon inherent in the mechanical fastening of COn1-

posite structure6, ( stress concentration factors for glass/epoxy of 4- and 9 for
graphite/epoxy (21] ') .

The prefabricated flexbeam is bonded onto the spar of. the blade USinga .ductile
thin film adhesive. A ductile adhesive was used against that of a bril.tle adhesive

[figure '34J, because of its more uniformly distributed load carrying capacity and

softer failure mode. The shear stress levels have nc sharp changes as is the case

with the brittle adhesive, A high bond to adherend strength ratio was selected

to ensure that the failure mode is the failUre of the adherend outside the joint

and not the shear failure of the adhesive joint itself (adherends are the compo-
nents that are to be bonded together by the adhesive),

'Lvz:c =::::::::;::::::DO\l::'$'::U:::.IA:::P:::DO:::NO:::Eb::):::OI:::~~:::J.........:::=;p'4
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JFierrc 34: Comparison Between Adhesive Shear Stresses
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The stacking sequence of the blade root connection area is shown ,in figure 35.

The spar of the blade is brought in towards. the center of .the blaclei,l".'ross"section
where it is then bonded. onto the flexbeam. Inboard of.ilie bondedjoint, the spar

returns to the surface of the blade cross-section and. is then. carried into the pi.tch

case to provide adcitional strength. Mould pressure at ..the bond area iscreated

by inserting the blade core material between-the spat alid blade surface; this also

1aaintains the blade pIQme at this point.

The position at which the flexbeam is bonded into the root of the blade ~,t\such
that the torsional axis of the flexbeam coincides with the pitcil axis of the blad
which is at2S% blade chord. This is done to ~voidany pitcn"lag coupling of the

rotor system.

\ CorfvOil Sk ins,-~~~
Rohoce I l core

spar
Adhes Ive<,

-. -.._----. ,-------

.~----~,
Figur~ 35: JE}'(plodil<H,Stac!dR1J.g.seCJtuelll!(,,~:ofllond Area
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The primar:y materials used in the construction of the blade structure [figure 36],

are: (the specific materials us.~ were those that were available and met. the

requifements)

e The skin of the rotor blade is used to provide torsional rigidity.
In order to .keep .the mass. to .a. minimum and maintain •.the
torsional strength, .. a high tensile carbon fibre was considered,
These requirements •would .be met by. using 2 i.iyefs of carbon at
+/..45deg. laminate angles. The carbon that was. ~.vailable for use
was Vicotex 9BC T·300 carban fibre.

o The material selected for th~ design of the spar was Fibreglass.
The reasons :for using this material is that it has a-soft failure mode
with slow. crack propagation. t'c!.W and a high damage tolerance,
giving it an inherent fail s~ie·quality. Tae .envlronmel'.lt of the
rotor blade is dynamic with high alternating loads, thus l'equiring
a material that has good fati;ue. properties. Fibreglass possesses
2.5 times the fatigri~ strafn capability of steel and 3.3 times the
capability of aluminium [38], thus making it a good material for
a hostile fatiW.le environment, Unidirectional M9 R~Glass glass
fibre, which has the sac= cure cycle as the carbon fibre, was
available and used for the construction of the blade spar and
trailing edge. The spar and trailing edge lamination angles are.0
neg. only, with the zero degree angle being in tl).e spanwise
direction; The spar carries all the out ..of-plane and centrifugal
loads and transfers the in- plane loads to the flexbeam, while. the
material in the trailing edge is used for dynamic tuning and to
provide cnordwise sti.fness,

CQr~an skins

\

_j_._~_G lassspar

Glass Irn it ing edge
spor' RohoceII core

)Figure 36: Rotor Blade Cross a Section
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e Rohacell foam was available and. used for the core of the blade
section-.The core serves to maintain (i) mould pressure du$g;
the .curing process, (ll.) a consistent blade profile and (ill} to
control the shear deformation. as a result of. the torsional loads
on the bXade.

j; Rep:dx 312L thin film adhesive which met .the ductile bonding
requirements in the root; was available and is also used to••bond
the core and the skins of the blade together, making for. a .wrsion ..
ally stiff blade section.

Outboard of' tl-te· blade root section the blade has a -constant profile, a cross

section of which is shown if.figure 36. The blade Islaid up in two halves with the

respecti\~e cores being bonded together when the mould is closed,

The blade has not been designffd with. any erosion strip to provide leading. edge

protection in the high wear region (If the blade. It can, however, be added if it

is found to be necessary for this particular design.
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This chapter is concerned with the prediction of the design loads, the structural
analysis of the rotor system and the analysis of the critical bond area of the blade
root.

~tlAnalytica] Rotor Model
The rotor .model developed for the prediction of loads and performance and the
analysis of the rotor system concept has three sub..sections, namely:

e A rigid aerodynamic model used for the performance prediction,
parametric study and airload prediction.

" An elastic structural model used for the prediction of blade
bending moments.

• II A fully coupled elastic dynamicmodel used for the determination
of mode shapes and rotor blade natural frequencies.

The equations presented are used for the computing vf the characteristics of a
rotor system. These characteristics include thrust, drag, power, flap motion,
airloads, control angles, structural loads, natural frequencies and blade mode
shapes. The equations are general and can account for stall, compressibility
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effects, hinge offsets, precone, multiple .aerdfoi1s, variable geometry 'and other

factors normally omitted from the conventional analytical treatments.

The flight regimes in which this rotor model is valid are hover flight and' full

translational flight, including pitch and roll manoeuvres. The assumptions and

limitations of. this model are:

j) The, blades are considered to be rigid for the aerodynamic sub-
model.

.. The aerodynamic characteristics are limited by the use of stati-
cally determined, two dimensional aerofoil data.

e The inflow, model for translational flight is, a first harmonic model
and is limited to use in the region of advance ratios from 0.175 to
0.5.

~ The structural prediction sub ..model is limited to calculating
out-of-plane bending moments.

The integro-differential equations of motion are derived by resolving moments,

of th~ forces acting on ~111 element of the blade, about the flapping hinge.

Conslderln., figure 37, the resulting moment balance is given by

Shaft Axis
, dT--- / .~-~.dPc-!F'~

I i --..,------.,',. . I,
/' '~ I

dFf ! mgdr p.~____.,__._j
\ r----e~

~------~--------r
---------------- ......R ---~-------....,.

F'igUl,\~37: Aerocllynamic Blade Force System

M1'- Me ....Mz- Mw==,O (2)
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where

Mr = Thrust Moment

(3)
Me.== Centrifugal Moment

Me == J:m (l2( r - e )[ e+ ( r - e ) Cos ~] Sin ~ dr (4)

MJ =.Inertia Moment

MI= J~m ~( r- e )2 dr (5)

MW= Weight Moment == Mw' Cosp

(6)

These equations are non-dimensionalised by defining

and substituting for
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JR, (')2In = e m r- e ' dr

Thus resulting' in the general flapping motion equation

. (' , .. , eMvl)' = Mw' Cos~- Szn~ .CQS~+ -" ....R - -.----,-= 0
gIh ,,'", jJ n2lh

where

(7)

(8)

The section angle of attack needed for the determination of the lift and drag

coefficients Cl and Cd is calculated from

(9)

The elemental, non-dimensional resultant velocity and inflow angle needed for
the solution of the above equations, are given by

1

u= [ Up2+ tTr2Ji
u

«> = ArcTan r!r

where
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UT= ~+ (x- ~ )COS~- J.LSinq> (13)

These velocity equations depend on the inflow ratio .",which is computed from
". ". .

an inflow model, Two inflow models l~av'ebeen used in this formulation,

namely;

() Goldstein's Modified vortex .:theory hover inflow model. This
theory considers the wake to be a rigid helicoidal surface of
infinite .length and of finite radius, moving parallel to its axis with
a. uniform velocity. The derivation of the equations used III this
model are described in derailtn l'Tikolsky[32], the result. of which
is

(StCIlJv·:::; ---.- .. _._...
8xTanWlC

(14)

rills equation is solved using a numerical algorithm which is shown in [APPEN-

DIX Al and. Nikolsky[32].

o The translational flight illfJ.aw model is. described. in Nikolskyt32]
and is shown below, expressed in terms of i\......(2 cx)· .." ...(.zcr)2 ...a 2C (15)

11A,2+ ... _._.-.. t2/"'+ .....-...-.... t/+ t22-+ _&;:::; 0. aa (ZO' . a a a

where the coefficients tr, t2, 1.7 & 122.are given in the reference. The constant

inflow is then modified by

V!,'; Vo( 1+ 1\xrCosq> + teyrSincp)

where
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1r( . 2)T(. 'lw\2~ 1 ..~J..",~ 3L 1- J.8)f • I. 1+ V.)J•.'~ - ~l .
Ky=-2p.

to give a-linear model varying with radius and azimuth.

The Integro~differential equation of motion for the teetering constraint is

derived in an analogoll~1manner. The difference being that the. moments are
resolved about the teeter hinge with the effect of both blades being taken into

account. The resulting equation is given as

(17)

where

~o::::: Precone Angle

The complete solution to the Integro-differential equations, for a particular

flight conditionzis achieved by using a 4th order Runga Kutta numerical scheme

with the aid of a computer. The details concerning the formulation of the solving

algorithm and verification of the computer codes and solutions is given in
[APPENDIX A].
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In ordef to calculate the structural bending moments, flexibility has to. be

inttodu~ied •into the. rotor model. A .•method using a separate fle~ble model, .
dependent on the aerodynamics;' was adopted. The general equation. governing

this flexible model is shown below and the detail derivation is presented in
Mayo[28].

Considepr the forces acting on an element of the blade under a particular. flight

conditi()n, From figure 38 it is seen that· the bending moment Mm at any station

In due to the loads acting on the blade is given by

Mm== f~IV( r- r« )dr ....J~IH( z- zn) dr (18)

This equation can. be rewritten to a matrix equivalent form

(19)

where

[r] and (F] are integrating matrices incorporating vertical and horizontalloads
and integrating values, respectively.
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. .

The matrix, form of. the' moment equation lends.Itself to a numerical solutipn
. -_ .-- -. - :- ":. : -_- -_- .. :. .

algorithm .which 'is' easily program:-nable, The details co~ceming.· the method or-
. t'-- ---- ,-_ - - _--.- .

solution and the computer solution algorithm are described in detaiLin [.AP~

PENnIX Al.

The final mage! n~,~ded to compI~te the a.t1!.uysisof. the rotor sy:.;em1 is the
dynamic model •.W.ciemodelused Is. completely independent. of the previous two

models di~uSS~d,- ~rid its.fu*tiClIt il) to: calculate- the mode sh~pesand natural

frequencies (lfthe rotor blades. The model is based on the Holier ..M,Y%lestiid
approach adapteclfor rotating be~"ns.-"fhe model exists as a. computer software
program supplied by NASA Cosmic soIr.;va.re. The codes. have been fully do-

cemented, including the equations and the te,chniqu~s for solution [45J. This

_ computer code :w~ .used, without modification~ for the ..analysis; of the rotor

system; as it was completely validated by the above rtlentioIl~ autbors of the

documentation;

-r- s.

In later sections of tMs dissertation only the results from the above mentioned

rotor models arepresented, The .use and uperation of the 'computer codes do

notform part of this dissertation and as such will not be diSCUSSed.
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4..2 Design Iteration Pr~eedlll1"e
The d.c5!igp,iteration prcGess followed the steps shown in figure 39 bc~ow, until

an acceptabl~ solution. was reached:

Q The external rotor blMe geometry was adopted. considering the
results of the geometric parameter study.

o Flight conditi0t13, to be defined .later, .were calculated .for the
totor geometry.

cl Th~ results or the flight conditions are cQ!11p@redto. the required
l?~rforfuance.

o Mass and stiffness distrlbutiorl's ;>;(;1(;;- estimated thus giving the
strnctural Ioads on tho rotor blade.

J; The structure was then analyzed for failure with the blade. proper-
ties be.ing adjusted until thestructure was safe. A safety factor-of
.2 was used due to the uncertainty of the manufacturing quality,

o Once the rotor system was fully defined all the properties were
calculated and the system analyzed, with the bond area being
analyzed using Finite Element Methods.
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Figure 39: JDesignIteration Process
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4~3Design Flight Conditions
The ilight conditions used for design purposes are as a result of the geometric

parameter .study mentioned· earlier, and the test facility limitations. The par-

ameter study in the hover condition showed that with. an installed power of 4kW

a maximum Jift capability of ± 3501'1was obtainable. 'This lift capacity was thus
used asa performance requirement for th.e translational flight. conditiofits.

The resulting flight conditions [Table :2], which were. considered for. the calcu-

lation of flight loads and strocturall'.1$.ds ate:

o 1V(axirnlllT! level fiight speed, Including windtunael Iimits.

". Hover at maximum installed .power.
. Tabl~ 2: F!ight Condiiic)I'il

r=-u=-----~==-¥----w~~~--~~=-==---=--~
fruW.aLd..EJi9J;U liQveLE!i9ht
2000 rev/min 2000 rev/min
1C~1kM/h 0 km/h
35 kg 35 kg
8 dag. 10.5deg.

0.746 oeg. 0 de9.·
~3.597deg. 0 deg.

o m/s 0 m/s
o m/s 0 m/s

1.2 kglmS 1.2 kg/m3

i50C 15°C

Rotor Speed
Forward Speed
All up Mass

Collective Pitch
Lateral·~~yc!t.c

Longitudinal Cyclic
Helicopter PItch Vel.
Helicopter Roll Vel.

Air Density
....Air Temperature

Both condif ..•8 were at the calculated maximum lift capacity of the rotor.
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Table 3 shows the' design loads for the maximum level speed flightccmClition,. as
derived with the aid o~ the computer code in [APPENDIX A]. Figur~ 40 shows
the out-of-plgtIe ,spanwise structural. l),endlllg moment of the. rotor ".system '"for
t.T)isflight condition. The out-;of-pl~e stru.cttiral bending moment for W.ehover
conditlon, shown in figure 41, was nilirlrnized by altering the.precone angle on.
the hub., 'nus bending moment is thus much smaller than, th.at for the forward
flight' condition and as such has not been considered ill the structural analysis,

"
Tab~1$3: De$i~n loads

~~:::~;:.:~:o:e;:::;:z:n~
Max In-Plane aeoc!ing Moment

Max Ini.Plane Shear Force,
I

22.8N

4.SNm

3.2.N

SpI.rt\';i~.Sb~Oh (in)
.. :~&4oQ "~ 1~ '-' ~qj1

Figure 40: Spanmse StrudurntMoment,
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o 0.2 0.4 0.6 O.S

Span'lll$e $I"non (m)

Figure4JL: Spanwise Stf1Ulcturai Moment (Hover)

4A.2 Material Properties
i"'!~

The mechanical properties. of the twa primary composite materials used in the
design and manufacnu» of the rotor blade are shown in table 4, These materials
are Vicotex 913C T-300 unidirectional carbon fibre and M9 It-Glass unidirec-
tional glass f~,bte.Additional materials used were Redux 31.2L thin film ad-
hesive,shown itt. table 5, and the Rohacell core material. It was assumed that the
Rohacell has no structural strength and thus plays no part in restraining the loads
imposed on the rotor.
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41.4MPa
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0.259 mm

3.45GPa

69MPa
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4.4.3 SeetionJProperties

The section properties for each element of the rotor blade were calculated using
the method presented in chapter A3 in·Btuhn[61. The method was formulated

into a computer code [APPENDIX. F] and was then used for the determination
Olt every blade.element's section properties. This method gives the section area,
the area of the material and the second moments of area for each blade element

[APPENDIX BJ,

The total mass of each blade is calculated as 672.9g, being distributed spanwise
as shown in figure 42.:Th CG position, as a result of the mass distribution, was
calculated to be 255mm· from the center of rotation.

1110 ''"r-.....;..------
100

Mass (g)170
1eo
150
140
1~D
120
110
100
!lO
so
70
GO
!i0
40
30
20
10
o

201) 1300 BOO

SI~.da 5tatlQn (llIiIl)

Figure 42: Spanwlse Mass Dlstributlon

The apparent material constants, for the specific laminate layup o~ the blade
elements [APPENDIX B], were calculated using classical lamination theory as

described in Jones[21]. The blade stiffness properties were derived using the
section properties and the apparent material constants for each element. The

spanwise, chordwise and torsional stiffness. distributions of the rotor blade are
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shown in figure 43 tI :ough figure 45 respectively, with the numerical results
shown in [APPENDIX B],

Ie 1)0(
(Nor') a40

220

l!00

180

1~

1lW
100
80

so
40

20

0
U

Blada Slatien (l11rl1j

JFigvure~3:Spanwise Stiffness Distribution

0.4
O.::!
O~2-
0.1

Q +---....,....~-___,.....-T-·-....,...----r----,........---..,-----4
200 400o

r\..~..""""'.."0""". ,,~

600 800

Blada Station (111111)

Figure 44: ChorciwjSe Stiffness Distribution
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Figure 45: Torsional Stiffllless Distribution

4.4.4 Rotor Blade Analysis

The structural stress analysis of the blade was. done at a spanwise station of

321l!i1n from the: center of rotation, this being a critical point of maximum

loading. The magnitude and direction of these loads, at this point on the blade,

are given in table 3 and figure 46, respectively.

The spar of the rotor blade was considered to be the major load carrying

structure in the blade section, with the skin and core of the blade providing only

torsional rigidity.

Classical lamination theory, which was formulated into a computer code [see

(49] for source listing], was used with the above loading case to carry out the

design/analysis of the blade spar. The Tsai-Hill failure criteria was applied in

the iteration to .determine the number of layers and the layer orientations

required for the· spar laminate. to be safe.
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,- " ""

]Figure 46: Load Directions

The final results of tlU$ iteration showed that 4 layers, all oriented at 0 degrees

spanwise, would be sufficient to carry the given load case, The specific Tsai-Hill

values for each layer are shown in table 6, below. The outer layer of the laminate

shows a Tsai-Hill value of 1.099, indicating a failure, It was, however, accepted

considering that:

0.693

0.002

0.296

1.099

Tsai- HiIIValueLayer

'I

2

3

4



,. Tsai-FIiU is a conservative failure. criteria, involving a compound
failure mode, and

Q that an additionallayel' in the laminate would increase the .mase
of the blade) thereby increasing the centrifugal load, thus givm.g
higher 'Tsai-Hill failure values than those indicated. This conclu ..
sion wasreachedduringtheitera:tiye designprocess, .....'.

The resulting geometry pf the spar in the blade section; is given in figure .47.

[

Gloss fibre
Figure 47: Blade Geometry

The blade root area is considered to be a critical area as it is the connection point

between the rotor blade, flexbeam and 'the pitch case (see figure 48J.The pitch

case forms part of the main blade with the blade spar being carried through the

pitch case, providing additional strength and a load path for the pitch control

loads. The flexbeam, however, is an independent component which has to be

bonded onto the blade spar during. the manufacture of' the .blade .. Two different

analytical methods. were used to design. and effectively analyze this bonded joint.

The first method, which was used primarily for the design of the bonded joint,

is a classicalmethod presented by Harl·Sn1ith[15]. The second method, to be

discussed iater, is a finite element model analysis of the blade toot area.

The bond between the flexbeam and the blade spar is an unbalanced double lap

joint, since the materials on' either. side. of the joint differ. The Inner adherend

of the joint, being the flexbeam, bas a thickness of 2mm, thus figure 49 indicates
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Ro.ot I
Etude

PItch co,se
Figure 48: Schematic of:Blade Root Area

that the.failure.ofti1e.joint would bein the ..adherend ..··Thecriiicalend of.·tne
joint; however, is. not readily identifiable thus the maximum possible bond shear

strength will. be giw~nby .the lesser resultant value of equations 20 and 21. The
ma.tet:ial properties and the adhesive properties needed for the solution of these
equations are those shown previously.

Pi'" 1~""1,,,(a. - -r=: [2k~p''fe+ 'Yp)2Eit{ 1+ r2~~!9)J]k
(20 [15:1)

Po '" 2'Cav1><( ttl - CIu)ATWoto + [llipt("le + 1p)411oto[ 1+ p;:;oJJJ~
(21 [is})

.AT '=.Toperating-' Tstress/ree
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DOll~lE-LA~ jOiNtS
ALUMINUM AllOY AOftERENDS
DUCtilE AOftESIVE
ROOM· T~I .Wtl\A TUR~

ADHERr ~o THICKNW " (moil.

Figure 49: Theoretical Bond Strengths [151

The results of equations 20 and 21 respectively, show the inner adherend to have

a maximum bond shear strength per unit width, of

Pi. ==127.52 x 106 N/m

and the outer adherend a shear strength per unit width of

Po ==.4.793X 106Nim

thus making the outer adherend the critical end of the joint. The minimum

necessary overlap to realize the full shear strength of the bond is given by

equation 22, giving a overlap length of
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P :2
lpracticaldesig!1 =- 2'tp+ 1

[~'(E:~O+{;ti)JZ
(22 [15])

Ipractica1 design == 66.11 J1lIn.

Figur~ 50: Loads at the Root Joint

The predicted loading case on the joint [figure 50] gives a total value of

Fshear == 9461.8 N

including the safety factor of 2. This gives a shear loading per unit width of

77



which constitutes 10% of the maximum shear strength of the bond. Although

this is a small, percentage of the shear strength, there was a large degree of

uncertaintyin lli,e bonding process due to the fact that the bond is, inside the

blade thus t¢ducmg the control over the manufacturing process. Fbr this reason

the maximum' bond shear strength was retained, .thus defining the" bond geo-

metry as shown below in figure 51.

Figure 51: Bond Area Geometry

4.4.6 }"inite Element Methods Analysis

·ll
The finite element investigation was carried out to determine the stresses and

stress concentrations of the bonded Joint under the combined loading case of

loads and moments presented earlier. The model [see figure 521 used for this

investigation includes theflexbeam, blade root including the bonded joint and

a short section of the blade spar. A larger model encompassing the entire blade

could not be analyzed. due to the limitations ofthe available computer hardware.

The analytical solver used. was the It .,i.R.C NISA286 FEM analysis computer

package. The elements available in the program library and the solution meth-

ods are similar to those described in Zienkiewicz[48] and Liv~sley[25]. The

selection of an element for use in the model is critical in that POOl' modelling

and poor element selection can lead to 'erroneous results.
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Figure 52: Schematic ofFE1\-i ModeH

An ·arusotropic,· composite 8·.noded, quadrilateral element. was .l!sed· to model

the critical areas of the rotor blade. 'Ihis el ent may have curved sides, exhibit

good convergence properties and superior accuracy, thus making it better able

to cope with a pure bending state. The accuracy of this element. is maintr ' ied

by keeping the sides straight -with the midside node located in the middle of the

side and the element in a parallelogram form. T:Js however) does. not guarantee

accuracy as tlr'! ,\Spect ratio of the element is important As a general rule the

aspect ratio of the elements should 110t exceed 7 where 'displacements are of

primary interest or 3 where stress ill of primary interest. An equivalent system
of forces is used and St.Venant's principle is invoked to justify the substitution

of one system of forces for another. 'the local effects of the equivalent force

system should be ignored as they do not represent the actual force system, but

the effect far awayfrom the load. inputs is representative of the real system.
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The model is. ~<In1pleted.by restraining the :wedge section of the flexbeamfo» all,'r . . . .
six degrees of/fieedom. and applyin~ the loading at the blade spar, The 1an'lina~
lion sequence of each element in the model is as .follows:

(! The flexbeam sequence. is the same as the CLT analysis done on
the flexbeam and also corresponds to the FEM analysis done on
the pure flexbeam by Sheitnan[49]"

!> ' The. blade root .lamination . sequence includes; the .blade spar
sequence, the handline and the t)exbeam sequence (tlgtlIe' 53].

o The .'.blade spar lamination sequence is the same as that used. in
the CLT an~ysis of the blade shown previously.

>.

(')0 {G)lass layer1
0.0(0)' arbon '2_ .~ -.. {'

90° C 8.......-~--=---....-.-...--...,-- ..............;;;.--.....;--
0°0 90° G"--' _. - .......'-·,.,._..··:·---.....:1:.....0-----....-.

....~~ ~,,.,.,....,_.---,;...;.;;...--._............,...-

The numerical results of the FEM analys!$ can be found in [APPENDIX D]~
with some gre~hlcal results shown below in figure 54 tlU'ough figure 61.
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"Ofparticul~" interest is figure 54, which shows the inner adherend elf' the joint.

This figw-e clearly shows a stress concentration point at the outboard edge of

the joint, which is different to what weald be expected. figure 62, [l~Hf shows a

characteristic failure mode of. a double lap joint, where the inner ~Idherend is

torn apart in a peel stress f'ailme situation. This type of failure, however, would

only occur at the inboard edge of the joint. The FEM results would indicate that

-~ I
.* "T'", ~, -.--.' -.-, Tl":

sril!S$E!,ACTING ON oum At»I£IlfNO

Cal

-5

co)

Figure 62: Bonded Joint Failure Mode

since the spar (outer adhereud) separates to return to the blade surface, at the

outboard edge of the joint, that an additional stress concentration point exists,
Thus making this layer of the joint the most critical layer at which failure would

most lilcely occur, with either point being the point at which the failure would

be initiated.

Figures S5 through figures 59 Show the stresses in the blade spar only. The

stresses shown in the flexbeam can be ignored as it is not part of this layer. The

high stress levels shown on the outboard end nodes of the spar can also be
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ignored as this is where the loading was applied in the form of point loads at
each ofilie nodes.

-; fI-

Layer l.O~shown inJigure 58 through figute 601 show the stresses in the outer or

blade spar adherend o~the joint.

