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ABSTRACT

The definition of the design parameters of a Heli-
copter such as: geometrical parameters of the rotor, angular
velocity, installed power etc, able to satisfy a datum flight
spectrum, requires usually an iteration with the aim of
reaching a compromise among contrasting requirements.

This %kind of i{iteration, usually based on the experience,
doesn't lead necessarily to a rational choice of the design
parameters, but it is strongly influenced by the leader con-
dition of the flight spectrum, so penalizing all the other
ones,

50 far, it 1is otherwise possible, by the help of the
optimisation technique, to rationalise the choice of the
design parameters, requiring them to minimize a prescribed
function without failing some prescribed constraint
equations, .

One of the most natural optimum function in this field, is
the energy required by the helicopter to perform the desired
flight spectrum.

The paper will emphatize the above problems, suggesting
different optimum strategies, checking the redundancies among
the parts to be optimized and giving a particular care to the
parameters that strongly reduce the total emnergy.

The differences between a helicopter designed d1n a tradit-
ional way and an optimised helicopter are presented.
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1. INTRODUCTION

The design of a new helicopter starts usually after
the fundamental requirements have been clearly defined by
people or organization dinvolved dim this task, generally
located outside the technical office.

The engineering representation of the ©basic. data 1is gene-
rally summarized in a set of useful loads the new helicopter
will have to carry and from a certain number of flight spec—
trums (F.S8.), defined through flight conditions (F.C.) and
assocliated time the new machine will, probably encounter
during its life, -

An alternmative way to represent the F.S.'s the description of
a set of missions defined through a logical sequence of
F.C.'s and related times.

The single F.C. can be represented, for each altitude, both
through a2 combination of flight velocity, load factor and
time, and through a description of trajectories and veloci-
ties of the centre of gravity of the helicopter,

Another important aspect that must be considered ©before the
design phase is a broad description of the geometrical
configuration of the fuselage of the new helicopter, to
comply, in the ©best way, with the fundamental requirements
and to satisfy the primary mission to which the machine will
be dedicated.

On the ©basis of the previous requirements, the fundamental
guestion to be resolved, in the initial phase of the design,
is the determination of the gross weight and the whole set of
parameters that define globally the machine (rotors size and
geometry, station and surface of stabilizers and fins, stat-
ion of the tail rotor, range of controls and so on).

This phase 1is extremely complicated and gives “results
strongly dependent on the approach utilized.

The use the methodology consolidated by the experience, to
search among the flight spectrum the most critical conditions
to be satisfied and verifying successively if some of the re-
maining less critical conditions are satisfied too, requires
usually the introduction of a design loop whose management is
very difficult to face for the presence of a great number of
parameters to be chec®d and for the narrow range in where
some of them can vary.

What usually happens, following this methodology, is that the
leader conditions o0of the flight spectrum associated to the
utilization of a relatively small number of design parameters
among all those possible, affect excessively the design.
Otherwise the human capability is unable to consider a lot of
conditions all together or, in other words, is unable to work
satisfactorily din the hyperspace of the flight spectrum and
the design parameters.

Another further difficulty comes from the fact that, wvery
often, it is mnecessary to satisfy some relations existing
between the design variables.

A simple example of this situation can be represented by the
need of limiting the tip speed of the blade, whose definition
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is related to two possible design parameters: the rotor
angular speed and the length of its radius.

Mathematically speaking, we can say that in the hyperspace of
the parameters and flight spectrum exists a border, described
by a hypersurface, which must not be exceeded,

The intersections of all the hypersurfaces determine a feasi-
ble region in which to choose the design parameters.

Many equations or relations are then expressly dependent on
the technology adopted in the design, exactly as in the field
of component weight determination. This fact «can complicate
further the problem, introducing extra variables in the de-
sign. This can happen, for example, when we want to limit the
deflection of the blade tip at zero rotor speed to avoid any
interference. In this case the stiffness distribution of the
blade and its linear density are involved in the relation.