A11the stresses. indicated on the right hand side ofthe figures, are low compaxed

to the ultimate failure stresses of the materials, The maximumstresses being

calculated are in the transverse direction, to the laminate lay-up, of ~pr>rox,
mately 38MFWinmagnitude. The F:I;M thuS showed that the design was safe for

the glven.1oading conditions and it also provided insight into the areas ofl'ossible

failure.
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4,,5 Dynamic Analysis
The ~ynamic analysis of the. rotor system was done using the d.Ynamicanalysis
code m¢i;11ioned earlier;

The ~:rogtanl reqUire'.f the .physicaL· and .1ll¢cijani6al. properties of ...~ ..rotor

system as input data, These properties include the blade geometry, mass and
stiffness distributions and section properties which were obtained from the

above design defInition and the materials.

The analysis was carried outat 8deg. collective, using lOrotor speeds ranging
from 500 ):ev/nrin to 2500 rev/min, covering the complete expected flight en-

velope or the test rig.

The results of the dynamic analysis ate shown graphically below, in the form of
a fan plot or resonance diagram. At the rig operating speed ·0£ 2000 rev/r:n:inthe
fIrst chord frequency is at O.65/tev which provides a good separation from the

first flap frequency and the 2/rev Coriolis excitation. The figure shows that the
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blade does :pass though resonant modes while. spinning tIp but at the operating

speed ill the Qlodes are separated from resonance allowing the smooth oper~
arion or the system. The darnping •..of· tilis system is Q.(;pendent only on the

stiffnesses of the rotor systext'l and the hub shear damping characteristics. No

additional d:m1p~gwas necessary for. the present rotor system ..
. .. .- .. .

The·.analysis,ofl;bedesign showed that the system was safe and·could operate
smoothly. The design was thus frozen at this point. with no further refinement

taking place.
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Chapter S- ."" ,,' " ---

The fabrication of the retor system involved a wide range of state of the art

composite manufacturing techniques. These included manual lay-up, vacuum
bagging, internally pressurized split moulds, autoclave curing; disposable foam
mandrels, steel and higr4 temperature epoxy tooling. The manufacturing process
includes the development of the tooling as well as the development of the
fabrication sequence in order to obtain tile completed product. Some of the
techniques used were bottle out of consultation with a company manufactutblg
rotor blades under licence, and from the experience of the composites facility
at the university, while others were new experimental techniques.

The steel flexbeam mould [figure 64] was designed by Shelman]49) and manu ..
factored in the University's Mechanical Engineering workshop. The mould is a
split mould which is pressurized by high tensile steel bolts, placed. eith\.t! side of
the mould. The wedge cotes, which are inserted into the flexbeam laminate,
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were also manufactured in the engineering workshop on a general purpose
milling machine.

'The Rohaeell foam, used as the core material ill the blade, is clisttibuted in sheet
form, It thus has to be shaped into the profile of the blade. The foam could be
shaped hy using a CNC type milling machine, but this was ruled. out fo.r the
following reasons:

o The trailing edge of the core would be destroyed by the cutting
tool on the milling machine, as the core material is very fragile.
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~ T1rlckenirtg the core would reqtili:e that it get worked down to its
requited dfmenslons after machining, thus increasing the labour
ancf manufacturing time on the core.

The, core wai~ thus to be shaped using a rotary core shaping machine,

A mandrel [figure 651t .was >cut out of laminated wood on a pro.fili11g lathe. A
positive of the blade profIle was cut on ilie CNC machine ~d tlt~nplaced on
the lathe, where it was used. to cut a negative proflle into the mandrel. 'This allows
t.1e mandrel to cufout a positive core 'shape, The mandrel was then covered with

a grit and coated with an epoxy resin, thus turning it into a ~grindingwheerwhich,
once placed. .on .the shaping machine, would produce the core.
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5.1.3 JlUade Mould

The blade mould was designed to incorporate the moulding of the blade, pitch

case and to allow the flexbeam to be bonded in. The mould is a split mould type,
I

made from high temperature glassfibre/epoxy, preimpregnated tooling fabric.

JF'igure 66: Rotor Blade Mould Plogs

The plugs used to manufacture the mould [figure 66], were machined on the 3

axis MAHO CNC ntilling machine. The material used for the plu gs was alumi-

nium. The machining was done by moving the cutting tool along the span and

tben incrementing the chord value. 300 coordinates were used along the 90rnm.

chord to unain the smooth finish. The plug is made longer than the intended.
blade length so as to provide a run-out area in the mould. The root end for the

flexbeam rotor system [figure 67], which includes the pitch case faring could not

be manufactured with the CNe machine, as the machine does not have 'the

ability to move in three planes simultaneously. The root plug was thus manufac-

tured by hand using an epoxy moulding material.
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Themannfacture of the moulds was as follows:

. "_ -" ..

The plugs were bonded, using a thin. ti.Un adheslve, to a flat plate a,t\d'cQated with
a release agent. The tooling fabric was cutinto square J::,atches and laid~up over
the plate and plugs. Eight layers of the tooling fabric .were used to' achieve the
desired mould strength. The mould was then vacuum bagged [figure 68], and
allowed to debulk (allowed to settle) for 12 hours, The mould was then placed
into the autocla-ve and allowed to cure, The cure cycle for the tocling fabric was
~ cure at IS0oC, at 4 MFa for a period of (5 hours. After cooling the mould was
then removed from the plugs, cleaned up and then post cured at 120°C. The
plugs were then removed from the plate and bolted together to represent the
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Figure 63: Vacll.unn Bag Lay-up

complete blade. The plug was then inserted into the mould so as to align the two

halves of the mould relative to each other. Locating holes were then drilled into

the edges of the mould laminate where locating pins' would be inserted during

the manufacture of the blade. Additional holes are drilled into the pitch case

faring [figure 69] to allow the disposable expanding foam to be injected into the

mould. A Iocating slot was .machined into the toot edge of the mould. This. slot

serves to locate the flexbeam in the mould and to control the position at which

the flexbeam is bonded into the blade. A photograph of the mould is shown in
figurl'l70.

r';Z'~;1~

~
I

Figure 69: Pitch Case Mould
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Figure 70: Glassfibre Flexbeam Mould

5.2•.1 }"lexbeam ]Rotor System

The fabrication sequence of the flexbeam rotor system is shown below in figure
71. Apart from the manufacture of the flexbeam, the blade is manufactured in

a one shot process.

The flexbeam is laid-up in the one half of its mould according to the Iaminaticn
sequence given in the design. The brass wedge is then inserted into the mould,

with the laminate being wrapped around it. The mould h\ then closed and
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pressurized, using the bolts. It is then inserted into the oven to cUt~.'!he cure

cycle for the carbon used was Z hours at 120QC. The details of the fabrication of

the flexbearn are given by Sheiman[491.

The core for the blade is shaped using the core shaping. machine and then

cleaned up for use in the blade. The shaped. core is slightly oversize so as to
,. -. - -:-.. .

provide an internal mould pressure when the mould is closed and pressurized,

The materials are cut to size and made ready for the lay-up procedure. The

mould. is cleaned and a release egent is applied to its inner. surfaces. Once all

the necessary equipment is ready} the Jay..up procedure can continue.

The +! ;5·deg. skins are laid I.....in the mould and are continued inboard into
". . ".

the pitch case faring. The +/-45 deg, layers of tile faring are also inserted in the

mould at this time. The thin film adhesive is then placed into the mould so as to

bond the skins. to the core. The inboard core material, used to provide pressure

for the bonded joint area, is then inserted into the blade root area of the mould.

The four 0 deg.Jayers of the spar are. then laid up in a spanwise direction, at the

0.25 chord position. The core is then inserted into the mould. The thin film
.... " .". .. ":

adhesive, for the. bonding of the blade spar to the flexbeam, is then placed in

position, with additional adhesive being plaoed on the core so as to bond the two

halves of the Core together. The flexbeam is then positioned on the spar

adhesive, using the slot in the mould, allowing for the designed bond area.

The mould is then closed and located, ·by Inserting bolts 'into the locating holes

on the edges 'If the mould ..The mould is then pressurized by means of clamps

which are placed around the edges .of the mould. Expanding foam is then

injected into the mould through the holes that have been provided, The foam

serves to pressurize the pitch case so as to keep the materials in place and'

preserve it's shape. It also provides pressure for the preimpregnated material to

cure satisfactorily. Once the expanding foam is cured the mould is placed into
.. " ..

the autoclave; for a cure cycle of 1200t for-two hours.
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Once the cure cycle is complete -the mould is --allowed to cool tv 'room tempera-
ture. _The mould is then opened and -the' cured blade ejected. -'The blade is then
cleaned. up, removin~_-the -excess-resin. 'and -th~\ expanding fo~ from inside the
pitch case. The blade is men cut.to the correct length and spray painted to give
a 'smooth turi$h.
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5.3.1 Static Balance

The rotor system has to be balanced to minimize the eccentric loading on the

rotor shaft. The static balancing ofth~ rotors is done in the follo'Ying manner:

G Eacn.blade in the system has It's mass 'andCGposiaon measured
and recorded [see figure'72).

G The mass of each blade-Is then adjllste(i·by .adding mass. or
remov.it1gmass so as to get each blade ~A1 the set to the same ~ass.

o The position of the CO is adjusted by. adding mass to orremovmg
mass from positions on both blades so as to move the CO to the
identical position on each blade.

The blades were ·baIanced·towithln 0,{)1:grams of each other. and the·CG position

'to within 1nun of each other.

----___.......,..-

Figure 72: Blade Balancing (Static)

Blade trackingis tnt manner in which the blades follow each other, ie, the path.
taken by each blade. Out of track blades are blades that follow their own

individual path around the azimuth and produce irritating vibrations which can
affect the instruments on the test rig. Tracked.blades follow th~ same path and
lead to smooth operation. If every blade was made 100% identical, blade
tracking would not be necessary, but sinne every blade is not identical, ie.

aerofoil profile, mass distribution, stiffness distnbutioa and hub Installation may

differ, the blades have to be tracked,
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The blades are; tracked in the' "lowing rnanoi'~

o Each' rotor blade, tip is marked, with an identifying, color marker.

o The rotor system is spun up with a flat pitch to the op~rating
speed,

o A strobe light is' pointed at the rotor.' system with its frequency
adjtlsted .to, ,twice that of the operating frequency pf.the. rotor
systeni' This' allows both, blai1e paths to be seen 'simUltaneously'.

I> Each blade position is clearly identified [figure 73].

o The rotor system is then stopped a.ndthe pitch links are adjusted
toreduce the.angle .on the U;l'per'i;)lade and increase the angle .on
the lower blade.

o The procedure is repeated Until the blades follow each other in
the same flight path ,L~gure'74] •

.. : : .. , .... :. _ ..

o The, tracking is then checked withan increased blade pitch setting
angle.

An alternative method of tracking the blades is to attach trim tabs to the

outboard trailing edge of each rotor blade. They adjust the lift on the blade to

bring it into line with the other Hade. Once the rotor system is balancedand

tracked it is ready for operation.
. ... .,""
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The new concept flexbeam rotor. system was tested in a range of statio tests and
windtunnel flight· tests. Compa:r:isons were made with a conventional teetering
rotor system so as to show-some of the advantages anddisadvantages of the new
rotor system, The testing that COncerns the flexbeam itself is presented by

Shelman] 49] and is 110t discussed in detail here,

6~1 Manufacturing Process---------.-.~------During the manufacture of both ,the flexbeam rotor system and th~conventional
rotor system a few points worthy of discussion Were noted. While these obser-
vaticns are purely qualitative they do provide insight into some of the advantages
of this new concept rotor system that may not be readily apparent.

The manufacture of a rotor system plays an important role in its design and in
the economics of the concept as a whole. Time is considered to be one of the
more important aspects of the manufacturing phase of any project. Time spent
on the manufacture can be minimized by simple, easy to assemble designs with
low part count and low material usage. The latter aspect also influencing the cost
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by .making .maWfuitl use. of th~'material with: minimal ~CI:appage.The tune take:p.
to manufacture·the; ~onventiorHll rotor system 'was .considerably larger::tela:tive
to that oithe .flexbeam. system, .'The 'reasons"being!

Il '}he. con"enticmal hub had. a large number of components. whioh
.:, had to be ma6hlned~ some wiili.a high' degree or.accuracy. \Vhere-
. as' the flexbeam hub only' had one component to l?~machined;
which has very low tolerances. 'Ihis -reason has the largestin ..
fluence on the manufacturing time, :reducing it by 1:1 significant
:amoup,C !'

_" : - -- - .. .."

Q ,11i~oomposite rnaterlal,Iol" the J1CXbetun system ., easy to cut,
with very Jittle .scrappage. Whereas t4e conventional system had
alarg~ amount of material with an intricate pattem, to cut for the

. root :regiQn of the blade; This also led to 1:1 relatively. large atnouht
of material scrappage. '

·The flexbeam concept lends itself toa·.quick and easy la!'·up while
the conventional system, onthe other hand, has an intricate lay
up procedure near the .rO(;t, .·increasing the .lay up time,

(I, The curing ;roced.ure takes the same amount of tune fot either
blade, howev~, the post cur" tmishing off of the blades is shottet
fur the flexbeam concept as no holes .have to be drilled .and no
root connection erosion strips bonded on.

A comparative cost study done by Slkorslcy Airoraft [361 between a metal blade
and a composite blade [fig'J.te 75]. indicates that economic benefit is gained from
the production and ownership of .\ COnlporu.te blade. AS<disoussed above, the
flexbeam composite hub concept shows that it can. have a vast economic benefit

UlMIV~ J
C::Q$t ;;
1'~1\
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a
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107



for production.It can also lend itself to a.Il<alltomatedlay up procedure;.r~ucing- - . . .

production time and. cost. Thus the flexbeam· concept as a whole~· from a
production point o£view, has marty advantages, and goes aloilg way to decreasing
the overall costs of a helicO,pter. .

6,,2 System Mass .
The.sca1e.u~·fo.r the mass measurement of both. the :flexbeam and conventional
toto: s~stems has sPecit1cations as shown in[APPENl)IX 1].The l'eshlts from
these measurement tests are shown below in table 7.

Table 7: R~Sijl~3iQ~ Mass MeSlSUl1'emena
~-'---"' .

2747.4g

.• 1359.39~~------~------~--~-------
....

Conventional Rotor System

Ploxbeam Rotor System

As· calculated previously, the predicted mass of the flexbeam rotor is .given a.s

Mnex. :: 672.92 g/blade = 1345.8 g (total)

The error betweefl the predicted 'Value and the actual measured value is 1.0%.
'This shows that the analyticalmethods used to estimate the· system mass cone..

late favorably with the aotual measured results, thus verifying its USein the design
process.

Comparing the masses of the two rotor systems shows that the mass of the
flexbeam concept is less than half of that of the eoaventional system. Quanti.ta..
tively this constitutes a weight ~~lVingof 50;5% on that of the conventional
system. Such a weight saving cannot be directly extrapolated to a full scale rotor
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system, however, in<iustey has shown that. weight savi~gs·cali be gained by the
.. .. . .

use of composite tnateti~s, for example:

The company MBB·found t~at a w~ight· and cost reductionin the range of 20%
can be a¢hieved;.··wben comparing· the new .composlte bearingless tailicitors t.o
the conventional tallrotor with the same thrust capacity [17]. Sikorsk,:y.and Bell,
contracted for'the Advanced Composite Airframe Program (ACAP) , achieved
a·24% weightsavfug through the ~se of compo'sites ror the helicopter. Westland
HeliCOpters, as part of the British Experirnental Rotor Program (BEPJ?)1 de-
veloped composite rotor blades for the BRI01. Apart from improving on

performance, they weighed less than their m~taUic counterparts (Qua~p.tative

results on the mass or percentage weight saving of the composite blades is
currently unavailable.) [35].Thu$ a weight saving advantage on a full scale
system. could be expected.

The advantages of weight saving are numerous and are fundamental to the

design of any helicopter. Immediate. advantages would be W1 Inorease in the
payload capacity Qf the helicopter or the decrease of the fuel consumption, due

to the lower power requirement of the helicopter. All these advantages translate
.,

into a more economically efficient helicopter, thus passing all, economic benefit

to the owner of the helicopter.
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static tests W<'.tedorre on both the flekheam blades and the conventional Toter
system blades, 'the .tests were carried out at the University of 'the ..Wit"vnlter~

stand's .Mechanical Engineering Laboratory and were aimed at 'verifying the
design .and manufacture of the. blades andto create coufiden.ce in the use of the
systems at .the operating conditions .>.

The tests of th~ .fUll size model blades were carried: out on a JJ Lloyd tensile
testing machine, which has a maximum tensile loading capacity of 20kN.

"" ." """ "

Alurniniun1wedge gcips were. manufactured to restrain the flexbeam wedge in

the testing machine. Aluminium tabs were bonded to the blade tips, over the
spar, to provide the other grip attachmentpoiat. TIle tabs are bonded on using
Ataldite adhesive, cured for one hour at 120°C. The tabs are necessary as the
grips on the tensile testing machine teat the composite material making it

impossible to grip the composite without any slippage. A pin attachment was
manufactured to restrain the root end .attachment .point of the conventional
rotor blade. This Was done so as to test the bolt hole connection point, on .th.

conventional blader for a bearing, shear or tensile failure mode.

The method or testing for each of the.blade types is described ..as follows:
e The flexbeam blade was loaded up to a tensile load. of 6kN, whi~!h

is ..appro~imately 15 times. the operating load... The piteh.·cas¢
faring was then-twisted such that the flexbeam wouldtwist to its
maximum twist allowed within the geometric eonsrrainrs Of th~~,
pitch ease faring. The twist angle was not measured directly but,
based (In the geometry of the pitch case faring, COUldtwist to a
maximum of 18 degrees. The load on the blade was then in-
creased slowly until destruction of the blade. Two blades were
tested ill this manner with the results being recorded graphically
on a XY plotter [see figure 76 & figure 77].

The conventional blade was loaded up slowly until the .destruc-
tion .of the blade. Only one blade was tested.with the results being
recorded graphically [see figure 78].
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The testing machine ~d plotter were originally calibrated for •a rnaximum load

capacity ··of 8.lfNr however, .this .was found· to. be. insufficient.. They were then
recalibrnted to ~heit fu.ll scale range o:(20kN.·
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Figure 78: Static Test of Conventional! Blade
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Both f1exbeam blades were tested to destruction with the 1~rstteaching a
,;:

maximum ·tensile .loadof 17•.8kN and the.•second blade, a maximum load of
16.3kN.

.!-}', :"",: ..; _-._, - .". - -. - :'-. . : :, :' - ' __ . '-:.:: ,- :,:',- ,.
In both. tests the initial failure is not clearly. eviden.t .on the mISt blade {figure

76} a kink in tbeJoa:1ing. curve .can be seen at appro?cimately11.6kNwhich may
constitute. a. first ply failure. Failures. then. occurred at. intervals untll.there was
an ultimate failure which occurred at 17.8kN. The failure at this point was
determined hytheinabi]ity of the blade to carry any further loaijing and the test
was thus stopped. This t.ype of failure. constitutes a soft failure mode, which is. a

". - - . "_ - - .

characteristic failure mode of glassfibre composite material. This frillute. also
demonstrates the inherent fail safety of the design by using. these materials.

The component that failed on this blade was not initially known. Xtwas expected

that failure would develop from a Stre~S concentration point in or ncar .the root
area or the blatl~. Th~ stress. concerrtratlon points that exist are:

,. t'. .' .

o The .inb~ard\~eCtion of the bondeq joint, ..which .has a charac-
teristic pe~l sttess fallure mode Jiigure 79]. The··bone! pe~l' stress
distribution along the bond [figure 80] makes this a.plausible area
for failure t() occur,

j, The outb=ard section of the bonded joint has a strel\~s.cencentra-
tion point which was identified by the FEM·analysis of t11ebond
in the toot section.

o Another stress concentration point was.that which could occur at
the wedge ofthe flexbeam. At this point the flexbeam 'laminate
is separated so as to be wrapped. around the brass insert, from
where it. rejoins. the laminate, This will thus induce a stress
concentration point.
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BOND P~El mESSES

JF'igure79:Failure Mode

A spanwise cross-section was I~utinto the blade [figure 81J for inspection and to

aid ill determining the exact point of failure. Immediate~y· apparent was a crack
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45mm in length in the inboard section of the flexbeam starting from the wedge.

On closer examination the crack was f()\ ld to be a delamination between the
90 deg, and 0 .•deg, layers in the flexbeam, This failure .could thus have been

caused by the stress concentration point at (he wedge with the peel stress of the
. ..

bond contributing to this type of failure. It can be deducedthat this point atthe

flexbeam wedge is the dominant point at which failure occurs in this design.

lFigmre 82: Foam! Load! Faihnre of JFRexbeam

The second blade [figure 77]) did not show any signs of failure until a load of

15.5kN was reached at which point a kink in the Ioading curve can be seen. An
unexpected catastrophic failure of the flexbeam occurred at a load of 16.3kN.

However, this failu.re was not t\.ttributed to a stress. concentration point in the
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..-signr but rather to the .influence of the machine grips. 'The Murninil.1tnweq.ge
grips had been distorted in the previous test thus inducing a large co111pressive
point load on the wedge surface~ which eventually lead to the failure of the

flexbeam, The line. at which the failure occurred is clearly visible, in figure 82,

thus identifying the above reason 'to he the'ollly cause of failure. This .catastro-
phic failure, is characteristic of 'Carbon fibre" thus" being consistent with the
argument, used in the design concept, for not drilling, holes into .the flexbeam

Iaminaic,

Inspection ~f ~~leblade,spar i~lf showed there to be, no sign of failure. It can

thus be dedu9?<l· tha.t the· spar. i~\not a critical part of this de$ign concept,

The failure 10~ds ohttutled in the static tests far exceed the <required design.
centrifugal loads for th~rotor whish operates at 2000revjmin. This translates, .

into a reserve safety factor qf 4.2. Th~s may constitute an over design, however,
in the design a combination of bot.h in-plane "nd out-of-plane loads were
considered. TIle ccmbination of these loads takes place in the following lIAanner:

A positive bending moment on the blade inCJ:'e~sesthe tensilelead en the lower
surface while putting the upper sunace ~w compression. The centrifugal Ioad,
being tensile in nature, will increase the tensile load. on the lower surface and
decrease the compression load on the UrFer surface of the blade. Compre,ssive
. stresses are undesirable as the strength then ,depends onthe matrix properties,
instead of the fibre properties. Thus a sufficiently high centrifugal load to

eliminate the compressive stresses would be desirable. Thus, When considering
this combined loading~ thl'l reserve safety factor would drop to ± 2.:':, An opti ..
mum precone angle vdll also reduce the mean oscillating bending moment, thus
maintainin&, a generally state of tension on both surfaces of the blade.
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'Ihe results pi the tests performed on the conventional teetenn.g rotor blade

have been :included as they demonstrate some of the behaviour characteristics
of mechanically bolted joint..(j and the stress .. strain relationshiRs' of glassfibre

composite materials. Only one blade ,of the conventional rotor system was
. "_ - _' .,

available ;f~r the static destt\lctive tests; However, the c1ipacity ofthe .tensile

testing machine was exceeded. Defore there W~q any visible sign of-failure,

During the testing? the blade was loaded 'Up to the maximum capacity of the

tebUngmachine. The blade showed no sign of failure at this point, and conti."1uing
the test would have resulted jn the permanent damage to the testing machine.
Visual observanon of the blade speoitnen under the 20kN load revealed •.th~t the
bolt hole, which Was also utlder test, had slight elongation, showing signs typical

of a bearing failure. The blade was then unloaded and retested. to check

repeatabilil:y atI£Lto verify that the blade had not failed.

The results [see figure 78), although not revealing any failure, do have some

interesting· features. The slope of both curves are Iinear and ,ate i~enti:cat This
is characteristic ()~a composite materlalwhioh behaves in a linear-elastic fasllioXl

until the firstplyf.aUure. This material thus does not yield before ultirnate failure

as do isotropio materials. Another feature. of the results is thatthe unloading of

the specin'len did not fr-llow the loading up of the specimen. There are two
identifiable reasons for this hysteresis, namely:

o The first reason is that the composite material does not have an,
elastic stress-strain relationship but rather an anelastic stress ..
strain relationship. All solids are anelastic to a small' ext~nt,even
in ~heregiArl.ewhere they are T:\)nrlnally elastic, The loading curve
does not exactly follow the unloading. curve, and energy is dissi ..
pared when the solid is cycled [2J. The figure below [figure 83)
shows. a typical stress-strain curve for glassfibre which exhibits
anelastic stress-strain behavior. The anelastlc behavior of this
material 'Would also account' for the damping capacity of· glass-
tlbte to damp out neise and vlbratlcn, . .
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6 Secondly, the pin connection holeon the blade>could have suf~
fered a 'bearing failure. On closet inspection of the hole area, it
WaS found that the material inboard of the hole had been com..
pressed, Jeading to a slight elongation and a through thickness
e)tpansiou of the compressed material around the hole. The' hoie
was. then measured. with a vernier and it was found that it had
elongated by 2% from its vriginal diameter. This would explain
the Change in \he hysteresis between the first and second test of
the blade.

To Ieasen.thechance of tIlls typeof bearingfailure ofthebladesbeingused on
the test lig, aluminum ~bs w~~ bonded onto the blade, over the hole, thus
providing a clatnping action. This Clamping action provides a to:,Ol).sttaint against
the Poisson' s ,~xp$lsion normal to the plane of the laminate so that fibres acting
transversely to the load will undergo a different mode of failure. The quasi-iso-
tropic Iaminate used for the root section also reduced the possibility l'f a shear
out or cleavage failure.

The conventional blade, with its high stress concentration hole, proved to be
stronger than originally expected, thus increasing its confidence level 'sc as to be
used in the high speed dynarniq rotor enviI'e:nment.
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Comparative hover tests were performed at the >Mechanical EnglneeI.'.iAgLabor-
atory oj: theUniversii:y of the Witwatersrand. The .tests were to compare the drag
of the jlexbeam rotor system against that or the conventional teetering system.

6A.l Test Procedure

Both the conventlonal.rotor system and th,e flexbearn 'rotor system were tested

under the same conditions. The collective setting. on the test rig was set at 8

degrees. On the flexbeam system the collective had to be locked in place as the
controlservos could not maintain the Sdeg, cellective setting. The rotor systems

were tested in the speed range £rom 400rev/min to 160Orev/min. Four tests were

done at each interval between the given speed range, and the results recorded.

All the instrumentation on the test rig was calibrated using the equii1ment shown
in [APPENDlX 1].

The errors in the test rig instrumentation are shown below inTable 8.

Thrust ±5N

± 0.1 NmTorque.

Oontrol Angles

Shaft Angle

Flapping Angle

Rotor Speed

± 1 deg.

± 0.3 deg.

± 0.3 deg.

± 2 rev/min
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The results of th~hover tests for both rotor systems were plotted .l,U1dare shown

together in figw:e 84.

Torque
(Nm)

4~

0.6 1 1.2
(ThQl1sandsj

Rpter .S~!1d (Rpm)
. of. Conventional RQtor

1.4

Flexb!)sm Rotor

The results show ·the flexbeam rotor. system to be more efficient in.comparison
to the conventional rotor system. Since the blade geometry, including the

planform shape, 'radius, chord, and aerofoil section are common' to both rotor
systems, the .discrepancy in the measured drag can .only be attributed to the

different hub and root configurations.

The main geometric features in the root area responsible for influencing the

rotor drag .l.' !'~:

Q The measured blade root cut-out, which is given as 150mrn fvI'
the conventional system and 45mm for the flexbeam system,
representing a 70% reduction in the. root cut-out radius for the
flexbearn system.
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e The thickness of the structure in. the root area of the rotor system.
The measured thickness of the conventional ~ystem outboard of
the .shaft·connection is .amaximum of SOmm., while the thickness
of the flexbea.n system has a maximum value of20.25mm, reflect-
ing a 59:5% reduction,

Figure 84 shows that the flexbeam rotor system has lower torque thus absorbing

less power than the .conventional rotor system) especially at the hi,gher .rotor

speeds. The apparent trend is that the difference in torque, ~f\~l{een tll~ rotor

systems, •increases with rotor. speed, which is to be expected. It ~!asn:J~d that

no difference was detected at or below 4QOrev/rrrln.

However, the relatively large difference in the rotor torque, at high rotor speeds,

may not.be completely due to the differences in the hub geometry. but may he

influenced by the limitations. of the test "ig's control system. The method of

setting the collective on the two rotor:' was different. The reason for this was

that the test rig collective servo was unable to twist the flexbeam to the required

blade pitch angle. The blade pitch angle on the conventional system was con-

trolled, by the collective output of the test rig, to witl:iih ± Ideg, of the required

angle, Whereas, the blade pitch angle on the fiexbeam was locked in place and

the angle measured with a clinometer to within 1 minute or 0.0166 deg, of the

required angle. The effect of a one degree increase in the blade angle constitutes,

a 22..5% increase in the torque, as calculated with the aid of the computet

program in [APPENDIX A]. (The computer program was validated and found

to have an error of less than 5.67% in hover). The computer program was

executedusing 1600rev/ulln and an Sdeg. collective angle, representing tne test

conditions. The program computed a torque of 5.37SNm which is only 7.5%

above the measured. value of SNm. Thus it may be concluded that the blade angle

was close to the requited Bdegrees,

The results presented in figure 84 show that the difference in torque between

the conventional system and the flexbeam system is 20% at 1600rev/nnn. Even

though there is an uncertainty in the blade angle of the conventional sys~m, the
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:Uexbeam system did show an improvement in performance over the .conven-
tional·systeID.in the hover condition.

Puring the testing phase,' some qualitative observations. were made. .These
observations relate mainly te the natural. frequency vibrations of the rotor
system. Whe:n·testing the flexbearn rotor system, it.was· noted that at approxi ...
rnately lOOOrev/min the test rig experienced-large vibrations; The results of the
dynamic analysis [see figtlre ••631 show .that the17~ .is an2/rev ·.excitation. neat
lOOQrev/minmark. The 2/rev excitation is' an in-plane excitation caused. by the
Co.dolts fqrces.· Since the rotor system is stiff in-plane. these loads are transferred
into the rotor shaft. and drive system, causing the 'vibration of the test.l'~pr.'Thl1S
the observed vibration of the rig, at this rotor speed, does correlate with the
predicted vibration modes of the design. 'The design point uf the rotor system is
200Orev/rnin, where it was predicted that no n -ral modes would be excited.

'J

When operating the test rig at this design point of 2000rev/min, no vibration was
apparent, thus correlating with the results c,f the dynan1ic analysis,

The conventional. rotor system did not vibrate, the reason being:
<> the rotor blades were attached. to hub by means of. a pinned joint.

Thl:s joint would act like a lagging hinge thus alleviating the
in-plane loads, including the Coriolis loads and loads due t(l the
imbalance o~the chordwise CG. As a result of this hinge the loads
are. not. transferred into the drive system,' thus not inducing ·arty
forced vibration.
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(5,,5 Windtunn.elFlight rest~
Translational flight .tests, were conducted ,in the CSIR's 7m x "l5mlow' speed
windtunnel, The objective of these tests was to compare the performance of the

two rotor systems, and to verify their performance against the analytical predic-

tions.

Both the conventional rotor system and the flexbeam rotor 'System Were tested

with windtunnel speeds ranging from 5m/s to 19m1s and. a constant rotor .speed

of 80Orev/min .. Highet rotor speeds could ·OO..used due to the lack of control

power in the collective servo, thus making it impossible to pitch the blades, For

the conventional rotor system the blades were pitched using the 'collective

control serve on the test rig, while for the tlcxbeam system the collective pitch

was set at an angle and then locked.

The shaft carnage of the rig was unlocked during the tests of the conventional

system so that the system would 'fly/reely' and find its own equilibrium or trim

position.

The results of the tests were recorded using the rig's t"ompute.r data .acquisition

system. Smoke was used for flow visualization tests with the results being

recorded on Smm format video tape. The smoke probe was traversed across the

disk' plane focrsing on the tip areas.

A sample of the unprocessed flight test data received from the test rig's data

acquisition system is shown in (APPENDIX H]. After the analysis ofall the (4~ti1

received in the windtunnel tests, it was found. that no meaningful conclusions

could be drawn from the data. Some of the reasons for the failure of the tests to

produce any meaningful results were:
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.0 The tests were used to commissiori the .te:strig as wen as l1t()Vicn~
the perfotmance data fer. the verificativn of the design c.onc~p.~
and analytical-models. This was done as the windtunnel Was .only
available for one day in whlch to set up and complete the testing.

~ The test rig itself presented a few short comings, namely;' the
force transferred from the actuators to the blade pitch links 'was
not' sufficient .to control the blades ie, the bearing. loads end
flexbeam leads. were too great for the available control leads to
overcome. There was also insufficient cyclic control at high.wmd
tunnel speeds, thus not allowing adequate centrol for the rotor
system.

\) An insufficient number of tests were done, due to the limited
time, thus not providing sufficient data for the construction of the
performance curves of the rotor systems.

The University of the Witwatersrand's windtunnel could not be used as the 'rotor

system and rig were too large fer the test section; in terms that the rotor system

would be operating inside the boundary layer of .fu\; tunnel w~\lI\~and running in
ground effect thus giving erroneous results. Thus with further upgrading of the

rig and the use ofa large enough windtunnel for a length of time, full valldation

tests can be done, proving the design concept for performance.

0.5.3 ]FlowVisualization

The flow visualization was completely qualitative showing the flow fields ahead,
Oil and after the rotor disk plane. What could be seen from the video footage

were the blade tip vortices, which were Circulating from the lower surface to the

top surface, and the circulating trailing vortex flow field. The lead-lag motion of

the conventional system could also be clearly seen from the high speed video

footage that was shot.

The How visualization was done purely to provide insight into the physical flow

field around the rotor system and to show the actual motion of the rotor blades

in translational flight. The visualization of the flapping motion of the blades

confirmed that the rotor blades flap up in the front and down at the back, which

agrees: with the flapping motion predicted by the aerodynamic design software
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[APPENDIX. AJ. the video footage also l'1).owedth~t the Iead ~ l~g motiea~ of
the bladecar(l be relatively large c:
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606 Summaty J()l the AdvalDttages ,an-ul Disadv:~rnta'gles .of Hu~
_.. ..... ._ _:. - - :--- : . .. ":0-:

Bea:ring].e§sRotor System Concept
The advantages. and.' disadvantages of this rotor system concept arise. from the

comparisons done between itself and. the conventional teetering rotor. The

major advan~iLge$of the rotor, as discussed previously, are those of weight,

manufacturin~· cost and time' saving and an increase' in flight perfo1,111aIhc.e.These
. - .-'

ad'Vanmge~$en~raIiy affect the r~~~factuting arid ownership costs and. can lead

to a more eificienftotor overall,

The rotor is, however, not wjChout its short comings. A major disadvantage of

the rotor systemwas the increase jn control loads necessary to twist the flexbeam

:in order to pitch the blade. The rotor could not be controlled at all.from the test

rig's control systel.a~(thus makingit necessary to lock the·pitch on the blades

before the testing began. The flexbeam .118.5 to be correctly tailored fit. order to

minimize the force needed to twist the blade. It also has' to be lllafmfacturr.ci

carefully so as to achieve a repeatable product and to maintain even control

loads on both sides of head.

This highlie;:hts another major disadvantage inherent in the' manufacture of.' any

component usingc composite materials. ·TIus being the quality control' of the

product and the repeatability of manufacture e.4:s a result .of the. current manu-

facturing techniques and the form of the-raw composite materials, close toler-

ances are difficult to maintain which can lead to the rejection of many

components> .which can be costly.

Thus composite materials' would only suite applications where the tolerances

are low and strength in particular directions are required. The use of composite

materials must be carefully considered in the design 'Of any component to ensure

that the component warrants being made from composites and that. the advent-

ages do out-weigh. the disadvantages,
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A scale modei bearingless rotor system. using composite materials, Was de-

signed, manufacturec, and tested. When comparing it to a conventional teetering

rotor system of the same thrust capacity, the following conclusions. were drawn:
e The rotor system has no moving parts with the number of

components being reduced by 55%. .

e As a result .of .the fewer components and the simplicity of the
design and lay up, the manufacturing time was reduced, th",s
making the system economically more viable.

e The total mass of the rotor system was 1345.8g, which represents
a 50.5% mass saving as compared to the conventional rotor
system, The mass also represents a 1% error between the pre-
dicted and actual mass value, thus verifying the analytical m.etl-
ods used for mass prediction.

<> The static tests showed the design to be faill.afe by demonstrating
the soft failure. mode characteristics of gJ.tssftbre composite ma-
terial. The tests also proved that the clades were capable of
sustaining the expected operating loads while also verifying the
analytical design methods.

e- Comparative hover tests revealed that the rotor system has 20%
less drag and thus absorbs less energy than the conventional rotor
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-sy.stem~ thus impr(lving\Ul.e petfi.o~.'_~~.~)I,.efor fur' .,,<'
-capacity. .•.•. " '.',.' <l-

I) ..In. relatiollto the conventional rQt(lrsys~~m, the flexbeaffi rotor
, requires Increased ~&1itro~'ower in orde,r to pitch- the blades;

" ! - .. ',',
'1\

o· Aia result oftlre design process, a·numbet\'of tools for the analysis
and ~esigllpi rotor systeIl1s ¥l generlll w~tedeveloped. '.' ..'..•...

BaSyd 011 the fmdlngs of the desiisn .study, includPlg the manufacturing and
,'_: - - _'__ - .: __ - : :.:-'", .'_ - __ - - '_,:'C: _ .... .. " ",. ,. ,Vi

testing of systems, the following. rqicommendations d~ pe 111OOe: .'
.- -~_-~_:_':, :<,',' ;_.-> - ". .. __ .. }i__ __ .- .. :: : . --'=:_.-._- _. _(-----_;_.--~'--- _"_ '. . _ _-.. _ =": .:~.,,"

ro 1Jle filrther. ,.developl11en~,of the ,co~p.uter 'godes f()g. predicting
"the aerodynamics and pieifOml$ce, especi~lly .m the areas of
inflow modeling, tr~sitional flight'and. non-lggid aerodynamics,
would enh~'Ce the capability ofthe program. 'I

<> The ppfirnizatiQn of the flexbeam.dta shape. and .stmcturet so ·...as
to improve its performance for ~istitlg and flapping as well as

."l'ecIucmg .tfie contrql power .lle¢.ess.··ary for pitching. the. b..•.1.a...des.
c- --; _"'".\':- . - - " __ -, -__ - '_-," i

I) An indepth -study into 'the failure 'modes of composite bonde,(i
and mechanicafjoints' for bom glassfibre and carbon <fibrepre-
impregnated materials. .

e The-upgrading of the translational flight test facility so to ..enable
comprehensive studies of rotor systeIl1S and their envirOnment
for tranSlational. flight .. This wOllld also assist in the •complete
validation .of the design/analysis tools that were developed f(')t
this Pl;OJe,ct..
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A computer code, suitable for use 00. a PC-AT type computer. has been
developed to analys17 sih¥le lif~ir1grotor systems for aerodynamics, structural
loads and a~amics. The program covets teetering, articulated and cantilevered
rotor systerns~

Aerodynamic performance in both hover and translational flight is presented
based on a method by Alfred Oessow and Almer D Crim, The method has been
improved to incorporate hover procedures, fully coupled blade flapping' and
lagging degrees of freedom and precone evaluation for teetering rotor systems.
The code has been validated for hover and translational flight of the articulated
rotor system type using flight test performance data for the Aerospatiale Puma
SA330 J. Hover performance was found to predict to within 6% being theworst
case) and translational flight to '/ithin 14%.

The structural program is based on the method in NACA TN 4304 by Alton P

Mayo and was validated using NASA MEMO 2··28·59L as no test flight data is
available.

,
"

The code for the dyna~nic analysis program was taken from NASA ™78670
by WilliasnH Weller and Raymond E Mineck, which is fully validated, and
adapted to run on a PC-AT computer, The code has been metrlcated and
integrated into the environment of the aerodynamic and structural modules of
the. program so as to run as a unit.
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Brhe numerical analysiS' of helicopter rotor syst~ t¥" for aefO~j'namic' penot·
mance and airloads, in ppth hover and translational flight; is presented based,

on blade el~ment theory. The problem of detennirting the aerodynamf~ e;1\1l.
romnen~ \.1singthis. the.ory, involves' calculating the forces and moments On a
totatI'tlg ithre~ dimensio?)al llning surface from statically measured two dimen ..

, .' - -' ~
.sional f,erofoil-section,data. Furthet compUcations exist, not in an aerodynamic

! i ., -. - I:'. ""

sense but inthegeomeiricboundary conditions. T9 analysc·.sipglelifting,rotor
systems.and ,to maintain .'a ....degreei.of.generality,. it.·,is therefore. necessa~i to
include the rotdrhubrestralnts for <iifferent rotor'configuratiotls; The code thus
developed covers teetering, articulated and cantilevered boundary restr$inij..
To integrate the aeipdynamic envin;mment with the physil~ s{ruCIuralloadigg
neceSSitates, .the int)ioduction of some flexibility iIlto the rigid aerodynamic
analysis in the vadOusdeg!"'e~$ of freedom. Alth6ugh~ articulated two degree of
freedom coupled aemdynamic f1ap~l9.gcode is presented! out-of ..plane flexible
structural chariw:t~ii~ticshave been coded to evaluate physical Qutcof"'plane
bending moments. Furthermore, a code for three degree offreedom coupled
dy-narnics fortfie boundary constralnts mentioned above, has been adapted to
operate in ,the same environment as ,the aerodynamic and structural codes •.

Analytical plade element th¢ory is complicated bytrying to incofporate bound-
ary conditio~ specific $0 beUcopterhl.lb types. Furthermore.. assumptions and
Simplifications have to be made In order to evaluate the flapping equations
without having to resort to numerical marching methods. The need arose to
define tnesjx force and moment loads existing at any blade spanwise station, in

...,order to designa rotor blade" hub and rootsections,



The a.~umptions t1ortl1atly associated-with blade element theory have peen

neglected. 'These assumptions are listed below:

..... Np~o.SmaU angle a$Umptions.··

flap hinge geometry isincluded.

mcludeS the aerQfoilperformtu1c~ in the reverse flow 'region;

.... Is adapted fox-input of coefficients of lift and drag forany range
of macp numbers, thus including compressibility effects, as well
as neglecting the assumption of constant .lift curve Slope and a
mean profile drag coefficient. Stall and post stall effects are
therefore included.

Up to ten different aerofoil sections may be incorporated to
analyse spanwise variations in blade profiles.

The inflow model for hover is a modified. vortex theory model
which includes tip loss effects;

Root.cut-outand tip. loss together with variable spanwise weight
distributions can be analysed.

, .

- The aerodynamic code can produce flapping narrnoni!Cs to any
desired level.however, it is 'only shown to the third harmonic for
aerodynamic analysis, and to the eight harmonic for stru-zural
loading analysis, '

Helicopter pitch and roll manoeuvres as well as transient flap ..
ping motion for any arbitrary control input can be analysed.

Includes pitch-flap coupling and for the articulated constraint
flap-lag coupling.

- Temperature and altitude effects are included,

The program numericallycomputes the following rotor characteristics:

Rotor thrust and torque.

Induced and profile power.



1-.'3

Flapping angleS,velocities and accelerations.

- Lagging angles, velocities and accelerations.

Angle of attack and rri~~~hnumbercontours.

Aer<:dynamiC load,.CI and Cd.spa.nwise. andazimuthalvariaticns,

-- ..Aerodynamic load time histories.

'"""Rotor shaft angle relativeto·f1ightpath,.

- Maximum in and out -oi-plane aerodynamic forces and mo-
rnents, at any blade spanwise station.

Stnicturalspanwise bending moments at any blade station.

Structuralsnanwise bending momenttime histories.

Natural frequencies and mode shapes coupled for the three
degrees of freedom.

Fan plots of the variation of natural frequency with rotor speeds.

Induced velocity for translational flight is based on Drees (7], which is a first
harmonic approach. This inflow model can only be used for advance ratios of
p = 0.175 to« = O.S, which limits the programs use to fully developed transla-
tional flight. The transition area between hover and translational flight cannot
be analysed using this inflow model.

The rotor blades are assumed to be rigid for the aerodynamic analysis, and
flexible for the structural and. dynamic analysis.

The aerodynamic characteristics are limited to the use of statically determined,
two dimensional aerofoildata,
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It is the purpose of this paper to present the equations, theory and computer
codes necessary for numerically computing the aerodynamic, structural and
dynamic characteristics of lifting rotors •.First1y~the general theory used irrthe

analysis will be presented. This will be followed b,vadescription of the computer
program and finally, a sample case will be presented for the articulated hub type.
This example will be for the Aerospatiale Puma SA .3.30J, whose flight test
performance data will be compared to the program analysis •

.,



At, 1h lateral andlongitudinat ""'Yclicpitch respectively (deg.)

ao ..,'_" constantterm in blade flapping fourier series (deg.)

a lift curve slope (/rad)
an coefficients for Cos.utp in expression forp (deg.)

B . - t1p loss factor.

b

bn

q
Cio
CF

a
eM
Co
CT
DM
e

1M
.~

Me

MI

MT

Mw

- number of blades per rotor

-- coefficients for Sin ntp in expression for f3 (deg.)
.- blade section chord at radial station.x em)

. . ,

blade lag damping coefficient (kg s)

section profile drag coefficient

- centrifugal moment in lagging equation (N ttl)

section lift coefficient

coriollsmoment in blade lagging equation (Nm)

-- drag coefficient

thrust coefficient

drag moment in lagging eql.ation (Nm)

flappinghinge offset (I'll)

lagginghinge of::;et(tn)

dragforce in lagging equation (N)

gravitatlonalacceleration (mls2)

mass !R0ment of inertia of blade about the flapping hinge
(kgm)

inertia moment in lagging equation (Nm)

lag spring constant (Nlm)

centrifugal moment in flapping equation (Nrn)
inertia moment in flapping equationfNm)

thrust moment of blade abou.t the flapping hUlge (N rn)

- weight moment of blade about the flapping hinge (N 01)
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v
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a.CF
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IC
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CI)
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mass of blade element (~g)

shaft power (kW)

..... helicopter rolling veloCity (rad/sec)

- ~haft torque (N to)
,'._" helicopter pi tching velocity (tao/sec)
- blade tip radius measured from center of rotation (~1)

,
blade element radius measured fromcenterof rotation (rn)

total ttmJ,st (N)

non ..dimensional resultant velocity at blade element

non-dimensional component velocity parallel to st~aftaxis
non-dimensional component veloc;:ityperpendicular to the
shaft rods

true airspeed or helicopter (km/h)

induced velocityarrotor (m/s)

.... non-dlreenslcns! blade element radius

.... angle between shaft axis and plane perpendicular to the
flight path (deg.)" ' .: ,,', ','

angle between centrifugal force vector and axis system In
blade lagging equation

element angle of attack (rad)

blade fiappi,,'1gangleIdeg.)

..... blade flapping velocity (tad/sec)

average drag coefficient

mass constant of blade

collective pitch at blade root (deg.)

blade linear twist, negative for washout (deg.)

alrscrew correction

inflow ratio

tip speed ratio

blade loading frequency in spanwise structural dynamics

non-dimenslonal flap hinge dimension (e/R)
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mass density of ait (kglrn3)

rotor §aUdity

blade laggipg angle (degJ

- blade.laggtngveto¢ity (tad/sec)
..... inflow angle of resultant velocity (deg.)

-. blade azimuth <Inglemeasured counter clockwise from the
dovmwindposition (deg.)

- rotor angular velocity (rprn)
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The differen~ial equation of the Wade flappingmotion isderived In the following
mannerwith refernce t6 figures 3.1.1 and $.1.:2

ShaftMs ,<;
. .... . .,.

.._.-----.----........--.~ r _ ......---------

~~ i;ource ofMoments About Flapping Hinge

The origin of the various moments are shown in figure 3.1.1 and the resulting
equation is

and Mw = Niw Cos{3 =: J~ mg (r - e) Cosf3 dr

:3 -.8

3.1.1.2

3.1.1.3

3,1.1.4



3.1.15

11. ••. , 2, ."
Ml:::J m[3 (r ... e) dr::: {J1h., e .'

3.1.1.7

3.1.1.8

Therefore equation 3',1.1.5beccmes 11/// 3.1.1.9

M' 'fER 1 . '·U2. ". 'C' iF. 1 U',~" '. . .... 3.1.1..10
1':: '.rt; '2p . c (r - e) Cl· . os¢' dt + r~J_P .' c (r'" e} Cdl) Sm<1) tir

b d fi '. r~. e '... Uv el11mgx == - ::: -........ u= -.' ..
II· " R l R t QR

and;t\ubstituting to non:' dirr .•msionalise give'~'. !.

Mr' 1 ......2h4{JB 2(. ~ 'C' 'C .... Ji:, ..C· V' 3.1.1.11. .'. == '2P <= l>" 1\. .t.'cU· X ... s) .' t ',os$ .dx +' Xc U (x - ~) • do ..Wl<P 4x]

, e-
Th...e section ~.o.n ..' di.rnenS.iO..~al re~
sultant velocity u and the mfl)J
angle <1> (see rig.3.1.2 ) may b

e

tions;
found from the following equa

Up ~ v
'.! / ...., v' ..'
! •~

~ ..

3.1.1.1" ~~ Veiocities& Angles

3.1.1.13



Ut ;::.1'+ (X ..:.......~) Casp + !.! Sin 'I'

ur
¢i == arctan oi

With section angleofa.ttack

sUbstituting into 3.1.1.1 giyes th~ articulated rotor flapping equation

, ,
'. ... eM W - If,fwCoS/3SmfJ(Cos/3 +=s»: f3....; ... 2 = 0

!Jh· Qbt

3.1.2 Teetering Rotor Constraints

3.-JO

3.1.1.14

3.1.1.15

:';.1.1.16

3.1.1.•17

The differential equation of blade flapping motion for' the teetering rotor
system may be derived In the same way and including precone yields the
following equation:

1, B· l. .. .. 1 .... ..... ..
-2 i' (( J u~t C, COS~ dx + J .. u2 oX Cdo Sm.(/) d.t)¥, ....,

Xc . XI)

( Z Sin/3 Cos/) .....2 if )11' - Po I:;; 0

where /30 ;:: Precone angle

3.1.2.1
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3p2·,SoRutioUJl.or tIhleBlade t~gg;,frngEqmtaUon~~"
I,

_.,.';.,

The blade lagging equarlon is derived in the following manner wiJh reference
to fig. 3.2t1.

Inertia/Coriolis

I,

~-------~--------------~--------------~--~--~,
The i•rertia moment is given as ,'....

( 2 '
I Ii? t .....eL.l m ~
M- '" I dr

- eL Cos" ...,'.0

3.2.0.1

The coriolis moment is given as

3.2;0.2

The drag moment is given as

3.2.0~



Th\~ centrifugal moment isgiven' as
:\

3-12

3..2.0.4

From fig'..3.2.1, taking m(),tT1ent$'!~b6utthe Lagging hinge in the Clockwise
direction and cOllSidering a spring and damper moment of }<1;.~..and" C, ~
respectively, gives a' moment balance as

),:

The equations for ~oth flaprping andJagging were solved using a 4th order Ru nga
~Kutta numerical rohtine ..