On the ©basis of problems previcusly presented, it is clear
that the final configuration of the helicopter dis strongly
affected by the initially adopted assumption and, as a diffe-
rent choice, it could lead to a significant modification of
the desired helicopter.

The effort necessary to investigate a single case is then
considerable, generally faced with a good degree o¢f expe-
rience, good sense and skill and requires time, people, and a
satisfactory organization.

This way of working leaves, however, unsolved, without any
possibility of reply, the fundamental question: what is the
best helicopter able to satisfy the fundamental requirements?
During these years a lot of work "has been done in our compa-
ny to answer this question and to place the problem on a ra-
tional base. {(Ref, 1.2)

The first step was the definition of a property of the heli-
copter representative of the flight spectrum or the mission
that depended on the design parameters.

Such a function was found in the energy required by the he-
licopter to perform its flight spectrum to which the weight
of important parts of the helicopter is related.

The reduction of the required energy reduces necessarily most
of these weights (trasmission, fuel, engines, etc) and if we
consider that the helicopter must carry the potential energy
in the form of fuel, in flight, we understand immediately the
advantageous effects of its reduction.

In this way we came to the conclusion that the amswer to our
problem was: the best helicopter able to satisfy the funda-
mental requirements is the helicopter able to utilize the
minimum energy in all the flight spectrum.

An evolution of this function is the utilization of the con-
cept of: "ENERGY UTILIZATION FACTOR" (EUF) dintroduced 1long
time ago by Von Karman and successively developed by Gabriel-
1li (ref. 3), whose definition is:

PAYLOAD * DISTANCE
ENERGY UTILIZED

EU¥
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This paper deals mainly with the energy comncept to which the
EUF 1is strongly related. In the particular case of constant
pavload, the two formulations become identical and the
minimum of the energy corresponds te the maximum of the EUF.
According to the algorithm utilized, it is in principle pos-
sible to take care of many other requirements such as costs,
noise, vibration level and so on, introducing them in a su-
perfunction to become minimum or treating them as constraints
and requiring the solution mnot to eXceed some prescribed
values.

The algorithm able to resolve this kind of problem is called:
"OPTIMIZATION TECHNIQUE", which opermits to <compute the
minimum value of any function inside the feasible region.

The theory is well known and widely applied in different en-
gineering ©problems. A recent example of application to the
helicopter field was presented in ref. &4 1in designing an
optimum blade with aerocelastic comstraints.

In fig. 1 1s shown, for clarification, a geometrical repre-
sentation of the problem, for which we address to the wide
literature for the theoretical explanation. Ref. 6.

The represented case is bidimensional for simplicity and the
design variables are indicated on the two orthogonal axis
(X1, X2).

The plot shows the function "E" to be minimized through the
representation of its isovalues where for example E1>E2>..En.
The constraint equations (Cl, C2,....) divide the plane in
two regions: the feasible and the infeasible region. Scope of
the technique is to compute the values of (X1, X2) in such a
way that the function E reaches its minimum value inside the
feagible regions. The trajectory described by points Pl,
P2,..Pn generated by the algorithm, is obtained utilizing the
gradients of the function E and the constraint equations. It
is clear that the solution (X1, X2) for the functiom "E" is
completely dependent upon the constraints introduced.

In this work, the technique will be applied to determine the
design parameters able to make the helicopter cptimum for a
prescribed flight spectrum through the wminimization of the
required energy.

2, ANALYTICAL ASPECTIS

2.1 FLIGHT SPECTRUM ENERGY

The magnitude of the energy can be exactly computed
for a mission of which we know exactly the sequence of the
flight conditions and related times,

In this situation the amount of energy can be deduced through
the knowledge of the required power at the beginning of each
flight condition and of a function of time that depends on
the hypothesis introduced on the fuel consumption during the
flight,

S0, for a mission, the total energy can be represented by
means of an equation of the type:
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n

E = 8i Poi*f(Ti) (1)
1
where
S = Summation ‘
n = Number of flight conditions that define the mission
Poi = Power required at the beginning of the i-th flight
condition.
Ti = Global time of the i-~-th flight condition
£(T1L) = Function of time which can have different for-

mulations according to the mechanisms of fuel
consumption.