!..
;
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The inflow model used tor all the hover routines is the Goldstein'S Modified
Vortex Theory. In this theory the wake of the rotor is pictured as a rigid
helicoidal surface of infinite length, but finite radius, moving parallel to its axis

wittia.uniform velocity [tef6].The derivation of the equations used in the model

are described in detail in the above mentioned reference, the. result of which is
shown as

3.3.1.1

The algorithm used to solve for the inflow numerically is listed as

For each blade station calculate the rotor solidity given by

Beax == ---
T(.Rx

3.3.1.2

Find blade setting angle for each element

Assume an inflow angle

Calculate CI from equation 3..3.1.1 above
........
~..:1 Compare the calculated Ct with the aerofoil section CI data. If

the difference between the values is greater than 0.0001 the
process is repeated.

3.3.2 Translational Flight inflow Model

The translational flight inflow model is based upon the model described in [ref

61, where the inflow is expressed as a quadratic equation in A. as shown below.

3.3.2.1
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Where the coefficients ti, tl,. t7 and t22 come from the giverrre,ference.

~e non - .dimensional ip.f1ow ratio, is ~odif1ed based on the e~uattons given in
.[ref 7} and are s,hown below

v 4[ .. ·1·. ··1·8··· 2 .I"'f"~ .._l"'; x]
.{\.X = - (- {() Y t + (-Y"" ..,. -.3······ '. .... }"}t

3.3.2.2

3.3.2,3

thus v·~ vo (1 + /(xrCos V'+.Ky rSin II') 3.3.2.4

which Is a~tst harmonic~pptoachtQ :translational flightinflow mOdelling.·
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3.,4 .§tv-,~~tunr~l1HSpanmse ']Bladle Loading
---...........~ ... ' ... -

The gove.tIling equation is derived from thefollowing diagrams [ref 3].

0,
t I .,' tvdr
0' r

fi I
s . I ,I
~~ ~n ,\ ~Hdr
f~Mm, I .•~ ;Zr
I.) l~---L

, Zn
figyre 3,4.1 Force System '

v \
. R \ \ -,\\~:.~Y2~

..-~./~ .»: • .'\ h> <:> »<

I \~~ _/ p900

'I! 0
tfl == 0

e 9.4.4 Geometry

R;
0;
t ;
o~
r :
i Flexible Blade i ..........__,.,

S ~~' .: e"lh '. :
a h fJ,· ,- " .zrigid' Z~r.-----~: I

_ , ~ , t......

Plane of Rotation r Ph

.E.i8ill:s.-MrJ Deflections



The blade geometry) the.forces acting onan infinitesimal element of the 'blade
. .

'. under trans~ational flight conditions, and' the resultingforce system are S110wn
. in figures 3.4.1, 3.4.2& i~t3. From. ihesefigures it is seen tliat the bending
moment Mrrtat any station fn due to loads acting on the .blade is given by

.. ,,' "' . ".

. lvim,;: JR IV (r - fn)clt ....JR IS (Z ;. tn) dr
Tn '.". ' . " .. " Tn

with reference todref 3] equation 3.4~O.1can be written in matrix: form, as.a
general' equation as- follows

{{~n.~[(Lb + ig) [l\ri\ \1ol]+. Q2JJil.[!ZA(11 {r-.~}1-
w2(Mzvl[tZMll {r ...h}] - ia; Q [r][Al[[ZMll {r - h}]l-l {Mal 3.4.0.2

where {Mal:: [r}{La}

Ine analysis of a teetering blade considers ~:;;ng ,,!V. nenlc ioading as

with ibeing.the complex v:-= I .
-, .' ".."

?quation 3A.Or2also appliesto the hovering condition ifthetermswhich pertain

to the blade's vertical velocity and acceleration are omitted ie, w ::: a and
g ;:0.

ittthe blade root angle Ph is zero in equation 3.4.0.2 the result is the equation ror
the cantilevered blade in forward flight.

'atJplied to the cantilevered equation 3.4.0.2 and odd '\'anrtooic loadings to
equation 304..0.2 itself.
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A computer code u$;d for predicting the natural frc-.tuenciesandmode shapes.
of helicopte.rtotor blades is presentedJn[r~f 5}.The program is based on the
Ho!zer-Myklestadapproachadapted for rotating beams. The. code cqnsiders

.. -,

fully three d~gr~e.·qffreedom·cQupled blade spanwise, ··chordwiseandJorsionai
motion.

The equations, theory and method (If. :solution are presented in the above
reference. The code has been modifi~d;\tQoperate on an IBliVf'PC/AT type
computer, and has been rnetrieated.to bi'i'i,,"!C:QrPoratedinto the environment of
the aerodynarnic and structural codes, The dynamic code haS.already been'
validated and this is shown ill [ref 51. . . .,
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The compur.~l'code has been written using a BASiC compiler (screen control,
graphics and menu options)? with MS ..FORTRA.N' compiler tor numerical
method solving. AU the execution codes are .liaked via. a main menu code and
must aUreside on a hard disk. 'The core requirements for code storage is2 MByte
hard diskspace with a further 4 MSyte requi, ed for the program working area.
The m.inimum requirements for realistic operating time is the IBM PC/AT
.80286 processor with 80Z?7 10/12 MHz co-processor runlling DOS version 3.0
or greater. A 40 MByte high speed{28 ms) hard disk and Z MByte onboard
RAM are necessary ..Graphical output may be acnefved using Lotusl..Z-3i3S all
user outpurflles are in. a Lotus format. A i'ASCAL code to map angle of attack
contours has been Included which outputs a text file in HPOL format. for
optimum usage all the .computer codes must be resident in a configured 1.3
MByte RAM drive.

The following table represents the timesforone iteration with 30spanwise blacle
elements, 20 degree azimuth increments and 1,1 and :3 spanwlse blade aerofoll
profiles, respectively. This does not represent the most timeous case which is
upto 10aerofoil profiles for 30 spanwise blade elements and 10degree azimuth
Increments.
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Jahl1;: 4.2.2.1 Program Time Performance

No ot Elemnents

These times were obtained with the configuration as described in section 4.2.1
above. 'The same operations performed on a. 80:386DX processor and 8038720
MHz co..processoryielded times approximately half those stated in the above
table. The output presented in the validation section of this report used. three
aerofoil profiles with the corresponding ti.rne of 124 seconds pet iteration. This
represented a total time for .a!J.penorrrtance calculations of3 hours,

Figure 4.1.1 represents the logical flow ot the program. Each subroutine repre-
sented in the flow chart is described below.

The main program controls the execution of each module, namely, the aerody ..
namlc.medule, the structural module and the dynamic module for each rotor
type root constraint. The aerodynamic module is first called, this module
contains the data input as well as the aerodynamic analysis.

'The input section of the program is subdivided into:

whic:hconsists ofnumber ofblades, blade radius, root
cut ..out radius, blade twist, blade. chord, flap hinge
offsetl flap hinge spring, lag hinge offset; lag hinge
spring and damper, pitch-flep coupling, blade w~ight
moment and blade inertia. .



.. : . .

which consists of section aerofoil liftarid drag data
(upto 10 mach numbers and 40 angles of attack),
average drag coefficient and lift curveslope, aerofoil
spanwise change selection (upto 10different aerofoil
profiles may be considered). .

~ StiffI.1~ss.~ consists of blade element mass distribution and blade
element stiffness distribution (EI", Ely and torsional
stiffness 0.1).

:E1igbtscwcUdQn Ogtl! consists of lateral and longitudinal cyclic cOefficientS,
root collective pitch setting, rotor angular velocity,
forward speed of helicopter, all-up weight. pitch and
...roll velocity and helicopter climb velocity,

Envlronm~m.al Data consists of air density and local air temperature.

An example oithe Input deck is shown in the validation section [section 5J,

After all the input data bas been retrieved and the rotor disk mesh has been
defined (ie, number of blade elements and azimuth increments seeected), thc

program requests an estimate of the blade flapping/lagging angles and \'clfJ¢itit:s
to start the solution of the differential equations. Depending en the flight
condition chosen, either the hover at translational flight inGvwmodel will be
selected. If, however, the flight condition falls within the transition region,
fJ ..,,;0.03 and J' := 0.175 , the program execution will be halted as the! inflow
model does not cater for this flight regime. The hover inflowmodel is an iterative
procedure following the algorithm in section 3.3.1. The velocity distribution
along the blade span is then calculated using equation 3.1.1.12 through 3.1.1.15.
'the mach numbers for the blade elements are then calculated by dividing the
total velocity (equation 3.1.1.12) by the local speed of sound in air. The section
angle of attack is then calculated using equation 3.1.1.16.The local Q and ';;0

values are then obtained from the aerofoll library data using the mach number
and angle of attack along with two dimensional linear interpolation.

The thrust momentum equations (equations 3.1.1.17 or 3,1.2.1) are then evalu-
ated at the current azimuth position. 'The integrals in these equations ate solved
using Simpson's numerical integration techniques. For this in!.egration tech ..
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nique to be used there must be an even number of blade elements. A 4th order
Runga-Kutta numerical technique is then used to solve the thrust momentum
equation in order to obtain values of the flapping angle and velocity at the next
azimuth position. This procedure is repeated around the entire rotor disk. The
initial flap angle and velocity is then compared to the calculated flap angle and

,\

Velocity at the zero azimuth. If the two values are equal (within a tolerance of
0.0001) then the calculated values from the thrust momentum equations are
considered to be correct, else the procedure is repeated u~tiI a solutlon is found.
In general, the method is stable for any size step increment (Ie, from 2 to 30
elements, 10 to :20degree azimuth steps) and converges to a solution within 5
iterations.

From the solution of the thrust momentum equations a full map of the rotor
disk aerodynamic environment is generated, This includes spanwis(;~lift curves
and shear force, bending moment, centrifugal load maps, mach number map, Ct
and Cd maps, angle of attack map (this map needs to be converted to a contour
map format for meaningful understanding using the PASCAL code described
in section 4.2.1), velocity distribution map and flapping angle (including flapping
fourier coefficients), velocity and acceleration map. All this information is totes
compatible. and can be viewed and/or plotted using Lotus.

This information Is then processed into a format acceptable to the structural
module of the program. Upon entering the structural program the matrices
needed to evaluate equation 3.4.0.2 are generated. Sectors of the azimuth may
then be evaluated forstructural bending load analysis (the user Can define the
start an~ end azimuth positions over which the an,111),51Sis to be performed). The
processing time for this analysis is approximately 2.5 minutes and the output is
in the form of structural load spanwise distributions and loading time histories.

The dynamic analysis requires additlonallnpur in the chordwise and torsional
degrees or freedom. This is a stand alone program that has been integrated into
the environment of the aerodynamic and structural modules with the controHing
program acting as a pre-processor.



~.2.4 Descriptlon orlProgram'OUlput

This program provides a large spectrum of output which may be displayed in any
format required by the user. This includes tabulated data as wellas graphical
representations. The examples of the program output below are of a graphical
form only and were
derived .usfng the

PUMASA.330Jat its

full speed rating, in

level flight,.withan all
up weight of 8200kg
at ISO sea level. Fig..
ure 4.2.4J 'shows the
aforementioned heli..
copter rotor flapping
motion. The figure
shows the flapping
angles which are direct

Rotor Slade Motion
F:ull'<l $,\ :\30 J •.~."a 1ImIh, "'= ~.l:(,J

=r-;
j !~. -.o i'. '

200

A2lh-.U1h AnsI<> Idl:g.)
. • FI:)pJ~.~

outputs from the thrustmomentum integral equation. From this third harmonic
fourier coefficients are displayed as screen output after every convergent itera-
tion. The third harmonic was chosen as an error of 0.1% was evaluated between
the actualsolution and the 3rd harmonic fourier series. It mustbe noted that the
program uses upto the 8th harmonic for the structuralload calculations. This was
done because larger errors arise if only low order fourier harmonics are used
for the aerodynamic loading [ref 11). Transient blade napping motion may be
viewed in graphical form while the program is running.

The performance at any specific flight condition is output to screen and either
a file or printer. It is ina tabular form as shown in figure 4.2.4.2. The performance
contains the tHrust, power and torque generated by the rotor system. The power
and torque are indicated as negative values showing that the rotor is absorbing
this power. In order to generate performance curves (eg. power vs. forward



speed). the program
milS! be run with
multiple flight condi .. ,
tions, and the data
from these tables, col- ,
lected as shown in the
•validation (section 5).
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The airload distribu-
tion 'is "represented in
figure 4.2.4.3. The pro..

. gram calculates the airlcad distribution for every azimuth position hut the
example only shows'4 ~imuth positions .,The figure clearly shows where blade
spanwise aerofcil profile ('hanges occur, namely at 5.215 and 6.786 m, Depend-
ing upon the number of spanwise blade' elements chosen for the calculations,

"airloadjlme histories may be plotted for each blade element. The time history
ror loads close to the root of the blade are shown in figure 4.2.4.4.

TH,£ O\!'f:RALJ.. ~OTOR PERt'OR.\{A.':CE. IS CALct:t.A.TCO AS:

~.$10 N

HEUCOPTERSHAi'"t ASGt.E '" +13.?!Jd.eg

-+ 8021(}.963 !'I,"

HEUCOPTER WEiGHT ;::

ROTOR TORQli'e ::

ROTORI:-.nUcEDAI'.'O PR()FlLEl'OWat '" 4223;98 kW

Rotor Slade Lift Distribution
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Rotor Blade I...iftTime History

Eigure 4JA.:i AirJoad Time History

Additional output that can be obtained from the aerodynamic module for a
specific flight condition are angle of attack contour maps, Q, Cd and ''1ach
number maps. The example in figure 4.2.4.5·is an angle of attack contour plot.
the other maps are not shown. Contours may be USer defined to any desired
integer step, the plot shown in the example has a one degree step from _2° to
+14°angle ofattack dAihe lines are not automaticallyplotted between the points,

but have to be rna ..

nually inserted by
hand. The ouput

/' \
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Dlrectlon of
Rotatlou

figure .$.l,4.J._Angle(If attack Contour !Plot

plot file is in
HPGL format and
can be plotted and
scaled for any
plotter capable of
accepting this for..
mat..This plot is a
useful design tool,
as the designer
can see the effects
of various blade
aerofoil spanwise
sections and the
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effects of blade twist. This type of plot.has not been successfully measured 'to
date tref22], thus this ouputhas not been validated.

'the structural module of the 'program ouputs two data files namely, a structural
load spanwise bending
moment distribution
and a structural load
time history for every
blade station. This .IDa-.

dule gnb! processes
with ~Ospanwise blade
elements, but WillaCCD-
modate either 10° or
20° azimuth increments
from the aerodynamic
module. Figure 4.2.4.6

shows the bending mo-
ment spanwlse distribu-
tion for the 0, 90, 180
and 270 degree azimuth
positions, All azimuth
positions have been cal-
culated but the above
mentioned ones have
been displayed in this
example, The mass and
stiffness distrfbutions
used in this example are
not realistic as they
were unavailable for
the Puma SA33QJ. The
structural bending mer

Rotor Blade Structural Sending Moment
1'\1"'" SA ;J;:l;O .) • :iS3 ~~ ~ s:!Ol) l'iJ .

Structural Bending Moment Time History
P\lrnll SA ~ J •2$ lImil1,"1\l!iSS .il2co I:g~~,----.~----------~~~~------~

s.a i ,\

:::~\
1.2 - I II I (

Ptn!c1ur.U ! ~ i I
~ro.8J \ .M~( ! I
!-O'" :JQ'<t8 i /\ /'

o.4.j , I

O~ 1 \ ..." \ I I .~:~---------__,\-v- ...-,...",...=;.-.., -i----i
.().4~ "" \1

I ~.().a~·- __
o

. .All""JI!> .~. (<kiI.1
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ment data isarranged in a format such that time histories for each blade station

may be graphically represented. An example of this is shown in figure 4:2.4.7.

The ouput from the dynamic code is the same as in reference 5. Examples o.t
mode shapes and fan plats taken from this ref~;rence are shown below. \'ne
example of the.Puma SA330 J could not be dynamically analysed as the infor ..
rnatlon needed was unavailable.

a .797' I ~v 'SC'SSORS
,200. Rf'!1
G.O CCL'

.5-

Ugt~ Um~strati(ln of M()d~ Sha~ lP>lo!F===-===~~-=~=-~--=-~~~~~"~
t te'

12,81

.
I".21
i

9.G :._



The data used for the validation is for the Aerospatiale PUMA SA330 J

helicopter. No structural blade data was available for the validation of the
structural module, however the method used has been validated in reference 3.

5.1.1 Geometric Datal

5-29

.. "

Frome
N13106

lProlile
N13109

ProtHe
Nl.lU2

c ::: O.6m 1.Jl9m

I ~

.~+-~~~----~~~
I

!
5.l1Srn ::: 0.69:11 R-...........----~.

6.165m ::: 0.9 e R

Odcg
Twist f.rom. Centee of;
Rotation:::: ·11.67 Ideg.....-,

~



1.54 meters

Static BladeW(\lght Moment l71 kgm

Saade Mass Moment uf Inertia

Thhl.e~1.1.1Aerospatiale Puma SA330.J Geometric Da~

5.1.2 Aerofoil Library Data

The blades have three aerofoll section changes along their span as shown in
figure 5.1.1.1.The two dimensional aerofoil section data for these profiles are
shown in appendix n.

5.1.3 Mass and Stiffness Data

The bl('''(e total mass is shown in table 5.1.1.1, butthe mass distribution data ;J')

well as stiffness data Were unavailable, and are not needed for the validation
(when validating the performance characteristics) of the aerodynamic module.
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265 rpm

o • ,21}; 111 •• 256 !atl/br

Input 'l'orque 8ettimlg 19300 •• 3YfiOONm

1.ahl1. 5"1.4': 'Translatiomd Flight Conditions

5.1..5 Environmental-Data

15 deg'OlC
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The program output for the Puma SA330 J is compared to flight test data from
tests performed in South Africa, The flight tests were performed in August of
1988 and are referenced as flight 135 (translational flight test) and flight 142
(hoverflight test)as a clean aircraft flying out of ground effect. The Information
obtained from tnese fligbt tests is performa-ice dat.a only. Thus the vaUdation to
date only includes the performance prediction.

The variation of collective pitch angle at the rotor blade cuff and helicopter all
up mass, together with the variation of main rotor torque and helicopter all up
mass is presented
for performance
validation in hover.
The pitching axis

Hover Performance for SA330J Puma

system used in the
computer code con-
siders pitch changes

17.4 T--
1702 ..

~~ 17-\
plch 10.111
(~) 1\').t).J

111·<11
HI..;! ..

HI J
15.0 ..

.
/'/.

1$.0.. /'
'l'I.4..j /'"

l~,~j/
I4.Il~
I~.!l -! •
1~.4i

axis system as 1~~ L-.,.'-"...,..'__,.i--.-__,.._,.. ....--~.......,...--...-4
6 0,4 (l.U '1.2~)' 4

shown in equation __ PtodietOd M, (I'\1! I'1k"'lltQllt~~---~,---=~~--------~~3.1.1.16. Collective ~u:,5:t,U ..Hover C()ll!.'¢tive Pitch

angles measured in the flight test data were measured at the blade cuff thus

about the center of
rotation in tbe shaft

resolving all collective pitch changes about the cuff requires subtracting 1.2
degrees from the program output. The results are shown in figure 5.2.1.1 and
figure 5.2.1.2 (Tables are shown in appendix C).

The rotor torque prediction in figure 5.2.1.2 falls within the scatter of .he flight
test data and is thus difficult to calculate an error of prediction. The collective
prediction, however, yields errors of between 1.76% (at 9000 kg ADM) and



5 ..33

5.67% (at 6000· kg
. AUM) representing
an over prediction,
These errors ate at..
tributable to the in-
flow model! which
uses average drag
coefficients and a
constant lift curve
slope for hover in..
flow convergence.

'" . _ ., -=='"'< .,.. , ._

5.2.2 Translational FUght

The results of the comparison between the predicted performance and the flight
test performance are shown ill figure $,2.2.1 and figure 5.2.2.2 (tables shown in

appendix C). The ~-----=--""""""-------"""'1Level Performance for SA330J Pumatorque prediction in
ngure 5.2.2.2, as in the ;·1
case of hover; is diffi.. 111 / .
cult to evaluate, The =I"t ../
inflow model used is " '! /' .,:
only valid from -_/' I.144

P =: 0.175 to.« ::::0.5,
1;11 J.. ,. .

this wes the case when 12.L-r......... .........._--,- __ --..,_.--;·
trying to evaluate O;l¢ eQ 1<" 100 200 114Q ..

1M! ilJr $p4 '<d (lti'M!1

flight conditions below "-==-===- =-=_~~ ,..".,,!.;i..lJ ...i'rl ....fMl=· ----"""""
.£i~ Collectlve PItch in Forward flight

130 krn/h (p ;:;0.113)

where convergence could nor be obtained. The collective angle with forward
. speed yielded errors of between 7.93% (at 230 km/h) and 13.61% (at 189 kn1/11)



representing an over.predictlon, These' errors ~1ealso attributable to the linear
{uflowro6deland thattherotor also lags in flight. The lagging could be modelled
using the ¢oupled flap ..lag module of the aerodyn.amic code, however, lag

'.'.-_ '--. .": --_ .....

damping information was unavailable.

',' "



A computet code haS beeadevelopedto analyse singfe rotor systems for

helicopters in bothhoyer and translationaLflight. The. c~de is .sultable for
runningon IBM PC/AT type computers. The code is general In that teetering,
.articulated and cantllevered rotor hubs. may.be considered. Many restriCtIve
assumptions normally associated with analyticalblade elementtheory have been
neglected, Reasonable acpuracy was obtained in control angle pedonnance
calculations! whilemain rotor'torque predictions for the Aerospatiale S.AJ30J
Puma yielded results that fell within the. flight test data scatter.

(

The. program operating time Was found to be adequate tor calculati.ng all
. . - - . .

performance data normally associated with the design of helicopter rotor sys..
terns.

i, .'

•
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FL I SHT I NF'UT DAT~I-----------------
t·JUM:eg):: OF t=IOrtlR BLADE:S =
!=!OT!)R m..,~!)E l=:AD IUS =
r;:c:rorcur CIUT Rp~b1US ..::;
F:CTOF! $LADE rursr aE:nJE:ENROOT ANlJ TIP :;;
F!OI'OR SLAbt=;CORD :=
cvci, I C L.ATERAL. F'ITCH COE;FF! C:n2f'n ::
CYCLic LONGITUDlNAL PItCH COEFFICIENT -
A"lt-;ULA'F: F:OiO~ BLADE SF'EE:':u :.::
l-. • !COF'TE!=i t::"ORVJARD· SPEED :::;
l..i!:;:r'lSI TY OF A! F: =
HEL !COF'tEr:;: ALL UP WE IGHT ""
ROTOR TOROUE ::
HEL.ICOF'TER PITCHING VELClCITY ;:;
HEJ_I CDr'TER F:OI•.L!NG VELDC I TY ..:
nocr COLLEe"fIVE F'ITCH ::
r!UMp.E:F: OF BLAPE ~LE"IENiS revt:::ln !I\.lmpe.l'") =
P,ZH1U'rH INCF!~:'NENT :=
ROTOR BLAce P~EtONE ANGLE :::;
!'!AaS 1"101'1ENt OF IN~~F?TIA ABDUl TEE:1ERING HINGE ;:;
ATMOSPHERIC TEMPERATURE =
AEROFOIL LIFT CURve SLOPE =
AEROFOIL AVERAGE DRAG COEFFICIENT ;:;
1'1i~SS OF F:OTdR HUB "'"
9LA0E ELEMENT MASS LUMPEP AT StATION 0-
BLADE EU£Nt::t~T 1'11:188 L.U~'lPEO Ar $T·P,TION 1::::
BI '''OE; E!~EI"1ENT t'1A$S LUt-IF'E)) fW STAT ION :2 ==
G_ .DE ELEMENT MASS LUMPED AT ETATION 3 =
~~ACE ELEMENT MASS LUMPED AT STATION 4 ==
E4U-10S ELENE:NT 1'o1ASS L,.UI"1F'EO P,T SiAT rON =:; ==
BL,;;,\)EELEt"ENT t1A58 LUI'IF'gD AT STI·n T ON i: ==
BLADE ELEMENT MASS LUMPED AT 5'~'lUN 7 =
~LADE ELEMENT MASS LUMP~O AT ST~TEUN e::
8U-4tlE EL5"':NT I"IASS LLU'lF'ED (~T srATION '7' ~
f'u~,r's: r"'_St·lF.:I'lT M(:)28 LUMF;E!.:-H r 1'141' .!l;JN 1Q =-
8L(1('!2 ELEI'1ENT 1'11"'::':::;' "'lPEr.lA: STHT I ON 11 =
PL(;d:~E ELf::r·1F.~I; "A!::S LlJI"lPE1) I-'IT SH=!T!L1N 1.2 ::::
BU.;DE: EL.Sl'1~NT 1'1AS$ U,ll'lF'SD AT SiAT!ON 13 ::::
t·,.,::·,(,l:: Et_f!ftiENT M~:7:t: 1_.IJ"1FFi.t,1 in ST;:.!.r ION 14 ""
eL~DE ELEMENT MASS LUMPED HT STATION 1~ ::::
t~Lf.;'0!::: t:;l~s:ril,SNT t'1(4:28 Li.,lNFE.l) AT aTA nOrl 1b =
:;·~.j;t.sE!....St'1~:.:NT 1'1,::,::7.8L.Ul'lF'Er.! ;:''''1 s·T~,ir :·r·i .t 7 -.
":'L..::i~:r:.! E:U:::'U':"jJ t'1(l:~~ Ll!11Ff.~I;· AT !~TATl'~;N 1;=:::;
tlJLS E'_E:1'1E:;\)T rlPJSS L,UMFEt> :4T ST?1r!C'N r= :::;
:::Lf.'cS: r-::-~.S:··jE~n 1'!f;l:S:~ LiJt'lF'E:l:' I'4T !:::fATl·JtJ 4') -::;
;_:,i,...;::;E r;-LE::'lSi\{: Mi:i2S l..WI'lf:'EU:;' ,'1T ~ T;', r t G:fJ .: 1 ....::
:;--U',Jri g;..;sr·1Etrr r",:;:5S, l_uMF·g,> i~r ,ST.;', r t C:i/ ::::.: =
E:L,..:E ~L!:::HE'~N; Mf";SS L..Ur1i:"t:!:£1 r.:;T E·Tr"t7H::d·~ ::::: ::i

::'-,Lr;,!~l::: ELE':li1E:nT t'l(:)!'S:E i..wt'WS:r. r~r :ET'I:'~'~(~rJ ::4 -
EL~CE ~L~MZNT MASS LU~PEC AT 5T~T!~N ~5 =
2!.J:..;:S; S:LEi1E:r!':' i"'i;::'::8 LUt1F'~::C· 8T cT'r:~Tlr;;N ;~;;:, -:::
:~u:,t)E: EL.EY'E:)'H l'1f;.,SS l....UJ'lPtt> A1' E'1';':'TrCJt'l:::7=
·~L;·!,·Et E:l.. ..::t'lG:iJT' t'!/l!:;'~~L.Ul"lF'F.:C' AT :~T ..qn j :E ;:;:

o.•72()" III
0.0(10 III

+(l. \)(H) d$g
0.0'7'0 IT!

,1-<•.• ooo l:Ittog ..
+(l. ')(>0 d. ;;I'

2<>")(..1.()(;') rpm
U. (l(lO ~~ph
1• :2(n)I)(l kg /111.::

35. (H.lI:) h Q
IS ,(H)(I ~'Jm
0.0,:)1) deg/~
().C(I;:> dr,:'g/~
El. S(l!) d~g

.3. (!U(I ceg
I). ~).-?~ hg rn

+15. Q(K) ocg C

o . o 1 ::20

O.31Z!O kg
O.OZ2(1 I<g
(I. C)2:;!O kg
0> 1;1(l2!:5 kg
().(l(.l:25 kg
(I. 1)(::25 ~~9
() .. ~;)CI:~~;5l~g
o. Ct::;SS k;~
I;). '~)::.:':'tj. I, 9

,.,';)~:t+ kg
o , ,)(;1;' £1 I~g
(I. _,(,;~.C:: hg
o , \:H:'7 c kg
\} • (II;; ";'6 h 9
o , OOt:'1 ~.9
<; II 1'.~\;;'!;:. ~:"3
('..)(,-;:::.I Q
':" (,(. ;: :;, h 9
:~1..I'J'~~=!..:g
!.,,' .. ,')(_:~ ~•• ~-::, tl~lIJ
\;l, i)Ut:: hg
':~ If l; ..H~. ,7 ~ ,r; 9
';'. :.\):J I:' !,;:!
.:!" <'l~i7!:; ;..:g
;.• )::)~:,:; ):g
).l-j?("7~ 'g
c., ~:~:)"7;::. r..,~
) ;t-<~,;)7 ~ !.': ':I





: "

~.:
_. ~1Z 'I' t1l.rrH I.!:N''SU::;J.

~~'f} '= +t;. • \,11 t,':1 d ,;:;1.... :;;;,..

(;, ! -= "'(1 .~)(!'{.~.' i::leg
J;:r 1 = .....t·, ~:J()!:).5 d~g:o!".1

'..'-(.~~:..", -')/C6,,:F) deg
f:i--:; ~. ~_f) .--t)t)~)6 deg.........
(-1!; '= +0.!:IQ~>(I d(!:t,:1
~~~' = ....0. ~)(:)()~I tlt'Q

+0. ooo clEig
+2~)~1)(:)1:>d ;:::'g
+4C). O(l(~> df:'Dg
+&,(>.(11)0 de9
-+eo. oco dmg

of 1\)(). OOt) tI~g
..I. 12Q. oco deg
+14·:).I:>O~! clog
+lt~O. 01;)(;> dcg
+18i). (It:)(J d$'9
-zoc, O(lQ d\\,:·g
+21\\).O()<:;1 d\'?g
+~4(:1.(:(!() deg
+:00.0(10 0$<;)
+':1'2(1, (1(;(1 deg
+3(I~J. (H)() dt:;g
+:;;' 2(). coo ol?.:g
+7>4(1. ooo dog
+~.,*,O .•OQO dr.:·g

, +:r.. 0(.;1) deg
"\"3. 0·(10 dq<g
+3. (l() 1 da I;)
+S. ()()3 d$9
+3a()t).iJ, dog
+3. (j()(::, d.eg
...;::::.1),)7 d<'?g
+3.C>Ol:? dt:<g
+3. Q(l9 c:I,~g
+~.l)09 deg
+.::;,. ('(."-\? d :~g
+::.• (loa deg
+:.:r.. ()c? deg
+:-" 'j(»~ dDg
of';>. <:(;)5 deg.
+z. (1(14 de?9
+,::;.(11.1:!, lJe~
';.3.1)\)$ d£tog
+~. I~)O$ cit'):';,!

'I;'
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FLlbHT INPUT DI4 fA-----------------
N\JrtE;E;:F-. :)P F:OTQR E:L.ADE':';::::
F;~CJT':C,t=~, BL;YJ:E F:{~DI~..!S :::
t=::oor ':IJT OUT F:t'10IUS =
F~G'rr:lF' BU~l)1S rurs r BEi!;;lgEN F:()OT AND rrs ::::
F:CTOR E:LADE:: CDF:D :;: .
CYCL rC L,~TEF:I::)L F'! TCH COEFF IC I EN! :::
CYCl.IC LONGlTUDII'JfiL PITCH COEFFJC1EHT :::
r~t·!8UL(.~R Rr.:nOF' BLADE: SF't;~D ==
HE:L I C::"lF'TE'R F ~JRL'!AF:;P SF'EE:IJ =
DEr'JS:::TY OF A!F: ::::
HELl C:OP'l"l!R ALL UP WE! GHT :::
ROTOR TGt-::o.UE :::::
HELICOPTER PITCHING VELOCITY :;:
HE'I_ICOF'TE:F: ROL.LING '.JE::LOtlty :::
P~hi COLLECTIVE PITCH ft

~ :8ER OF BLACE ELEMENtS (even number) =
AZ!I'1L1TH H4CF:El'1ENT -
F:OTOF: .:It.l,..AI:'E PF~'E::CONE MH31 .•E :;:
NASS 1'1C:t1'1ENTOF :r NE:f:{TIPI ABOUT l-EEiERING HH1GE =
ATMO~PHERIC TEMPERATURE •
AEROFOIL LIFT CURVE SLOPE :;:
J~EF;tlFOH~ IWEF:f.~G~ JJRAG COEFF'ICIENT :;:

(i ii. t):)·) In
+.(~II (~\~.(} tJC?"g
o ••O'::'.I iii

+0. :: >4,;:; d~,:,g
--3._ ~\;i7 o·!e.g.-

;20(lO. ,:,(_, rp m
11.)(i.(IV) hph

1• :(If:,,(~\.:~,",r.:.-g, / in.~;
35. ,~l')'.) kg
8. (,,>;1 Nm
o. (H)O d~,g/::;.
(l. Q('(, o~~.';,;,
8. CH.1\) de;'g

,:t. (ii.l(l d~g
O.()95 kg m

+15. (lOU Q.eg \':;
6 .• 'JO() lr.::,\o
O.Q1:20

MASS OF F!OTCJ!1=: HUB ;;:; 0.31:20 I'g
:$Lr-1D~ f,:.LEt·1ENT t1ASS LUf<1F'l!D AT STATION (l ;;:; (l. f,,~:::2() ~::g
BLADE: ~Lt=;:i"1t;2:~n t1AES Lwl'lF'ED A'T STATION 1 '"' (). 022(l hg
Bl,..r4pg .E:Ll?MEN T t1A5S LUt1F'Etl AT STATION :2 ;;:; o D \)(:2-5 1:·0
BLADE ELE:MEl'rr MI~SS LUNF'ED AT STATION •';:1 ;;:; O •(1025 kg
BLf'llJF.:: . ELEI'1ENT NI::~ES LUMF'E:b {H STAnml 4 .:. O. ',J(}:~5 kg
ElLP1DE E L.ErlEj'olT 1'11;55 LUl'1PED AT STATION 5 ;;:; O. o (.1..:!5 hg
:E'LADli ELEMENT t1A5~~,4U~1r- :::L"l AT STATION 6 -- C' O,~./25 kg1,it

:EtU\OE ELEl'1ENT rM)8S LUMF'ED AT STATION 7 ::: 0, (It.et4 ~~~1
BLt',D~ EL:::r'IE::NT MASS LUMPED AT STATION 8 - (l. (:~O94 kg.-
pt AI:'E EU:;1'1ENT l'lASS LUr1F'Et1 AT STATION C;.1 ::: (1.1:)094 hg

.~DE f.LEt'lE=:NT t'lASS L.UMPED AT STATION it) ::: O.(J07b kg
BU~DE E:LE'J"l~NT l'1ASS LUNPEP f~T STATION 11 :;, (i·. 007'0 I(g
E!JlDE ELEl'i~NT t'tA5~ LUMPED f4T STATION 12 ::: 0.0076 kg
E:Uli)E ELE1'1E:NT !'1ASS lUi'lPEb AT STATION 13 = () ,OCl76 kg
!-:U::-.DE: E:LEME~n MASS LUJ1PED. AT ST/4TION 14 = o • (HY76 kg
BLADE; E:LEl'lENi !'lASS LUrlPJ;;O AT STATION is ;;:; 0.I)Q7b k,9
BI~?1DE EL.Ef'lE:NT t1{-'lS$ LUMPED AT STATION 16 ::: O. (1076 kg
BUmE: ELE1'1ENT !'lASS LU!'1F='EO AT STATION 17 :::: O. ()()7=. kg
SI_APE ELE:t1E:NT t1(~Ee L.ljr1PED AT sn:n.tcN i$ ;::: (~!• (J(:t ,'"6 kg
BLADS: E:L£:'l'lENT l'IASS lUMPEO ~fT STt;rrON 1:.t .:::; o , \.1(.)/0 I:g
F.U~!J.)r::: ELE:I'lEt-H f'I:;SS L,tJt'1f~'E:.c (·n STATION '2(l ::: Q. ()<~:,._e kg
?LA!)E \::LE:~'1ENi MA~8 LUf'1F'E:D AT :::TATl(.I~j ::::1 ;::: 0, ')0', b kg
'f?I...;:.;.VZ E:C,Et'iE;? rr rf11~~~·~LUMF'!:W AT S: Ti:'; nUN .''":'~" ::: C' (~'... :- ,':; kfJ....... (·itt

8U-iDE E.U::~1ENT 1'1A~S LLII"n:'EW r-iT SiAlICm ::,3 ~ u. !~}.:;'j :;. In;)
I?Li;:,ef::: ~Lf.:!'~ENT Mr~)S$ L.Ur1F'E1) HT' :-5T~ r tor'l ~~ :=: ~) II '.;\l;~ kg
?LACiE EU::::N~NT MASS U,J!,!~IEb ;;T ~TRTI0N :"5 ;:: O. ;)(,:i ~ kG
f"Lr~,t.;r:-: ELSMENT M(o'!~.:'; t..Ut'1F:e:rJ At Sr::~T rON 26 ;:: 1),. r..,\.·l~_ !rg
BU:,L\t;: ELE:.I'IENT 1'1AiES l~Lii';F'ED t:,T ':;TI~TltJN ..,,-. == I). )(':' ::. l.g

_,
~L, \!:;r~ EL~t,ojEN! r·1AS$ l,..UMF'EZD AT Er_.)T t 01',1 ""I,~ ;:: ~) !~ I; l) ~:':: 1 g.... ·;,1

8U;'.)E ELEMENT 1"11'1;:.2; LUl'lft'&;b HT STAi'!ON .I;';; :=: o, u·:,; =- kg.....





B .- l·' '7 ,tJ'1UTH (:\tlSLS_1" __
A_:) ~'

~~':':. l . ,~,;' j~9
{~1, '= - -::.«):'·1 c:lt:Q#

B i = .,;;,.0, j .174-4 QE?g
(~;2.- ;;....(: ~~.~ ...':;t dC?g.' .........
E::': = .J ..~'..:, )174 d~g",",,;-f -;;: 4·i:~.,:'\)(~::.? d(?.?lo.ot~.
,(::,-1" - '+<i. .);).:,,) d!;?g..."' .....

1-o_0II ... __ ~ _"~ __

~~(~-li-(1_\)() d-E:!g
+'=l::>·it ooo '.d!:ol-g
+I.{.r) " COO cleg
....6(!.000 t:leg
.J..90.(lO()dt::.>g

+1:)(l. 000 de;'g
+1:<). oco dog
+l·'l(o.O(1\) dsg
.1. t 6(:' • (~()(l dog
+lElO.(H)(l oeg

. +:;::O(). Q()t"> c!eg
. +::,:W. (H)(! deg
+r2 4(;,. 00(1" deg
+2c,CI. ()()(I deg
+2=0, (l()() deg
+3i)O.OOO oc;;g
+32~). (H)Q deg
+341). (:)0(1 d~g
+::::;6()•()I;)() deg

.....-.::',;.';·.63 ~"t::g-c.;~Z-Si dt?9_

....<:;~It : ..~·f51d'c~g
-1. 440 d~~g
'1-(. 7()7 d~g
+~.• 1;:::;0 .d8g
+5.tI':::7 dlPg
+7 •.~40 d\:?g
+'-9 __-2\)6- deg

.1'10.035 d(::·g
+1':"'.)'31 dC'g
-r9.1S9 deg
+7.~(l1 deg
+5.454 dF.?g
+::;:.008 deg
+0.064 deg
--1.075 deg
-3. 146 tle.g
....::$.960. deg

--------------------------------------~-----------

R01'C3F: THF:UST :=

HELICOPTER SHAFT ANGLE _.



€I r:::.

_h~:J.: ::;
;~i -=
B i ==
F_:::~ -=
E:'::' ~
I~:;;' ::;

£:3 =

-':;~).l.)(~(~d_,eg
+;:1"-, • (l')(l deg
+4·(:. r:t:i(i deg
+60. ()()() ceQ
+20.000 deg

'I- l(Y(l. (H)(l d eg
+lZ·....(!(H) deg
+1 "+~:\.OQCl deg
+16~).(;H)O deg
+18(}. (:I(H) deg

. +20(l. (H)(l O$g
.+22()·. ()I)Q deg
+2An. ooo df.;!Q
+2el).O(lI) deg
+2SC CCl() CEg
+3(11.'. O()(I deg
3.2!) ,ooo deg

+340.t)(lO oeg
+3c/1 (l(.I(l deg

A_Zl:.r1,\.{"r~1 (..;t~8LE t,o"~g~~
+c: .. i.,: ')9 deg
_.; .:l:~'r~::_id~'g
-j • 1744 dt?g
~{!~"~,::~f·1_3.d.-e'g
.Jr:Y~--.) 1.7'-4d,e~f
.+("., ,~:)(!,:.~d'~g
+')',,. 'f)\)')~) d"eg

-.::. ',;51
~'l" 44(l

,+'::5,.0:'::)
47.::r4$
+'f.;2(16

,1·1(). '):;!,$
+:l.I).(.1!-:\'
+9.199
+7~ =(11
+S.454
+~.008
';"1).564
.-~.575
'~::1:.148

c!i'~~g
~c;-g
dc9
i:1e,g
d~g
c:I~g
O'i;lt,j
deg
cJeg
di:?g
dcg
<;leg
deg
deg
d.tg
05:'9
q-:;g
cleg
d'??g

-----------~---~---------------------------~*-----
"'"""-----.-..,.,,~-...;..-----.... -.......,

F:OTC:R THF~lJST :=



F~CT:tfF~!1:'~'t,!J:,:':,'::·
~.: II 5.7~ !·~·_t'l

AERODYNAMICS FOR A TEeTERING LI~TING ROTOR SYSTEM--~--------~----~--------------.------------------
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~ .

pr-o~re,rn sec:;tproper'tie$~··
{ t.his j.':lro';Jr~rn calt:,-\late$ t.hE? S~t:;t.iOh pr"OplSrties of a\hy i;1:H~r.o'Foil ,.

{$M 3Z0()O~Ci~ :S2<)(l!:n~
{$E+}
USES· crt ~dC!l:;,~$6.'(:: t. vi aw, i l"lp;

{CQNSI' \',.
1= i l!i,m ~,ms'7' a.l~::S2-0 H.5• d at" ;;.

VAR

PROCEDURE 9at.fJl ••
CONsT

clir~c =
VAR

filebuflch~ STRING;
of il el . ... TSXT;
i!lp;c~P91~j : 13YTE;
f 11 = 1300LSAN;

BSSIN
EXE;C:(~c;\t::omrna.nd. com'" ~JC
ASS! (3N(f i I Et1 , el.i rae ).; '.
RESET <fi..le.l)' g
t:lrscr;
Gott:JHy'(:1.?J}J ....
FOR i ~:=i TO 6< DO

rea.dlh (fi 1e;l. 11h '
pgc;:=l;:
pgl ~=1;
+ 11 : :=ofa.l SI"t ,
WHIL.E not EO!=' (-r i 1 e.t) t10

BEGIN
reac:llnCfilel.fllebuf);
fi leb\..\f p=CDf"Y(fip'l:)pt,.tf~ 1 ~ 1:;2);
INSERT (" • • ~of i 1el~L\f , 1()> ~
chk; !::;:CP.F'VCf:i,lebl..tf. ~ :I., 7) ~
IF' ch~~~"'IHRF'II...E" THEN

of 11 :.:=tr\..\e ;
IF'~hk.' • THEN

>fll.: :::::true:
I~ hot fl1 THEN

t;I~GIN
fl1:=fal'iS!aI;
IF pge<615 THEN

eE;(3!N

\ .,

Qotoxy(pgc~PQ1);
wri t£?.J. i"l (of;i 1E?bu-f) ;
inc:'<pgt:,~tJ) ;

END
EL.SE:

BEGIN
ihC(pQl,l>;
pgc:;:::l~
Qctoxy(pgc~pgl);



writeln (filebLlf) .~.
END;

EI\IO;;
.... w,:i t~1n~.
. wri.'l:elhFE:nter Filename ?~);
j :::::whereYli
';)0'1:0)0:)1 (17d-l);
,"eadl n ffil shame) ;

. EXEG("C;:: \cornmano.•t:om' ;~iC del dirfile.t.xt~) L,
l:£NP; 'Cg!2tfi le}

re~cld,;\t.a;
VAR .

file:!. .:
ElES1N

ASSISt'll(-f'ilet, ff 1et"latne);
RESET <H lei} 11
c:ol..mb;;:l;
WHILE not EOF Nil eU DO

J3ES1N
. readln (f i lel HE.C;oqntj ,ytCOLlT1t]) ~

inc: (t::OLlt,t ~ :I.)
ENP;

CLOSE <fU·el} ;
dec:(cot.tni: ~ .1} ;
clrsc::r;; ...
go'l:o:{y ll, 1) tI
l"lrite(~t::nt.el'" skin thic::\;;n~~ss'?~);
readlh (ttl ~:I.:]);
writeC·Ent.er ~ir$t thic~eninQ ?')~
rea.dIn (tC:2.1 JH
IF tC!? ~1J < :::.(1 THEN

BE:SIN ..
wri te U E:n,·ter fi rst thickening start PO$:; ?~);
reatll.n <tt:Z~2J) ;
wl....iteV·E:nter firs;;:' thic:kehing end PO$; '?");
readl h (tl:2, S::n;

END
ELSE

ElE:SIN
t C:;.: ~ 2 J ~=t:l;
t [2, 3J~=t);

END;
Write<"Eh1ter second thic:kerd.ng ?~) ~
rei:.,\dln(tt3~ :I. J);
IF tt3,1J<>0 THEN

ElEGIN
writei'Enter s;ec:ond ·th5.c:l::enihg start PO$ 7~) II -
l""e;;\dln(t.[.:!.~2~) ;
write(~Enter second thi~kening end pes 7').
I""s~dln (tC3, 3)} ;

END
• E:LS.g

'BEGIN



t t75,::::1 ~F='t) ~
t t:;:: 5 :;:::J F =()~

StlolD;:
wl'"ite(~g:ntel'" third t.hiCkening 7~} \1
reacll n(tt411 1J);
I~ tt4,lJ<>O THt.::N

er::GIN
wt~ite<'r::r1ter third thickening start pbS 7').;
r-eadln (tt4,.ZJ>;
..wrii;e(··Enter thi,rd thic::kenil19 end pos ?>~).~

readln (1:;~4~3J)
END

ELSE:
BEGrN

.t[4'f:t==()~
t1:4, ..tJ: =0;

EN1)=
ENL);{readdat~>

P'ROCEDURE ~.ddrti c:mal area;
\fAR·
i : H rE:SSR;
ens: CHAR:;
EiEGIN

add:=false;
wr-ite(~Additionel in-formati.t:)h <YIN> 7' >;
readJ. n (ans) ;
an!;>; =1.xpC::ase (aMs) ;
I F anS1:;:" '1'" THEN

BEG!N
add:=tn.\e;
wrtt~C'Enter st.a.rt X 7~).~
readlr; (SH 1)<;
\-'1rd,t.e<'Enter er;d X '7" L~
readl n ($){;;2) ,

write('Enter botto~ Y pos 7')J
re-adl n (syl ) ;
wr-tte (~Enter thi ckness '?~);
re.ti.dln (syZ);

F'ROl~E::l:)URE total area;
VAR

i = INTEGE:R;
BE:G1N

ci\l~ea~=(1;
FOR i:::.;t TO c::ol..tn""-i DO

BEGIN
!F' (~~tU>=tt2fl2;:I,) and ()·:tij<;::t[2,:::;:~) THeN

thl=ttl,lJ+tC2~11
~L8E

IF (~tiJ)=t[3,2J) end (xtiJ<-ttZ,31) THE:N
tht ::::tO~lJ+t£3, 1:1.

ELSE



N
th; :=tt 1~l J+i:.t4~1:3

ELSE
th::=1:.t 1 ~·1J;

ai'"'.E~: =~i'"'~a+SORT(SQR<'(Hri +1 J~}.( O·j )+801:::(yCi+1 :l-yCi J
) > *th

END;
rr=~dCl THEN

<':l.i'"'ea: =ar~a+( ($:{;' SN:!.) *sy2>·~
are,:).: =ai~ea*2;

E::NP;

PROCE::bUFtl:: centroi ~J~ .~~.
VAR

N

thlf,<HCi+1J;:Ci:1) /2);

th~=ttlflj+t[4.1J
ELSE::

th~=t:C1,U;
theta: =ARCTAhl «yti +1::i-yC i '1)/ (l{ ti +1j-)~t i J).);
~:b ~=~{b + SORT maR (}: Ci + 1 J +x Ci J ) +SGlR (y I: i+ 1 j -y t i ::t ) ) 'It

. yb: =yb+(SGli=i'T(eQR ()·t t i +1 j->; t i ::t) +$GIF~·(y (i+1 j-.y t i J).) *
th*C(yEi+1J+y[iJ)12-thf2/COS,theta)));

END;
r~ add THEN

BESlN
}·tb,:_==){b+ -ts~-t:2-$~·c1)*s'y~'2!f:tSH2+t$H 1) 12;·
Ybl=yb+(1~2-SK1)*.y2*Csyl+.y2/2);

IF (x[iJ)=tt3,2J) and (xtiJ(=tt3,33) THEN
th:~ttlI1J+tt3~lJ

EL.SiE
IF' ()ttiJ>·=1:.t4~2J) ,"".Md (Htf J'<=U4,3:n THE

th : =1:.C:I., 1 J+t; t 4, U
ELSE

t.h:=t ( :I. , ll~
thl:;>tC1.:-=ARCTAN<{-yti+l ::l+ytr::nl (l< ti +1F\'~':t i J»~
KP: =xb+ (SQRT(SQR (}( Ei +1 J ....KCi:I) +$QR <yU +LJ-y[;L J) ) *

thll: CHti+D+:<ti 3) /2);
. ... .. ybt =yb+ <SQRT(SQRb: ti+1 J-x (1:1)+$QR(yO+U ....yti in) *

th* ( (-yti+l J-yti J) l:'2+th/2/CdS (thElta» ),
F:i',m~



Hb ::··=~·ib+,,''(-5H--2·;-'sH·I)%:S't2#
yb: =ib+ ($l'~2-:"'·$":1) *s::y2:t.

's,,};f2+s~,~-1)- /2';;"
-sy 1-sy212) ;

ENO'~
)tb: ::;;}{!:d.:l;l"'!'?a;

yb~'"'yb/a.rI?Co.;

PROCgDURE sectionmOineht'?;VAR
;i. : I NrE:GER;

BEGIN

o N thl=ttl,lJ+tt4,11
ELSE

ttl ::=t (1~1",1 ;
thf."t",.: =ARGT~~N((';;'yti +l).fyTi 1) / (gti+l j.-.),: t i J»);

iH: =i H+ (SQR1' (SQRb:Li.+ 11.....x I: i 1) +SQR (yU ....U-yCi::O) ~th*So.R ( (-yU +lJ-yJ:i :0/2+
th/~/GClS (theta) »; . . .' .'. . '.' .' _ .' .. "

'i y: =iy+ (SQR.T (SQR (),: I:i +1 :J-R I:i J) +SQ,R<yl:i +lJ-yC:i. J) ) l'tth»:SQR ( ·(x t i +1 J+l{ t i J.) /2) )

i ~.(y:=i },:y+ (SQRT(SQ.R (:-:n +1 J-~(r:i.J > +SQR<yCi +1 J-yt i J) ) "q~.t'.* (~(t i +:1.J+:'l t U )/2* { (-
vr.:i+j1-vr.'il)/2.,·th/':{/r:OS(thl;lt;:n»)~ , _ ...•..•



!F ada 'THEN
BEGIN

_f)!: =i y',~:ts~·'2~,~H1) :*syz~~rQR~'.,'(.($)-t2+$'~"Ll) /2) ,:~
in: ='i K+ (s)·{2-s!d) :tsy2*SQ.R'(C-syl ....sy2!.2) ) ; .
i~(y: :::~lty+ (sH2~s){U *$y2Jl«$ll.:;2+$H 0/2* <-syl-sy212';

END;END;
F'RdCEDIJRE t;el1trtrj, drnomel1ts;

BEGIN
fxl;n :::L·(+~r~a*SQR <yb) ;
iyb;;::i Y+;1rga*SQR (Hbn
i~-tybC ;:::;iJ{ y.+altea*~t,J*yb;

PS(phi);

PROCEDURE pril1ciplsmdmeht$1
EIEGIN

phi:=ARCTAN(Z*J>ty/(:i.Y ....bO) 12=
iHP~ .:::;i;<b*SQR<CWS (phi) )+iyb*SQR (SIN<phi» -2»:i :-:y*SIN (phi) *C

OS(phi) ;
END~

ElEGIt\!
getfile;
r"eaddatCl;-'.
additionali:\l"'Sa:;
total are<:l.;
cent.t'"t)Ld;
sect;i onmotnerrl:;s;
cel1tr'oj. dfTloment.s ~
prihCiplefTlomeht.~F
r,:1 n~c:r;
view;

9otO)'ty(.1.~ U ~
lo'Jritell1 (~.:trea; =~~ar'ea= 9: 2);
wl"'it.eln (~)·:b :::;:",){b:9: 2) .~
wl"'italn'·yb -',yb;9:2>;
writ.elnC'ix :::;',iKC~~~
WI'" i tel nC i y ::="~ i y: 9> ;
writsInC'ixy :::;:',i~~=9);
w~italn'JiHb :::;:'.ixb=9)1
writell1(~iyb :::;:~,iyb:9);
writelh(~i){yl;i =~ ,igYl:i:9);
writ..lnC~phi ::='~p~i*laO/pi:9t2);
writelh('ixp :::;:P,ixp;9)1
writelhC'iyp ='\iy~;9);*)

E:ND.

6
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PROCEDURE v:i. ~J"';

1MF'l-EMSN1'AilOI\l VAR
maK>t,ma~·:y, PO!$ .....
maHth

.XNTEt:1ER~: REAL;
F'R(.JC1~D!JRi:: 1;1\).( ~~;

VAR
b 1~b2 ~bZ ; I NTE:GEFr;

BEGIN .
~.tlin~styla(O,O;');
,...~c:tarll;}l.W, 0 ~malO:~ma)':Y> ;
setl ines.tyl e (t)~ Q~.l).;
bl p,:·t,....t,tnC (ma){){-O. 95*malod ~

.'.bS r, =trt,fnt;: (rna):H"'O •. (15*ma}( ~<) ;
p.S;r==t1""t,.mc:::(maNY/poS):;
.1iMe (0 1~b;'j , b2, b::::) ~
bl~~trq'~(maMyjpo$-O.3*maxy)
b.~lr.==truqt: (maxy/pos+O. 3*malfy)
b1..r,.= =·t:.rL\t'\o (m~)<H"'(,). 9*maKH) ;
'1i na <03 II P1~b3~h2) ;
settemtstyl$ CO, Q~ I) ~
bll=trunc<maKx-n-15*maKM).
b2; ==t.rt.,thc (maHy/pds+O. 02*maHY> !i
OL\tt.e:·(t.HY (1;:)1. oZ. I' Jet - a)d$~"~
setteKt$tY1e~o~i,~); ,
b 1 t ....'\:I"'unt: (m.~·:K-I). ~~Z*ma){}:) f
b!'Zg=tnlr'lC:· (ma:·:y/poS-I). 3*mc\l(Y>;
Qut.t.ext.xy(bl,b2IPy - axis·);

END;

Pf'!tJCEPURES get.ma}( t.h;
VAR

i
bt-tf

E!EtS~N

t tNTe:6ER~
R6:Al-;

. l\'l~)rl:h t ==(J~

. r-OF~.i = ;;;:1, TC cot-tnt",l PO
BE£S 1 1'4

IF Cytl+1J).ytlJ) THEN
b t-\f ; ==y r: i+1 J.~

IF b~.\f >==maNt.h rw:-~:
ffi.:ilft.h; ,::;bu-r;

END;
ENI)'~

1



\')AR
ern ~ REAL;
sc::::(: lNTEGSR;

l3Ef3IN
..ctm J:::}.( [collnt. J =
SCN p:::trLtnc: Hma}·t:·: ....Cl. 2*mG:~HN) /H PC::OLtnt :Jlbn:::ord+(mann{ ....O. 9*mp.l{N)

END;

FUNCT1L. I seal ~y (yc:ord = REAU; INTEGER;
VAR . .

c:m ; REAL;
sc::y : XNtESER;

BE' lIN
.em: =x C eOLlt1·l:.J ;
..$cy. =trL\hC~ <maNH-<I. a*ma~{)<l) IKLct:Junt.J *ycord+ma~·fy/p(:ts >;

END;.FUNCTION Confx(num I REAL;
fol'"ml,f(:!rm4,po$ = INTES!ZR;
main I StRING' f etRING.

VAR
temp t BrR! NG;

BEt3IN
srR(numaformllform2,t.amp>;
rNSEfrr (t.emp, m,;1.in ;P os) ~
COMf){ r. =mtd. ri;

ENP~

FUl\lC'r'rONeOMe)·{ (Mum = ~EAL;
tOr'ml~ pos ;' lNTESER;
maiM ~..STFi'ING) : STRrNG~

VAR
term:! .: STfHNCS~SEalN

8'r~ < nurm forml ~t.etl1p);
rNSERT(t.einP~maiM~Pb$);
coneH:;:::f(Jain;;

END!:

PROCEDURE addarea;
VAR

Hal ~:.:.:>.2, y~q~ya2 g INTESER;
1:IE131N

Hal; =scal en: (eN 1) ;
H a2: =sc::alaH(sl{2) ~
yallascaleyCayl);
v~2::=sc:C\ley(syl+sy2);
moveto(ual,yal);
1i nst.C'.l (){al, ya2) ;
1inetp ~Ha2,ya2) .~.
11Mt=.!tt::l h(~2, yal) ;
linatoiH~l,.yal)~
yal~=sc:sley(-sy1);



..' _- ... ..,

y.a2~::'$c<aley(-$yi"'sy~);
mov~to«:·t.al,yif\.t).~.
l.i. T'H:rtd (He J., y-:f\2) ;
1ine.t~(~.:",,2., y~2) ;
1i l1et.t;:)()<$.2,y ....1} ;.
linetplxa1Ayal)i.

PRCmE:bLlRE: V\"lc;e!l"1tr-oid;
VAR

}{ r;: l! 'II"; ~rad, b 1,1:12 : INTS:SE:R*
.sE:·SXN

. . sst>P i llstyl e ((l, of;
),:c:=$cele~< (}(b);
)Ie: ==!,,;c;;al!:'y<yb),
rad; :;:1:.rwnc W .1;)U.s%malO() ~
pi esH ce (HC:~yc.:JI t:)~90~red>;
pi SosHce (KC,yO, 180,2,'1), rad) ;
$E:ltfi.ll$tyl.e(l~ :t,.S); .
pieslicE:l(~"C:, yt::~9(.l~ lS0~r-ad);
pie.l1ce(xc,yeJ210.360~ract)1
se;t.li nest.yl e (2.,0, 1> ;
b~,~=tr U,hC (ma1>(H-0. 90*m.aH'H > ;
b2.~=t.r LIne (mc\lUI -I;). l0*max H) ;
1 ine ~bt .~..)'\+.~ b211 'Ie) ~
b 1 : :;;fr-t.II1C (mal{ yip t:lS-Cl. :::;l}:m,s,HY ) ;
b2;:;:t.rl,.\,hC(flHa>ty/pos+(). :;:;*m,s,HY) ;
1 :i.n1:1 (lU:', b 1~}{c ~b:2);
fietlir,estyle(O,.(); 1)';

PROCEDURE:r-esl..ll ts ~VAR
),(tlJyt1~Nt2~yt2. : .I.NTESE:R~
ct ~ STRr.N~;

BEGIN
$ett~w~styl e (O~o, 0) ~
Ht 1 ~:;:tl'"'uhC: (ma)!){ ....,:). l70*roal< H >.~
ytl ~=tr' 'l')t:: (0. 7*m~xy) ~
wt2: =tnlht:: (lnailU: ....0. 10%rni:,\)od .~
)'t2~ =t.ntnc (0. Cil*ma)·ty);
l"'ec:.t.""'I1~l e ()·,t.1, y1;:.l ~Nt~, yt2.);
I::t = =~Cehtl'"oi d =(,) ~••'~
ctl::.confx<xb,6.2.12.ct>;
t::t;=cCjnfH(yb,6~2~11:)1't::t);
1d 1 ~.:;:f:.t uric (mal{)< -.0 ~S5J1;ma:o:J;
ytl:=tr-UhC(O.7Z*maMY>;
outtaKtKY(Ktl,ytl~ct>;
yt.l:-trunc(O.76*maMY);
ctl='Ai""ea .'J
C!tt=c::onfx(ar"ea,6~2,11~ct);
Cl\..\ttew'b:y (xtl s ytl, c:t) ;
ytl t =-t1"'.L\ht: «). 7S*m<:u~y> II
c:t=-::;.}',I~{ :::::';
ct: :;:C;::ClhJ;?J'(iN \I 9, 6, ct);
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t:H..ttt~l{bty(},tl,ytJ~ctJ;
ytl: :.:::trIJi-i::((l. 81*m,ol).(1') $
c:t,:=!' 1)1" =~;
ct t =corler; ti y ~9, 6,~t:t.) ;
Duttextxy(xtl,ytl,ctl;
ytl ~::t,funt:(O~S4*m.;:tHY)~
c:t::f~~-l:'·~\l._= :---;-
. t:t: =t:tl.hel·' <i ){y, 9~ 6~ t:t) II
outtextxytxtl.ytl.t:ttJ
:·:t1:=trlmc {tnsl·n<-C). 6Q*cna.HlO ;
)It:1.:: ==trLtflt: <C).7e*rna>:y) ;
c:t::-::;::_--tH_b- -;':f~_:;- .
ctl=con~K(ixb;9J6,ctl;
tlLltteKtl·~.,>1()<tl,'1'tl, ct),
ytl :=tnlnc (0. SU:ma)·:y);
t:t:=~:ryb ='lI
ctg=coflex~1yb,9,6,cttr
t:)LlttS:<i::;ty(wt.l,yt L~ct};
ytl==trunc(O.B4%maxY)J
ct ~=~I~:yb=" ;
ct:; =c.:OM!::,~ (iHyb, 9,6, t:t) 11
oL.ltte){b,y <Ht:l.~yt l)1'ct.) ~
J:·t.1 :-~-t.r ..unc. ( m-aN-}{~.(:friO 3"er* m-aH N ) .;
yt1;=t~unc(O.78*maxy);
ct: =' P'hi :::.:~;
ct: ::;cone:·:(ph i ,l:f···.,··6~ ct) ;
outteKtxY(Kt1,ytl,~t)J
vtl~.trunt:(O.81%maXY)i
ct--:-:=' I-),;p .=~;
ctl=~on.xCixPJ9,6Jct);
OL'ttewt:~(y (}.(t:l., yt.l,ct) ;
yt 1~=tl"'L~nc ((I. S4*m~l<y) ;
c:t;::::;' I'll=! =' Ii
c.:.,t: =conex {i yp~ 9, 6, ~l:)~
outtextXY{Ktl.ytl.ct)~

PRQC~DURE viaw;(main unit procedure)
VAR

~~1

H 1~v i ,H2, yZ : lNTe:iSt::R;

BEGlN
gt'aphiiliti a1 i ze~,
maNH= =9fl;1tmaK)·q
ma:·: y: =.g st max y il
geltmal{th;
-a}{es~
')~1t ::::;$Calel: (:.:r: l J) ..~
yl:=scaleyCytlJ),
moveto (:{i ~y1) 11
t='ORk:=~ TO count PO

BEGIN

4



END;:
END.

let 1:=scal ta:·: (~fCld);
yb=sc:C;'.ley(yr:~,:); ,
line.to <~(1, yl) 11

END,
FOR 1-::P::C:OLtnt PtlWNTO i PO

ElEGIt"

EN));
IF add THE!',l

adda.rea~
ywc:entroid;
I'"'est.ll t s;
readln;
CloseGraph;

)ill : ;:l$cal eH ~NCkD) ;
yl ~:;:st:~.ley f-y CkJ) ;
1inetp (~{1, y;l) ;
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CASE

PAGE

::GW-IT EI
LNTH BEAM CHOP.D

ttl - LB-lN~2 ,_
•9~ •4112E+C:7 .302~+Oi
~..q4 ,411:£+('7 .3C23E+C'~

.1021E+(14

.!OZlE+04

.1021H04

.1021E+04
•3992E+05
.:5923E+05
.'39B3E+05

• 9~ •~112E+{'i ,6(16'3:+0$
.94
.94
,94
.94
.94
.9~
,94
.94
.94
.94

6
1
B
9
10
11
12
!3
14
15
16
('
18
19
20
~1
22
2~
24
25
26
'l1
2S
29
30
lIP

.:m7E+OO
• 2917E+OS

, li'4 .36241::+05
.94 .'3624EHl5
.94 •'$b24E+05
.94 •~!)24E+05
.94 •:$624H05
.94 .'3!)24E+OS
.94 .'3624E+05
.94 .3b24E+05
.94 .Z624E+OS
.94 .;3624E+()5
.94
.94

,3624E+05
.'3624Et05

.9~ .3Q~4E+05

.94 .'3624E+OS

.94 .'3624E+05
,94 .'3624E+OS
.94 .3624£+05

.b063E+05
.60b3E+OS
.60b3E+<iS
• 59S2i;+06
•5952E+06
S1S2E+06
,4150E.+Ob
.4150E+06
.4150~+Ob
.4150et()6
• 415OE-t,<>b
.~!5otfo6
•415O;ffi6
.415Qt+o6
.4150I::t()b
.4150E+06
• 4150£+Ob
.41Sot+Ob
• 415i*:+(!b
•4150E+06
•41SOS+0b
•4150tt06
.41501::+06
•415¢E,Ob
.415~t06
.i!150E+06
• 4100Et\Jb

2. BLIiPES
2 HUB SESI'lENTS

liYlUSTAIi ANALysts NASATM 78b70

FLEX DYt{~!1ICS

LSfIN
.{)513
.C51~
.cose
.0058
.1306
.1523
,0216
.021B
.0178
,0178
,om
.0176
,ona
••017B
.Qi7S
.,om
.0178
.0178
.0178
to!7~
.0178
.om
.0178;
.017B
.0178
.0178
.0176
;0179
,'0178
.0595

TWIST C.F.
mSD) UNDO)
t£6 LB/PnrH2
.(,~: .2d~SE-0'3
• (y,) •2B5EE-Q~
.00 ,2B'39.E-03
.ee .283SE-03
.00 .263(1£,:,,0'3
.00 .2SZ4E-03
.('0 .2635£-03
• ()(l .2387E'-03
.00 .2346E-0'3
.00 .229%:-03
.00 .225iE-03
.00 .2210E-03
.00 .2159£-0'3
·co .21 03E--03
.00 .2043£"'03
.00 .1979E-03
,(IQ .191~"Os
.00 .18* ...03
• 00 • 1709E-03
.00 .lb7(£-03
•00 .15B9E-O~
.00 .1498E-03
,00 .l40ze"'03
•00 .13021:-0$
.00 .11'1BE-03
.00 .10aaE-¢3
.00 .9749E-04
.00 •e57OE-M
.00 .7'$46E-M
.00 .bOnE-04
,00

RADIUS 28.20 IN

(~ ,h~6 GFST
L4$ ~~ DFST
PIiCH HORN QFST

.00 IN FL.AP SPRINS .000£+00 IH-I..B/RAD
,00 ·IN I.A~ SPRING .(JOO;:+OO 11'H.B/RAD

1.97 IN CNTRLSTIFF .!!)'4E+Oo IIH.B/RAD
WIST TORS!ON S?l\ • rt/~+osltH ...a/RAb

IBB ICC

IN-~-:ECB2IIN
.OO(ICIE+OV .10;'$4E-{)'3
.ot~O~+oo .1034E-v3
• (KI(,'OE+OO
,OOOOE+(\1J
~()~\lOE+OO
.0000:+00
.O(!OOE+QO
.OOOOEtOO
.0oooE+OO
.OOOOE+OO
.OOOOE+OO
.OOOOE+OO
.OOOOE+OO
.0000£+00
.OOOOr:+oo
,OOCOE+OO
• (I()QOE+OO
.OOOOE+OO
,O{l()OE+(IQ
.OCOQE+\X)
.OOOOE+OO
.OOOOe+(l\)
.0000£+00
.OOOOE+OO
.O(lOOE+OO
.0000E+00
.OOOOEH)O
• (iO(l(lE +00
i(lOOOE+~~
.OOOOE+(lO

.10258-{)7

.1025E"'01

.1025t-07

.i025E-il7

.B31!:lH>b

.B318E-06

.eS1SE-{)6

.9577E-<l6

.9S77E"06

.1l65E-05
• 11b5E-(l5
•1165E-0$
• 1165E-05
..116$"'05
.U45E-OS
.il6SE-OS
.1165£-05
• 1160E-05
• 11b'SE-05
• llb5E"'05
.11b5E~OS
.1165E-05
.116$-0;;
• 116SE-<JS
• 116SE-OS
•1165E-05
• 11bSE-OS
.116'5£--05

(it 0/ 0

SfaR OFrSEl
B8lM CHORD

Ul iN

c.s, Oi-t:'S:.l'
Wl.t1 CHOP'])

IN IN
.00(1 .000
,000 .0(10
.000 .000
,(100 .000

BLADE WEIGH'f .94 LB
BLADE FlJ\P lrtRTlA .04 SLUS-AU2

HUB O. P. INERTIA • (100 LB-SECH2IUI
HW 1. P. ll-lERTIA .000 LB-sEC**21.lN

FLEX tI'{NAKICS

.090

.000

.00(1

.000

.000
,coo
.000•COO
.000
.CI()O
.CW
,000
.000
.000
.000
.(,'00
.000
.000
.OW

.000
,000
.000

.(100
•.000
.000
.OW
.000
.000
.000
.000
.000
• COO
,000
.(lOO
.00\1

• (IV(t i000
.OW • OCto
,000 •.000
.Mo .O(JO
.OCO ..• QUO
,(lOO .000
.000 .000
.000 ,000

r .

l3LADE STA D81..'eCTtlJNS POMENTS SHEIlR r!lRtr:S TWIST l!lRQ~
IN IN ItHB LB liEF lti-{'B

'!ERr HOI\lZ BEAN CfiOkO BEAM CHO~D •

fila O.P. STtFF .223E+02 LB/IN ; ..
HUB l,P. STIFF .501E+C'4 LB/lN r·. '..•.

CASE

4 2.62
5 3.7~
6 4.7<1
7 5,(,4
e 1::.58
9 7.52

1':' S.t~

PAGE 2 01 01 (I

B.OO DEI3R~S f{OJJi' COL~CTIt,JE 500.() P.UTOR sPEEP, RP?!
COLLt:CTlVE MODE ot= BLAtIE Ai 552. B5 CPM

OR 1.1I:)Q PER REV

,{l(Jl 15.
,002 13.
;(lCt~ 1(1.
.005 6.
.009 7.
',014 b.
I(ll~ t:.....
.~t~4_ r:

1;'·1

• 1~9
• 144.I~e
.178
.:!C:5
.t~~
~"7,'"

It-~, -~

"t 3. 1...
4. 3• (I.
q. 3. O.
4- 3• 0,
4. "t 0•.."
4. 3, O.
::S. 5. O.
3; 3. O...... ...

,
r '
I'

'.

f**********~~·*******************************1H(·********************t*************~***~******t"",*******lHHHHf~~"IH****1 .00 ,1':$9 .O~O 20. e. 3. 1•
.2 .94 .17S9. 001 11.
3 1.00 ,m .'.'



u
12
1~
14
15

:) 16
17
18
19
20
21
'i">....
23
24
2S

+

12
._-:~

1'3I

( 14

j
15

o 16
17
18

! 10

'1
-,
20
~1.,,,....

o 23
!.

?4...
25
26
'27

.';>~l
;'1""

't. 'IV .VSL'i
1O.3~ .:sss .• 035
11.28 ."3'13 ,(141
12.22 .4Clj ~'Q4i
n.16 .44.1 .0"52
14.10 .47:. .C5~
1'5.04 .511 .064
15,98 .545 .069
16,92 .5S'Q ,015
17.86 .1.15 .0131
16.B0 •6'50 .OSb
19.74 1i625 .092
20.6£ ~7:20 ,Olia
21.6~ •755 .H14
22.5e .7% ·~109
23..50 .825 • 11S
24.4~ .860 ,121

.:,,,,l_)

,J',

4. 3.
4. 2;
4. .·.:;2.
:5. ."....
3. 2•.
3, ".,
2. ~.
2, L
2~ 1•
La h
1. L
L 1.
I. 1-
1. 1•
I;: D,
(I, O.
O. O.

".....

taERlllztn INERtIA (1fl-l,W-sEC1Hi2J VERi .00059 . HoRn .• 00001 TWIST .COOOO
BOUNDA."lYCONDITlDNCHECK .305bOl:~7 .50117E-9a .·11Tt~ ..os .8!q34E~-06

FASE '3 ~STAD ANALYSIS NASA m 78610 0/01 U

FLEX DYHAt11CS

B.W n:GR~5 ROOT ClJLL.Ecm'E 5<10.0 R01Ok;PEEn, Rf'li
CULLECTlVEMODt OF BLAE AT 121~.97 CPK

UR Z.44O PER R~

SI.AnE ~TA DER,.EC) IllNS IiOraliS SHEAR FCJi<t.!:S TWIST lt1TitJl.E
IN IN IN-I'] La. DEG IIH..U

VERT HORtt BEAM Cff.)RO .eEA~1 C1itJRD

~.



,.,:;;.-"

l'S.lb
1& 14.10
17 15.~
18 10.90

j1;
19 1£.92
20 17.86
2.1 Hi,SO
~ 19.74
23 20.68
" 21.62• '1

2S 2Z.S6
26 23.50
27 24.44
2e 25.:;e
29 .26.---~

I
r

~
I
I

I

I
I

I

• ~v.:,- _,"it- _.
.~BO .21~

i.QOO .2L1
.999 .200
.975 •1&
•929 .167
.862 .146
.774 .121
,1,66 .093
•S"~9 .062
.39(1 ~:,()2S
.238 ... 007
.066 ~•.045
".m. -.Oe5
".301 -.125
-.496 -, 167
-.694 ".2{:9

-sss.
~97...(m.
"'9Z0 •
--905 •
-il74.
-827.
-766.
"b9~.
-610•
~520.
-42b.

..15 •
-lb.
-17.
-18.
-19.
-20.
-20.
-20.
-20.
~19,..

GENERALIZED lNERTIA nN-I..BF-SEttt21 varr .00094 HORIZ .OOOi)S n4IST .(0)00
BotlNDA,C(YCUNDITIOII CHEet .3Jl373E"'f,'5. 727(}7E-06 ,4O:S~$ ..es .14444F.'-04

PASE b. HY't.LESTf(r AtiALYSIS NASA TI'l 78670

"~'J.!"-J
+

9
10
11c. 12

"-.J
1'3
14
15
1b
17
18
19
20
21
22
23
24
25
26
27
::8
2IJ

CASE

ELADE STA
IN

VI 01 e
F!£X.DYNAHICS ,.

~, ..
i -....'.

·,-1

~m~~~li*»~****************~lM*m~Hlr
1.00 .9ffl .000 -nbS. "'l~g, -17. -rsz;
2 .94 •90s. -,QliZ -13..~. -PSQ. -90. -'r.,2.
:5 1;89 .909 M.IB4 ~H4b. 193. ..,333. -h78.
4 2.82 .'i07 ":.273 "'761, 80S -41h -650.
5 3.1b .6"S7 -.3b'S -379. lIW. -427. -643,
b 4.7u ,04~ ...t..'1S -10. 19%. "~39. ~iI34•

. 7 5.64 "'.564 -.1140 364. 2490. -4'30. -516.
S 6.58 '".a94 ···.·695 4'1Q. 2728. -137. -264.

7~5~ ....840 -.692 ;rJ3; 2832. 131. -110.
B.ltb ~.6OB -.b59 203. 28.9&. 194. -71.
9.40 -.:m -.621 -8. 2932. 2;)/. -7>6.
10.34 "'.137 -.576. "24'3.. zm. 2bS. -4.
H.:lB .090 -.526 -4B9. :291"3. 215. 26.
12.22 .302 -.472 ..ts: 2861. 274. 56.
13.16 .494 ~.415 -972. Z7!33. 261. 85.
14.10 .662 -.355 -1181. 2690. 2'Sl. lU.
15.04 .800 -.214 -1371. ~. 203. 1'36:.
15.98 .905 -.232 -151e. 2407. 161. 1SS.
Ib.92 .972 ".170 -1622. 2242. 113. 17B.
17.96 1.000 -.loa "16iS. 2061. b1. 195.
IS.80 .967 -.MS -rsss, 1867. 7. 209.
19.74 .933 .010 -1&42. 1663. -47. 219.
20.69 .839 .066 -1~. l4~. "98, 226.
21.62 .707 .120 ~1420. 1240. -l45. 229.
22.5~ .540 .In -.1250. 1028, -185. '1:4,1.
23.50 .344.222 -1052. 821. -216. 222.
24.44 .122 .210 -B34. 622. ' -2'S7. 213.
~.3e -.121 .;nb "'607, 437. -246. 199.
26.32 -.37.8 .362 "'394. 269. ~24L lBO.

30 27.26 -.645 .406 -rre, 122. -223. lSi.
31 28.20. .... ".916 .450 ..... . .-J. ... o. .. . ~19l, .. 1~().

*fI:;t·!}~~******~~tI'~~Y!~ffi-Hlfm~***~~

B.OO IlEl3RttS ROOT COLLECTIVE 500.0 ROTOR SPEED, RPM
.couttTlVE HODE tJF·.BLAllE liT 10a3b.56 Cf'M I

L~. .'.....

IlEFLECTIONS
m

VERT HORn

ltI~s ..
IN"'LB

BEAM CP.DRD

" "TtllST
DEB.

SHEAR FORCES
LB

BtAA CHORn

TORQUE
IlHB

;,.' '.

...,1: "..
~<,

"

~.-,~

~' ..
.;; ..
' -, ~'

•r .

;."

, .- ;

6ENEf'.flLm;n lt~Tl{l UN-LBF-SECH2' VERT .•00109 HURIZ ,(10049 TWrST .OvOVO
BOiJNDARYCOllDITwrl CHECK -.721681:""05 .• HCJ3(.'E':'OS'.1124uE"\)4 ~.22859E'{I4

PAGE i Y;YI':LESTMl ANALYSlS NASi11i1 7867(1

""~",,,_ "j"..-..::. J..

(I' (I.' ,)





a. (;'{I ,DEGREES ROOT ct.uECTlVE 50V.(1 RtlTOR ~i!EDl RP«
WUcTlVE;I'ICDE IF tl\.A!lE AT 141)" ,:; CPr.

l3l..ADE STA
IN

TVllST
O~G

tl::1llCilliNS MDMEHrS S1Ef\.t:FUR~~
ill lli~ ~

\~T HPR!! BEAM CHDRI' £t4K CWdP~
~*~lfH~~~I:HtHY.f1)(UI:r.XHt*Hl1i*:fl§~~lH!-*'k~********,,***HHli*H;:~unn:u1.~st(~*~**,~nv.n~r.~*lr .•~~

1 .00 .993 .OOC'· ~. ;:5:l. 21. 1",
2 .94 •ge.3 •(It6 17. 245. 20, lb.
'3 i.as ,992 ,C~ 33.. zs, 19. 13.
4 4.22 ,9~2.ess 16. 216. 18. 13.
5 S.16 .996 .{l7E; i. 2()7. 17. 13..
(:, "4.70 I.MO .104 -15. m. 11. 13.
7 ,5.64 •992 .1~ -'2.7. la6. ' 13. 1'3.
8 a.59 .962 .158 -33. 116. 5. 13.
9 7.~ /104 .180 -'36. 165. (I, !~.

i~~:!~ :: :~~~. =!i: i~: =i: i;:
12 10.34 •bS2 .242 -42. 1'35. -3. 1'3.
13 11.2$ ,606 .2e3 "'43. 125. ,,4. 12.
14 12,42 .5~ .294 -43. 115. ~'4, 12.C 15 1'3.16 .451 ~OS -42. lCS. -5. 12.
lb 14.10 .~1 ;326 : -41, 96. -5. 12.
17' 15.04 .:291 .3i,1 -'3'1, S7. -6. H.
19 15.98 .2M.36S -"S7 u 78. -6. 11.
19 16.9'L ,127 .390 -'35. 69. -S. 11.
20 17.eb .0.;.4 .411 -'32.. 61. ~/. 10.
21 12.80 ....041 .432 ~'J!1. .S3. "7. 10.
Zl 19.74 -.1215 .454 ~26. 4:'. -7. 9.
23 ZC.6S -.211 .475 -2:5. 38. -7. 1;),

24 21.62 -.~'7 .496 -1'1. S2. -b. 8.
25 .2~.56 -.3133 .51S -16. 26. 06. e.
2~ 23;50 -.470 .539 -13.;20, -b. 7.
'27 24; 44 ",It.s7 .560' -10. 15. .,6. e.
28 2S,;se -.644 .SS2' -7. 10. -5, e,
2~ 2~,~ ,,737, ;~QS -4. b. -5, 5.
30 27.26 820 .625 ',2. 3. -4. 4,
31 28.20 '·.907 .646 O. 0. -s, 3.

*****~,****~*,,**,*~**~»**~m~*~*ffi~~~********~~

'~, ..

• .... w

;,
\

L".. .~

(', I3ENERRL~lED INERTlA (!N-LBF-SECt!i2l VERT ,00142 HORlZ .00026 TIllST .00000
BCUNlJARYCOND!TlOHCHECK -.:540?-iE-04 .a~84cE-05 .2~c"03. ....~oa$"03

PASE 5 t1YKl$STAll ANALYSIS !-lAS!i rl~ 78610
"

Of 01 0

CASE fL!:X DYNAtIICS

s.co tESP.EES RlJOTCOLLECTlVE 500.0 IlOTOl~ SPEED, Rt11
cou.ECTIVE t1fJDE OF &LADE AT 64SS.87 CPrl

OR 12.918 PER R::"V

.: ..'

. '
" '.~, ,

~' .
.SLAnt S.iA

tN
DEFLECTIONS

IN
VERi HORn

tKJl1ENTS
I!f.LB

BEAM CHORD

Sf£AR FORCESLa
BEAM CHORD

TWIST
DEG IN-Ll3

****~WH-»**********~~~~W:***1~**"*****tl'****m*****ffiM*~~!iffli!:*+"~~~*
.(10 -,~24 .O{r~ 5(-'5. Ell. -7. 6&•
•94 -.924 .006 4Sj. 19. 19. 6b.

~ 1.B!'! -,9.24 .Oll " 409. "101. B'~. 55.
4 2.82 -.924 .016 ~Ob. -148. 1Q9. 51.
~ 3"676 -,SOB ,035 2(~bt -1~5-. , 115. 50J
6 4.70 -.517 ,076 113, -241. 121. 4,.
7 5.64 -,134 .l25 -1~ -zn. IbO. '31.
B ~.Sg .233 .171 "lb3. -WOo IN. 14.
tf

2

;.~.

-,.':.,,-
1(1

11

7.52
S.4b
9,40

.464

.584
,197
.207

1.

.215
-2.
~S•

12 10,'34 •"]95 .221 115. >W),



~"r ,':;:~-"
15 1'3.16
1& 14.10
17 15,04
1S 1$.%
19 1t.•92
20 17.S6
2J H:,SO
22 l~. 74
23 20.bS.,. 21.62",'I

25 22.$
2b. 23.50
27 24.44
22 25.:\9
29 .26...:~

.~~-. ~';;"-:"-. ~' .... ". '-~~r'~ ~----.~ ..• - ~~, 1'/.-'"'. ... »; ..,..:,.;..~•• - •• ,;r.~,~ .

.219 -BSS. ~249. b2. -13.
•2H ~97. -23t;• 42. -15.
.200 "'9l7. ~221• 22. -16.
•1~ ';'920 • -205. 2. -17.
• lb7 ..9\15. -lea. -1St -lB•
.146 ..g74. -:171. -30. -19 •
.121 -827. ,,153. "5'l. ..,Z(l.
•09'3 ...76e. -r~;• '"'b9, -20.
•062 "b9~. -l1b• -.B2, -20.
~')~ -610. -98, _0'" -2() •.....~ "....

-.007 ~'520. ....Bt. "lUi. ~.19•
-.04.5:' -426. "64. -~O~• -18.
-,0$ -330, -46. -10i, -17.
-,125 ~23S. -34. -104. -lb.
-.15i "'147. -21. -9S. ""14.

1.000
•999
.975
.92'f
•862
.774
.666
.S"~9
•39~
•238
•06S
-.l1S
".301
-.496

30 27.16 -.694 ....:m8.... "'67. -9. -SS, ""-12.
31 2B.20 -.893· -.251 ~O. {to -74. -10.

*******~i*~~****~~*~~~§U~H~~~,,***!i :;'.

~SlALIZED HaTIA UN-I.Bf-SEti-f21 varr .()OO9~ HorlIZ .0000$ rsrsr ,(0)00
~IDA.qy CUrIDrnOO CHEC% .34:m:E-(;'5. 72707E-Ob ,405~$"'OS .14444F.""()4

PAGE 6 HY'J{LESTA.?'ANALVSIS .NASA Tl'l-7fJb70

DmECTIONS roMan'S SHEARFORCESm I~ ~
VERT HORIZ BEAM CHORD BEAM ctIO.RD

~m~******~~~**~****~~~Im~lH!-l1
1.90 .909 .000 -146S. -rsss. -17. -732.
2 ;94 .908 -,m -1394. "'65\). -90. -T'..,1.
;) l.SB .909 M.IB4 .,.1146. 193. .,333. -b7B.
4 2.82 /W7 -.113 -'lb1. BOS· -4U. -050.
5 ~~7b .b"Sl -.3£''9 -"S79. 1'W. -427. -64'3.
b. 4.70 .04~ t.'l8 -10. 1~6. "~3g. -~.

. 7 S. b4 "'.564 MO '364. 2460. -430. -516.
a 6.58 -.894 "".695 490. 2728. -137. -264.
9 7..52 -.940 -.b92· rn. 2832. 131. -110.
lo 8.46 -.6OS -.6.59 203. 2e9a. 194. -71.
11 9,40 -.:m -.621 -3. 2932. 2'3/. -36.

(.d 12 10.34 -.137 -.57G -24'3. 29?V. 263. -4.
13 Ih~ .090 -.526 -499. 2913. 215. 26.
14 12.22 .302 ".472 ...m. 2861. 274. 56.
15 1~.16 .494 -,415 -974. ZlB3. 261. 85.
16 14.10 .662 -.$5 -1187. 2680. 237. iU.
17 15.04 ,BOO -.214 -1311. 2554. 203. 136.
re 15.99 .9C5 -.232 -151e. 2407. 161. 15S.
19 16.92 .972 ".170 -1622. 2242. 113. 178.
2\1 17.B6 1.000 -.lOS "16i6. 2061. 61. 195.
21 IS.S0 .967 -.04S -1695. 1867. 7. 209.
22 19.74 .933 .010 "1642. 1663. ~47. 219.
23 20,M .839 ,066 -1~. l4S3. ~98. 226.
24 21.£.2 .707 .120 ~1420. 1240. -145. 229.
2S 2Z.!5~ .540.172 -1250. 1028, ~1B5. za.
26 23.SO .344.222 -10'52. 821. -as, 222.
27 2~.44 .122 .170 -B3~. 6'22. . -2?V. 213.
'::8 25.'3e -.121 .3ill -b<J7, m. -246. 199.
29 26. '32 -.37.8 .S62 -394. 269. ,,241. IBO.
30 27.26 -.645 .406 -m;. 122. -223. isr,
3! 28.20 ~.916 .4SQ -1. 0... ~191. 1~().

*fI:;t·!(·~~******~~V~~\i*~'!t*!H!~***~~

CASE

r.'~:.JI.
~- r

oj-

:eLADE .STAIN

F!£X.DYNA!1ICS
e•.QO OE(3RE£S ROOT COLLECTIVE 500.0 ROTOR SPEED, RPM

COl.LECTlVE HODE OF.WUlE AT i083b.56 CPM.
....OR 21.6N PER fk'"V

l'8lEF'JlLlZEl! ltlERTlfl iJ!H.BF~SEClH~' VERT ,00109 HURIZ ,(lQ04S TWIST .Ou(l(l()
BOUNDARYCDmnnml CHECK ....72168t ..05. U0/3(,'E-05 '.1124uE-(l4 ~.218S9E-04

PASE i I1YYJ..ESTADANALysts NA~A 111 7B670

vI Of 0

,.
0'

TI:fIST
liES

TORQUE
IN-LB

!

l··,..
L ,"

~' ..
;', .

,
t •

.,

, ,~,

.;.,. ..
, .
- '.

1, •. ,



+

.... ,.
,._'.' .

:?:
t
'5
b
"l
I

E
'1.
10
11
12
13
14
15
16
17

C· 18,,
1.9
20
21
.22
23
24
25
20
'li

. '"B.00 I:-=6REESROOT'Cf.ll.l.Et:nV£ ", 5W.u "Rl11U1{:S~Wi·tl~f'tl-""-~' ""',c,

rau:cTlVE MODEOF {{lAD: Al lZ~.'7. 51 CHi
00 .25.215 PER HEV

TWIST
DES

IOFrWt't
III-ill

71;'. -155.
515. 1123.
311. 2374.
107. 3614.

-186. 4655.
"'378. 523i.
-374. :ss:~•.
~319. 0748,
-222. 5&94.
"'18. .5975.
47. 5993.

202. 5947.
;Sb1. 5839.
514. 5571.
65i!. 5447.
774. 51}!.
870. 4847.
936. 4483.
Q69. 4083.
969• 3t56-.
936. '3209.
871. 2150.
778. 2299.
b63. 18S4.
531. 1395.
390. 982.
248. b05.
115. 215.

"'':'"r .'

I'" _

{;

\'·I

1

C

SENERALlZEJ) INERTIA Utt-t.:BF--5EC~1i VERT .00049 HOr<IZ .~1G5 TWIST.OOOOO
Bill!rlliAAY CONDITiO!! CHECK • 6~18C:-¢4 •\:l!fi3.1E-{l4 •50355E-O~ • i~-Q3

PAGE a MYKLESTAll ANALYSIS NASA 111 71:l67(l Of 01 0 ~.
t.' .'

DEFLECTIONS KOHENTS SHEAR FORCE:S
IN IN-LB LB

VERT \-lOR!! BEAM COOR\! BEAK CIiORlJ
***~**~mm*~~*************************~***~~~f' ~****",,*~*~

1 .00 .000 .0(\'.) O. O. :to O.
:2 .94 .0'33.000 O. O. z, c.

.000 O.
•000 O.

1

+

BLADE STA
IN

:5 1 Q:- .067I!'tJ_

4 2.82 .100
'5 '3.76 .1~
b 4;70 ,167
7 5.M .200
8 6.58 •233
9 7.52 .2'-7
10 8.46 .300
11 9,40 .333
12 10.34 .'367
13 11.2e .40tl
14 .12.22 .433
15 1;';.16 ,46]
{,;. b~ 1i' !;t:(,~

,f ,-· ,.

f ... :-

8.00 P~GREES ROOT CO!.lECTIIIE 500.0 ROtOR SPEED, RPli
CVCLIC MODE ~ .BLAllEAt 499.es eFt!

, .~...:....~_ ..
i-: ,
..•..

TN 1ST
DES

rOI)'GUE
IN--IJ!

, '.,,,,, .· -
,
1-

.',

,00(1 o.
•000 (J,
• 001 O.
•!lO1 O.
•001 O.
• 01)1 O.
,001 0.
,001 0•.
,OO! (J.

.001 ('y.
• (lO! {~,
• t~t~l I;.

O. 3'. -0.
O• 2. -0.
O. 2. .-{I,
O• 2-. -0. ",:...
O. 2• ,,0.
O• 2. -{i • .'o. 2. -(I• '"
0• ·2. ~o.
O. ~I -0. ........
0, 2. -0. ""

O. 2• -0.
O. 2. -0.
0, -, -0...:..
(!. " "G......



17 15. ()4 .~-
1S 15.98 .SW
1.tt 1~.~72. .£.0(1
,20 17.g,:1 .~
2~ l~.S~1 •667
22 19.74 .too
23 20;66 .m
24 21~~!62 .761
25 2.~_,'S6 .B.®
26 23.50 .B33
27 2~.44 ,867
2e 2S.3e • 900
?O 2c~32 on.., """

.002 0, 0;

.002 O. O. "i -(I....

.(lO~ O. 0, Z. "0.

.002 O. O. 2•. ~C,

.OCZ .0. O. 1. <il•
,002 O. O•.. ' 1. -\I.
,002 e. (I., 1. -0.
.002 0, C. 1. --{l,

.002 0, O. L -0.

.002 O. O. 1- ..c.
•003 0, O. 1• -0•
•QC~ 0,. C• 1- -C.
,O~S o• O. L 0.
.(lO~ O. O. 1. {I.SO tt .26 .'167

31 2a.iO 1.000 .003' O. (I. O. (I.
**H**HfHa~~.~*~ffiffl*fH~H*Utl'-*U******~**~~~~~,,** .' ",

UP.ALlZSJ INERTIA nN...J..BF-secH~) \iEPoT .(10061 HtlRlZ' .(10000 TWIST .00000
BctJi-lbARYCONDITIOnCHECK .3..?Sb7E-05 .9S319E-OS .270B5E...v6 .92609E-'-04

PAS: 9 I1YKl..ESTADAWl!..YSIS WlSA TI178b70

1

+
l:.''''''''''.'.'C" BL;Al)E Slf:i

HI

FLEX DYNAl1ICS

B.OO U£6RtES ROOTcou.ECTlVE
CY(:;llC .MODE:OF Bl...ADE AT 1347,67 cPl1

OJ 01 (I ~'.'

.., ,

.;',f, -:

t '

!','500.0 RPtOR $PEED, fml

OR 2. b95 PER ~v ~,~ ."

!
..~~., .'

SHEAf( FORCES
LB

CHURD

··.TNISi
! .'

. DEFLECTIONS ooterrs
II{ IN-I.]

VERT HORn BEAN CHoRD BEAI'!
*~~~~**~**lHI,*,'iHHfl~fffi+H**~IHHHHrH~**»1r!~HHl

1.09 .000 .003 O. "S07. -"1.
2 .94 -.115 .00;; c, 292. -9.
3 1.00 -.230 .M~ 39. 274, -6.
4 2.82 -, 345 .006 "$]. 258. -a.
5 s.76 -.446 ,og 35. 244, ~a.
6 4.70 -.517 .029 ~. 211. -6.
7 5,64 -,559 ,053 38. 215. -4.
a 1;.58 ~.567 .002. :v', 202. -0.
9 7.52 -.SQS .116 'Sl. 1%. 2.
10 8.46 -;506 .153 '38. 177. 2.
11 9.40 -.467.191 "ST. 165. 3.
12 10.~4 -.421.228 'Sf. 153. 3.
13 11.:aa -.386 .260 ~. 141, 4.
14 1~.22 -.344 .300 35. 130. 4.

(' 15 1'3.16 -.301.344 33. 119. 4.
16 14.tO -.2'S1 ,384 31. 108. 4,
17 15.()4 ".213 .423 30. 97. S.
18 15,<iS -.16l:l .463 28. !:i7. 5.
19 16,.92.' ,..•.-1Z! .•-504· _~_. 77-. 5.
2(1 17.86 -.075 .544 23. 68. 5.
Zl 18.S(1 -.029 .585 a. 59. 5.
Z2 19.74 .019 .626 18. 51. 5.
23 20.68 .061, .661 16, 43. 5.
24 21.62 .US, 709 1S.~. 4.
25 22,56 .1bS .750 11. 28. 4.
26 23.50 .212.792 9 22. 4.
27 24.44 .261 .a33 7. lb. 4.
2a 25.38 .310 .87'S 5. 11. 3,
:8 2~.12 .35~. 9J7 3. 7. 3.::s.
30 27.26 .408 .9SS 1. 3. 3. 5.
31 2~.ZO ,457 1.000 0. O. 2. 4.

*m*~~****~:&*******.**~!<lf~~m$~l!W~*********~mm~~*

:;., ....
DES

L~.'
",
~. '.'

lb.
lb.
17.
17.
17.
17.
17.
ib.
is,
15.
15.

. ';. ~" .. '

~.: ,
"

:. '

15.
14. '.. :.'
14.
14.
13.
13.
12.
12.
12.
Ih
10.
It·_
9.
B.a.
7.

I \
" .

SEtalALlZEtl lNERnA !ltl-LBr-~CH2) \'ERT .000'36 HORIt .00051 TWIST ,(l0000
eOlJtlDARY CDND!TWti Cl-Ecr. -.;3b~1!!~07 -.:!1253E-Q7 ~. 7o~a9E-06 -.3:USOE-06

PAG:! JO l'1YllE:STAD ANALYSIS NABA Tt1 7Sb7()

CAS~ 1 FLEX DYNAMICS

Oi 01 0
.,~•..~



D--::Ft.ECTl£*)S ,IDYiEtITS S\l8iR Fo,qtt;gm l~ U
'.. .. VERT . HOF:l2 . . BEA~1 CHO?Jt ... fl8it1 CHJRD

*************!i~~.~~***,~"****,**~*,w.r.:~*ffi:·~~H~~~~;'~~
I At(' ,00(1 .en O. 10S~. H. $',

7 ~'~b~ .773 ~1'Z2, -~. 7~. 40. S1t
e 6..5S .eSl .165 -79. 750, 22. 50.
9 7.52 .82~ .201 -Be. JOb. 10. 49.
10 S.,4e .77i, .:!3Z -97. 662. 7. 4~1f
11 9AO .729 .2tz -lOS. 61B. 4. 49.
12 JO;34 .679 .29~'.. -JOS. 5.75, 2. 46.
Is' 11.29 .626 .~O -110. ~'3. -0. 47;
14' 12.22 .569 .364 -111. 491. -2. 47.
15 1~.J6 .509 .39'7 ..no. 450. -4. 46.
16 14.10 .447.435 ..1(18. 410. -b. 45.
17 15.04 .382 .471 -1(14. 371. -7. 44.
!e tS.ge .314 .507 ""'19.;.33. -S. 43.
19 16.92 .243' .544 --93. 297. -9. 41.
2(l 17.8b J171 .5li12 -Sb. 2b2. -10. 40.

C ~. ;;:;~ :~i~:;~ =~~::: =i~: ~~~
23 . ;W.6B -.0!)9 .ili~ -ill.. U.5. -12. 34.
24 2U,,1 ..~:139 .732 -53. m. -iz, 32.
25. 22;$6 -.221 .770 -44. 110. -12. 30.
16 23,~{1 -.303 .809 -ss. ~b. -12. 27.
2i 24.44 -.'367 .947 "V. ,,4. -11. 25.
2e 25.~8 ",4ft .B85 ~lq. 44. -10. 22.
29 26,:,)2 ~.'S5S .92'3 -11. n. ~9. 19.
30 27.2b ~.MO .•962 -5. 12. -8. lb.
31 22.20 ....7'l5 1.000 O. O. ~7, 13.

If,,~*,f*{"*******a~*~$.~****~***~**,,';Hffi.,****~.f~***m

BlJIDE. Sill
HI

2 .:\1'
' •• r'~

1.~~
2~82
~,7~
4.&7(~

,5
b

TlUST
L~G

TOffilUE
IN-LB

tl29'
.259
.~£7
,',~5'
.b:S3

. 1030. 5'.
50.
50.
50.
50.

,012
-.012
.C:."(~

C'-~~~,;J_,.
38.
2.-33,

~.:',

.,
..' .
~,.'

.' ~

,.
".

GEtERALlZED nlERTIA nN--L13F~SEC*E2) VERT ,OWTJ HORIZ .0005S ilIIST .00000
BOlIlIDARY CONlllTlOlI CHeCK. • -, t624$"'()6 .• 1$26'$ ...07 • 17975E";OS .... 1;$028£-05

Y,'iGE U mKLESTAD AN.4LYSrS NASA 111 7Sb70

c,
+

BLADE STA
IN

01 OJ 0
FLEX tlVlWlICS

B.~ t'EGf'.Et:S ROOTC<JLLECTlVE 500.0 ROiUR SPEED, RPrl
evll.IC MODSOF llADE AT 7ap5.91 CPt1

..
~;

" .,
;.~..

ilt:'"Fl.EC11 [gI$
IN

VERT HORn

TWIST
DE.G

MOrOOS
lti-U

DEAM CHtJR[)

SHEAR FORCES
LB

B~M CHDtm
*ffi**ffl****~***ffi~***********H~**~~H

.1.ro ,(10{) ,(lOS O. ,,244. -Bl. 40.
2 .94 .....167. (lOB ss. ..181. -81. 40.
3 1.9a ~.3'34 .OOS 72. ·'331. ~bl. 48.
4 2.S2 -.SOl .005 lC3. -:574. -45. 46.
'S -:::.71; -.61'9 .OC'4 1'33. "415. -U. 45.
6 4.70 -.624 .012 16b. ·455. -'35. 44.
7 5.M :6.0'33 139. -4Bb. 3::. 32.
9 e.58 -.21;.5 ,OM Q. ~493. 154. S.
9 ' ..52 -.03~ .09~ -16:l. "4SS. 190. -6.
10 G.46 .146.117 -$S1. -478. 191. "·JO.
n 9.40 .'321 .13B -496. ~466i 186. -13.
12 10.34 .465 .156 -652. b452. 176. -16.
13 1!.2S .6'32.171 ~796. -4;fS. lo.!. -19~
1l 12.42 . 'ISb • te2 -923, -"16. 14Z. -21.
1~ 13.i~ ,SSG .1(;,'$ -1030. -395. 119. ":;:3.
g 14.1(1 .931. 190 -W~, -J7'2. 94. -25.
P !~.04 ,geO ,lS8 -I.m. ..3~7, u. -21.
is 15,96 1.(rO.O .1£l -l~OB. -321. 37. -:2.

......

. ..~-

-11'1'5.



20 17.~
\)

.954 .rss -ll<Jb. -lob.
21 is.eo .8B7 .132 -1150. -238...,,, 19.74 .793 .1\.16 .. 10131. -2()q •....
23 20.68 .673 .076 -_991. -1g~l,
2~ 21.62 .5'30 ,(143 -g81. -1;i2,
2S .2:!.,56 .'S~ ,(lOb -760. -1;''5.
'l~ 2'S.5(l .1El .-.033 -(:/2.1 • .~9'1.~'!I!

'l"O 2~.44 -.017 -.{'i5 -499. -75.;fi.~

2~ 25•.39 -:127 -.JJ9 -351. 10052.,
.].;. 26~:S2. -.44t, -.164 -220. --32'.
30 27.26 -.669 _ .,r,c ...101. -H.Ifi"'~'

,,51 •
-n.
-rei,
-120.
-136.
-(Iii.

--31 •
-'31.
"zo,
-'Fi'.

-151 •
-144.
-130. -1~.

31 25:;1(1 - .•f:F16 ... ~s~ -\I, e, -11(1, -15,
mf.H'H!:~*HY*H**~f.;;i1:nHl<H;m~"********li~**ffi~,I;*********ffl******~m*"~~luH***-**

i11J\DE 51 A llEFLECTl (lNS I10tiEMTS SHEAR FC.lRt:ES TWIST
IN IN I1HB Lll neo

C·' VERT HORIZ BEAM CHORD BEAK f.:.JORIl
••"****ffl**If*****~*HM**+H**$***",***"lH!~~~n**~~,******~~~~~

..•00 .OO{!. ~37 O. i4B6i -23l. 2i5E1•
•94 ..·.273 .438 201. 5514. -:231. 2098.

~; 1088 -.S% .440 840. 3570, 120. 1982.
2.~ -.821 .465 644. 1779. 1~, 1905.
'3.16 -.SSS.550 440. 12, 215. lBa7.
4.70 ....522 .687 240. ~lm. 239. 1866.
5.64 -.00'3 .S::S -111. ";322'L. ~9::'. lSS2.
6.58 .422 .927 -409. -4122. 312. 951.
7.5~ .528 .978 -470. -464B. 60. 561.
B.46 .437 ,994 "'459. -50n. "'lb. 457,
9.4(1 ,~1.0oo -393. -'5410, .. "76. 360.
10.34 .231 ,993 -28'5. "'Ss70. -120. 272.
11.28 .120 .'174 -145. -5841. -HiS. 1B2.
X2.22 .006.941 ia ~5930. ,,179. 93.
13.16 -.106 oB9i' 192. ~S93b.. -192. 5.
14.10 ~.212 .P.40 369. -5863. "193. -79.
15.04 ··;~m .772 539. -sns, -lBS. -160.
15.92 ".387 .694 691. -5495. -166. -236.
11-.. 92 ··,4.49 .607 820. -5210. -139. ~3iJ6.
17.8b ,',490 .512 917. "4a~, -106. ~369.
IS,e\! ".507 .409 979. "4472. -67. -42S.
19.74 -.50Q .'301 t002. -4036. -25. -41:7.
20,69 ... 467 .197 9~. -356a. 18. "502.
21.=2 ".410,069 932. -30T 59. -525.
11.56 ".329 -, ()S2 943. -2'575. 9b. -'5S] •
23.5(1 -.'221 -.176 726. -20~, 127. -f.iSl.
24.44 -.lOS -, 30Z 586. -15S3. 151. ,52$.
25.38 .027 . -.429 433. "'1118. 165. -49t).
26.32 .172 -.SS; 'In. -691. 168. -456.

!.o 27.2~ .'324 -.6Sb 129. -314. 159. -402.
31 ~B.~'O .479 ".814 1."1. 13e. -~.$4.

f*'***lHP.H!+" **~~*f*»'~,******1*~l(m.~**f***~*********Hffifi,**l*!'rH****fffi~HH*****~H,*~Hf

+

1.2
13
14
15
16
17

(~ 18
19
20
21

~ 22
23
24
2:j
26
27
2S
29

+

S8-EMLIZE1l INERTIA (llt-L.B=-:lECH2) VERT .00076' HORIl .OQ003 TWIST .00000
B8l.r.!DARYCOtIDIllOH CHECK ,:,.SeSoSE-Q7 .... US74E"07 -.6!~lE";01..;.21i22E-V6

PAS~ 12 t1vtUSlAD ANALYSIS NASA,TIl 1B5i(! Oi (J/ (J

ru:X DYNAllICS ,;,',

",.
S.OO DEGHEES ROOT COLl..ECTIVE 500.0 ROTOR SPEED, RPM

CYCLIC MODE OF B!.JU)E AT 14083,92 cprl
OR 28.168 PER REV

. ,.
e-

"

",.

If
5
6
7
8
9
10
11

~_.,
, ..
,
'.

"

6ENER~lZE:D lNEF!TlA m.t.LBF"S:CH!2) VERT .OO~~l HORl2 .{IOm 'fWlST ,(100(10
B~L1NM~YCONOIT!8N CHECK -.l'::35bE-OS .10225E ..(l5 ,bO;r2iE"O:S ....S!>712E..(l5

PABE 13 HYl{LtSTAD ANALYSIS NliSi4 TM 78b7()

.',
r'_

~, ,~

Of 01 II
I·'

rtEX DY«AMICS •. ,

a.oo I!EGREE8 ROOT COLUCTlVE 500.0 ROTOR SPEED, RPli
SCISSORS MODE~'F JUDE AT bH. 99 CIfM

OR 1.224 PER REV



.' ,....

. .; -

t, "
1""4-I.:.~,
~."., ..
.... ~
:-~'.

, '

~..:~

. ._

~.-r;a.~ltnF.tl INERtlA <IN-LBF...stCtll2l \IElIT .000S1 HORa .00001 TIner .(soooo
l30UlIDARYCtlNIllTlOl1CHECK .:,H47SE'"OS.;$232~l:'-09 .74rn-oa A<i31$--<l7

PASE 14 ilYr.l.ESTAD ANALYSIS NASA TM 7~7.0

VE'RT Hfmlf BEAI1 CHORD BEAll
*****+'*. ****"M*******~~ffl*~~HH**~!i*~~****

1.00 .000 .o» 21. lu, 3, 1.
Z, .94 .';eo .COO 18._ 9, 3,. 1.
Z, ' L 83 .00(1 ,<roo 17. eo " "S, (I.
4 ::.t'2 ,.O(!(! .C'C(1 14. b. 3. U. '.
S ~,ie· ,005 ,(lOJ H. S. 3. ,(I,
i: 4.1(: .(l2'~ ,(10'3 9. 5. 3. O.
7 5'.~·64 .04S .007 b; 5. 3, \).
B 6.56 .(l74 .011 7. 4. 3. O.
~. 7.S~ ,11(1 .017 7. 4. 3, (I..
10 8.46 .149 .02~ c. 4. 3. O.
11 9,4~1 .le;' ,021 ~. 4, 3. 0,
U OO~ ~9.~ ~ ~ ~ ~
1'$ 11.ZB .Z6e ,MO 5.~, 3, 0.•
14 ~2.22 .308 .04~." 5. 3. 3. O.
15 1'5.16 .349 .052" > " 5. 3. Z. (I.

i6 14.10 .389 .ess 4. 2. 3. O.
17 15.04 .429 .064 4. 2. 3. O.
is: 1~,9S .41¢ .071 Z, 2. 2. O.
19 16.9Z .510 .977 a. 2. 2. O.
20 17.a~ .501 .083 3. 2. t. O.
21 iB.eo .591 .089 2. t. 2. O.
21 1Cf.74 .6'52.0% 2. I. 2. O.
2:$ 2b.6S .6U .101 2. 1. 2. O.C 24 21>62 .714 .r07 t. t. 2. O.
'25 Z1.S~ .754 .113.' 1. h 2. O.
2; 23.50 .795 .120 1. O. 2. 0,
27 ~l.44 .S3b .12p 1. O. 1. ' O.
28 25.3a .877 .132. O. e. 1. O.
29 2~.3Z ,918 .1SS O. o, i. O.
30 21.26 .959 .144 O. O. 1. O.
31 ~B.ZO 1.MQ .150 .. O. 0... 1. O.
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BLAPE !lTAIN

Fl.EX PYIW'IlCS

nEF1.ECilONS
~N

VERT HOR!!

01 01 (I '. ~.;
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nltST
nEG

110KENTS
tN-lq

BEAI1 C:lfJPJ)

SHEAR FtJRC£S
Ul

BEA~ CHORD -,.",

TORtllJE
IN-LB

.< .. '",~ **H***~*,****************************ffi*******************************mf*******~*~**tr.....~******"Mt*iI
1 •(l'~ .000 .000 "'95. 671:.. ~s. 34.
Z .C1~ .000.000 ~91. 644. -5. 34.
'S 1.e~ ,O(tO ,cOO ~o. .6113. \I. 34.
4 2.8:2 -.001.005 -c. e;86. (I. 34.
.:5 3.i:b
o 4.7fl
7 5.64
e /:..5B
9 7.S~

10 1Mb
11 9.40
12 10.~4
1~ ll.~il
14 12;~!2
15 1;.16
1~ 14.S0
17 15.04
lS 15.98
19 Ib,~
2C Ii.Sb
21 r~.acl

".00'3 ,Ole
....I)'~& .040
".010 .QQB
".015 .101
~.02tl .134
-.02:5 .16S
-.030 .~v3
-.036 .239
~.041 .2'/;i
-,(141 .:u:
-.0$4 .~'I
~.05e .388
~.064 .4Z7
~,07¢ .4bb
-.Oi6 ,Set!:>
"',0132 ,54k
-.OElS .596

~o,
o.o.
0,
0,
o.o.o.o.o.
o.o.o.
c.
0,
0.
0,

555.
524.
494.
465.
431~
~(fI.
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354.
'32~,
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,
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Q.
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(I.
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O.
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2'3 2{); 6B
24 21.62
25 22.55
26 23.50
27 1V,4
28 25.'Ze
29 ~6.32

,,~\ . (\

" ~;lOO
'".107

~Ft~!.JZED 11~1IA ml-t]p-SE:CH2l \'E]1' .()~(}Ol HORU .OCt:l;il TWIST .(IOO(tV
BOl..IT\'DARYCON'jrn~! CHSct, -.lC241E-OI .6B107E-07 .15jS3E"<f.j ":.230582-0/:1

PA~E. IS MYIUSTAD ANHLYStS NIlEif.l TM 781JiO 01 (If 0

CASE

+

S. (lO t'EOOEES ROor CUlJ.!CTlVE 500. (I RQTORSPEEll, f!f11
SCISSORS t10DE r:f' Bu:illE Ai 4282. ~2 c?11

OR a.S65 PER 'REV
'.

BLADE STA
If-r

D~'f1_ECTI ONS
IN

VERT HORIZ

SHEAR t"ORCf!S
J..B

nEAl1 CHORD

~..I1.)t1EIITS
IN-LB

BE:AH CHORll

c
-1. 1$0.
-1. 102.

:;s-1. ' .
-1. 53.
-1. 43.
-1. ;54.
-1. 25.
-1. 17.
-to 9.
-1. i.
-1. "7.
'"1. -14.
-1. -20.
-1. .,.20.
-1. -31.
"'1. "3:i.
-1. ..39.
-1- -41.
-1. -42.
-0. ~43.
-0, -42.
-0. -40.

".

,

I'

G:NEAALIZ&P IN~RT!A :UH.BF-SEC**2} VERT .0009~ H~lZ .00002 i\IlIST .00(100
BOUNDARV COt-nl!TrtlN C,l.{ECK -.:'>O~4E .. 05 -.2a6l::j9~"'06 ",J.5035E-OS -.10694E-04

PAGE 16 NYll.E:STADANFI!.VS!S NASAUi 786;(1 0/ 01 (I

m:x UYNilt:lICS

8.\'0 l.'EeREE8 ({OOTCOLLECTIVe, 500.0 RorOR $}'l:ED, flF':'l
SCIE.'StJRS MODEOF 13LJ.)!}E;AT 9485,95 CPH

+ OR 18.972 PER REV

DlA!}l: STH nEf'LECTlONS I1tIl'EIITS SHEAF; FORCES tWliJT iO~lJS
IN IN IIHB LF !lEG Ihl.,LB

"VffiT H~lP.iZ PEAI1 ClfJRD BEAl'! CHORD



,
/'i_/

J.. ;\(,,'., .94..
~ l.ag
4 ?.~
5 ·l.7~
6 4/iO
7 S.M
£ 6.5~
9 7.SZ·
lC e.46
11 8.40.., 1\1.34.It ..
.. .,. 11.:2'3J;;,1

14 12.·:22•• 13.16.:3
1& 14 • .10
11 15.04
IS 15.96
19 16.92
20 17.S!l
21 Itl.SCI
22 lQ.'74
~ 20.££
24 21,62
25 r:~,2.,Sb
26 23.50
27 24.44

.... 000
.·-.OO~
-~v01
-. HiS
'-.464
".710
'.747
-:.5S'$-.~
-.12a
•091
.298
.4e4
•b46
.782
• BB7
.960
•.9f16

1.oo(j
•%5
•694
.789
.651

.w" tVv\( • ...,.o,I..J,,1f

,<:(lC ....10".
.."Oozy -n~.
- •.000 ~456~
-.021 ~lB'J.
p.06:i 84,·
-.100 ?!t~.... ""-.,
"'.iCS. ~e{;,
"~O82 1:\""" ,
-.~SO -'tl'.
~,01B -";'j~.... i,t..t .•

,013 -StJb:~
,(142 !Wj13&-
,·ObS "'910.
.0S'1 -109';'.
.1~t; "'124~.
.125 -136i •
',135 ""1457.
.140 MIS09,
.14t -1~3.
.1:36 -I4'lS.
.m -1434 •
.H1 -1m.
•092 "'1207.
•0613 '"'1051.
.04J -87b~
.ou -621.

".02.1 "'499.

...HS• -30'3•
•0, -"3(1) •
O. -~O6.
1. ,,306.
L -304.
,1, "':;:24 •
1. 2_:;~
1. le3"
1. 214.. 23l_;~.
O• 236~
O. 232"...
,(}. 'l1!i?
O. 19B.
0•• 171"
O. 13"i •

-0. :9"Ii
-0, 5"::>.
..(}. 15•
l.{l• -28.
-0, -7O.
l.{l. -loe.
--0. ""14, •
...0. -110 •
. -0. -1~1.
.-0. ~Z04.
-(I. -207.
O. -201.

o.o.
.' o.o.
o.
o.
o.
o•o.
0.
0;
o•
0.o.
0"O.
D•

ta£RAtJZED lNERT!A (IN-i.'BF~SEr,f.~l .. " ,VERT" .oeloBS HORIZ .00002 ThllST .OOO-~
~CU'rIDARYCONDHION CHECK ,~941E-05 ,.5C'5v4E-Q6 .1672!3t",{)5 .H91~-04

PAGE 17 MYtlESTAD PiNALysrS NASATM 7E1t@

'3 1.e9
4 2.82
S ~.7b

01 01 (I

a.oo DEGREES,RaOT c~CT1VE 7oo.(l ROTOR SPEED, RPi1
CDU.EC'tIVE. }lODE OF' ,SLJ.\1lEAi b7b.02 CPI1 '.

oR .960 PER REV

Bl...ADE STA .: nEFLECTlON~ tiOl~NTS . SIlr.AA FoRCES "ftlrSi lORQUE
IN IN :m..Ul- L..B IlEG IN"U

C VEIn HOF:lz S~M' CHDRD BEA!1: CHORD
\.:."'**~WMf.a*************flH!**~:****,Hii~***~,*************~*********************~******~~~

1.(10 .245 ,(100 Z~. 11. 5. 1-
2 .94 .24$; 001 23. 10. 5. j •

•~45 .002 19i 7, 5. O.
.24$ ,002 14. b. 5. c,
.:?51 ,004 10. b. 5. O.

+



2.53



Trensl ational F'light Tes'!: P...,te

\.tii nd+unns ; Spf?f?d
Colleetive Setting
Rotor Speed

, C';

1".........
18.6
800

A:z imuth Fl ap Tor-que Ll L2 ihn,\st
x 10

(J 2-92.2 2~59 1657 1376 1516.5
1 '2923 2558 t66(~ 1:':::76 1518
2 291B Z5bel 16'70 1:::;:151.:5-22 ~.-~5
3' 29:1.9 2565 1680 1392 1536
4 2912 25'73 1700 1416 1558
5 2912 2579 1703 14:37 1570
6 290'7 2586 i717 1462 1589. S
7 2907 259l:> 1729 1470 1599 ..5
8 2907 2598 1728 1480 1604
9 2907 2694 1727 1481 16().4

1Q 2908 2581 1719 1476 1597.5
11 2898 2575 1712 .. 14:73 1E592.5
12 2908 2565 1699 1461 1580
13 29(>8 2559 169() 1455 1572 ..5
14 2912 2549 1695 1442 1563.5
15 2912 2544 1616 1434 1555
16 2913 2543 1675 1422 154'd.6'
17 2919 2$46 1669 1415 1542
H3 29:22 2554 1675 1406 1540. 5
19 2922 25513 1679 1392 15-35. 5
2(1 2927 25:73 1685 1394 1539. 6'
21 2940 2574 1695 1397 1546
22. 2934 2-~73 1709 14()5 1557
23 29:;:'3' 2570 1718 1414 1566
24 2t:136 2.563 1'725 142tJ 1572. 5
25 ,.,Q-=r"q 2549 173S 1426 15il!).5-..:...r ......_,

2l:> 2931· .2543- 1736 1423 1579.5
27 2938 2546 1734 1424 1679
28 2933 2541 17:23 1417 1570
29 2935 2$52 lti 1 14175 1562
3<) ~932 2568 1695 1413 1554
31 ~9'33 2575 1678 1405 154,1.5
S2 29!l5 2581 166S 140!o 1S!o4
33 2932 2580 1655 1396 1525. 5
~54 2929 2576 1650 1!o92 1021
35· 29'.23· ZEi7C) 16S0 1:::;:91 1520. 5
36 2926 2063 1651 1-383- 1517
37 2922 2.558 16;59 1382 1520,.5
38 2917 2551 1662 13S9 1525.5
!o9 291 1 25S:r. 1680 1406 1543
40 2909 2559 1691 1423 1507
41 29(lr 2570 17(13 1446 1574. 5
42 2910 2675 1712 1463 le87. 5
A.~' 2906 ,2582 1715 1473 1594".;;.
44 2907 :25'.83 1721 14S1 1601
45 2906 2580 1722 1.477 1599. 5
46 2952 2579 1714 1475 1594.5
47 2910 ::257(:! 1703 1465 1594
48 2909 20'71 1696 1456 1576
49 2908 2559 1690 1449 1569.5



·: ...._.. .. .,~

5() 2910 2545 1680 1437 1558.5
51 2911 "·':2545 167E 1428 l55:::,
52 2918 2537 1671 1420 1545.5
5:3 2919 2549 1677 ,1411 1544
54 1921 254~ ..:1..679 1403 1041
5~ 2926 2554 1682 1::::'971539. 5
56 2tt79 2568 1697 1397 1547
57 2C133 2667 1701 1403 1552
5S 29'35 2084 1715 14tEl 1566. 5
59 2936 2581 17:13 . 142' 1572
60 2935 25713 '1734 ,143.': 1582
61 29:;;;6 2574 1738 14:34 1586,
6:2 294Cl 256'1 1736 1421'1 1582.5
63 Zl:f37 2568 11:;:;6 1429 1582.5
64 29313 .:2' S7t> 1726 142'3 1574. 5
65 ,2,935 z:.577 1713 1420 1566.5
66 2t;135 2577 1695 141 i 1553

C·, b7 2:'C133 ~586 1673 t4Cl6 1539. 5
68 :2:,9,:::;:,2 :259(:) 16;';9 1402, 15:;:;0
69 2'128 2586 1652 1395 15·23
70 2;>28 2589 1648 1389 l518n5
71 2964 2578 1648 1387$ 1515.5
72 2921 2572 1051 137<=1 1515
7":5 29113 2$71 1659 1379 1519
74 2916 2573 1669 139:5 1'532
75 2915 2582 1688 1418 1553
76 291:2 2579 1702 1441 tS71. S
77 2907 2599 1718 1466 1592
78 2908 2582 172t5 1477 1601
79 29(l7 2591 1730 14813 16l)9
8(i 2905 2586 1735 1499 16.12
81 2907 2570 1717 1484 1605.5
82 21705 2566 1717 1.471 "1597
83 2907 25bl li(l7 1473 159()
84 21t(l9 :z.!558 1696 1460 1078

c."
85 29(18 '254::5 1683 1450 1566. o
86 291 1 2546 1675 144Cl 1557. 5
87 2910 2534 1671 1429 1550
88 2910 2544 1669 ~415 1542
89 2918 2540 1671 1409 1540
90 :2923 2542 1673 1398 153Ei~5
tt j, 2925 2552 l6S0 1392 1536
92 2'128 !2eiSS 1687 1393' 1540
9:!r. 2931 2558 1699 14Q2 1550. 5
94 2931 2565 1714 1412 1563
95 2934 2550 1726 1419 1572. 5
96 2934 2546 17:33 1428 15~O.5
97 2934 253(1 1736 1427 1581. P
98 2957 2536 1740 14.26 1583
'19 2936 2541 17:!r.7 1423 158(1

100 29'32 2549 1721 1417 1569
roi 2'<7'35 2561 1707 141$ 1561
11)2 2934 2569 1685 14(17 1546
1(l3 2933 .2577 11;:,7(1 1404 15::::'7
1(l4 .2954 2·5'74 1655 13117 1526
105 2929 2574 1649 13'18 l'523'tI·5
1(>6 2926 2571 1645 1388 1:516.5
107 2925 2557 1643 1383 1513



lL

108 2922 2550 1651 1::::81 1516
109 2920 2551 1653 1383 tens
110 1915 2549 1669 1405 1~7
111 2913 2557 16S7 1423 1555
112 2908 2568 1696 1448 .1572
113 2906 2579 1709 1467 1588
114 2906 2589 1719 1479 1599
!l5 2907 2595 1721 1489 1605
116 2906 2596 1725 1.487 1606
117 2907 25176 1717 1486 1601.5
118 29(17 2596 1712 1475 1593.~5
119 2906 2584 1100 1469 1584,,5
120 29(t8 2~8(1 169(5 1456 1575.5
121 2911 :::561 168:5 1441 1'563
122 2910 2555 1683 1435 1559
123 2916 2548 1671;.1 1421 155(.)

C
124 291"8 2549 1680 141.3 1546.0
125 2921 25~J3 1684 1402 1.543
1?4 2922 2563 1685 1396 154().'5..... ""' ..

127 2922 2572 1693 1391 1542
12c1 2928 2580 17(13 1391 1547
12'1 2933 2582 1713 1404 j558.5
130 2935 2578 1721 t41:::: 1567
131 2937 2580 1729 1426 1577,,5
13~t:. 2935 2563 1736 1435 1585.5
133 2936 2559 1737 14·36 15S6. j;I.!'

i:!

134 2936 2553 1737 1437 1687
135 29~7 2550 1730 14·32 1581
136 2937 2561 1721 14.32 1576. 5
1~7 293,5 2561 1703 1423 156'3
138 Z935 2568 1689 1417 leiS:}
139 2933 2566 1676 1413 1;;44.5
140 2931 2013 1665 1402 1.53~'er5
141 2928 2.567 1661 1398 11529.5
142 2925 2566 1655 1391 1523

c: 143 2'920 2::;50 1657 1387 1522
144 29:"-;1 2549 1663 1383 1523
145 2916 2554 1670 1385 1527~ 5
146 2915 255!) 1688 14QO 1544
147 2912 2551 t704 1423 1563. 5
148 293 1 25,63 1718 1448 1583
149 2.90(:' 2:567 1727 1464 1595.5
150 2905 2570 1738 1482 1610
151 2903 2572 1742 1497 1614. 5
152 29()5 2564 1735 1481 1608
153 29(>j 2670 1732. 1480 1606
1S4 2907 2555 1722 1469 1595. 5
105 2908 2:549 1708 1464 1586
156 2908 2047 1692 1451 1571 .5
157 291 1 2544 167'7 1440 1558. 5
158 2'7)11 2543 16,66 1431 1548.5
159 2915 254CI :1.657 l419 1;;38
16<:1 2918 2536 1658 1412 1535
161 2921 2536 1652 1401 1526. 5
162 2923 2544 1667 1394 153t:l. :5
163 2944 2541 1673 1391 15::::2
j.64 2929 2559 1684 1397 154Cl.5
165 2931 256:2 170~. 1407 1554



16t,. 29·36 2650 171.7 141'7 1e--L~7
itE:17 29~4 25.5.7 17::::'0 1422 1.$76
168 294(1 255tY 1739 1425 1$8.:2
169 :29,:;;8 2642 1746 14.2.6 108.6
170 .:2'l:)36 2548 1747 1425 15136
171 2937 2053 17t.l 1420 157$.5
'172 2<7'35 2558 1717 1416 1566.5
173 2939 2667 .- ~9S 1.409 1553.5..

1.74 2·933 2575 i663 14t)7 1545
1'75 2-9'32 2575.-:·" 1663 1401······· 15;;:2-
1.76 2929 2574·', 16515 1399 1527
177 2915 2570 1~7 1.395 152!
178 29::50 256'7 164·;; 1389 1517
179 . 29:21 2558 1649 1388 1516.5
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Type

Range

Accuracy

Angle IVlfeasur(lmeJilt

Hilger &.Watts Ltd. Clinometer

a - 180 degre.sS

Make

Range

Accuracy

Serial No.

Distance Measurement

MTu346

1;5 -.2.0 000 'rev/min

3460'2649

± tminute

126692

Make

Range

Accuracy

Mass Measurement

Mitutoyo Vernier'

0.01 -150 mm

±0.01mm

6003037

GC32lS0

0- 3 000 9

±O.Dig

783649

Make

Model

Range

Accura.cy

Selia INo.
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