For a particular case of constant power throughout the flight
condition, (no fuel consumption) this function becomes simply
the time and the associated energy takes the formulation:

Ei = Poi*Ti (2)

In the case where the 1instantaneocus power and the gross
weight are proportional and the "Specific Fuel Consumption”
(S.F.C. =+ (Kg/h)/hp) 1is constant, the function takes the
expression,

£(Ti) = T*1g(l+T/TO)/(T/TO) (3)

where "TO0" is the time-required to halve the dinitial gross
weight or, in other words, the time required to consume a
quantity of fuel exactly equal to half of the initial gross
weight, )

The corresponding power follows the same law, becoming half
of the initial power according to the assumed hypothesis of
proportionality.

The fig. 2 shows the behaviour of the energy with time of the
above cases, It is interesting to note that the ratio between
the two formulations is described by the factor:

H=1g(1+T/T0)/(T/TO) (4)

that becomes 1g2 (0,6%) for T = TO where the weight and the
power {(slope) are exactly half of the initial value.

The value of the constant "TO0", in this particular case, de~
pends simply on the knowledge of the comnstant ratio between
power and weight "A' and the value of the specific fuel con-
sumption "K" i.e.

TO0=1/(A*K) (5)

Taking for example A= 0,5 (HP/KG) and K=0.2 (KG/H)/HP we
obtain: TO = 10 hours.
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Although the values of these two parameters are limited from
the technological 1level, it is clear that the reduction of
the energy for each flight condition can be achieved reducing
the 1initial required power through a proper choice of the
design parameters of the helicopter.

About the mission, in addition to the initial powers,
an important role is played by the time associated to each
F.C..

These times or related functions, can be considered as a
weight factor for each initial power of the F.C. defining the
mission,

In this way, we understand clearly that a F.C. c¢an tequire a
high power but its weight in the general economy of the mig-
sion could be negligible (and viceversa). Thus, according to
the experience, to achieve a significant improvement in the
behaviour of the helicopter, we have to operate on the cri-
tical condition of the mission from the energy point of view.
The situation becomes extremely complicated when some condit-
ions have comparable importance, In this case the reduction
of the total energy will be obtained reducing pr0portionally
the energy of the critical conditions.

It will be then necessary to find an apprepriate compromlse
among the design parameters in such a way as to reduce
globally the energy of the mission even though paying
something for particular F.C..

All conditions of the mission are, in this way, treated with
a proper jimportance, taking, thereéefore, particular care of
the conditions whose weight 1is most dimportant without
disregarding all the other conditions of the flight spectrum,.
The algorithm able to reach the maximum compromise, increas-
ing considerably the human capability in this field, is the
"OPTIMIZATION TECHNIQUE", which takes care of all the condit-
ions with their own weight and is able to reach the compro-
mise inside a defined range of the parameters.

When we consider a flight spectrum in lieu of a mis-
sion, the meaning of the concept of energy is diminished, in
the sense that we do not know the sequence of implementation”
of each flight condition from the helicopter or, in other
words, we can say that a mission which includes in some way
all the conditions cof the spectrum does not exist., The only
things we know in this case are the F.C.'s the helicopter
will execute for a certain percentage of 1ts life.

However, the energy concept can still help us in risolving
the problem as we desire to design a machine which operates
satisfactorily in each of the specified econditions,

As rTegard each separate condition we understand immediately
that exist again some conditions requiring more energy than
others or conditions with comparable energy.

It will be then necessary to apply again the compromise con-
cept, in order to try to design satisfactorily the machine.
In this particular case, been reduced the significance of the
function of time which appears in the energy expression, we
can utilize its simpler formulation obtaining:
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n -
E=8i Poi*Ti (6)
1

This solution allows to interpreter the energy of the spec-
trum in a different way. Noting that the expression is equi-
valent to:

n
P=8i Poi*Ti/T (7

1
where T is the total time of the flight spectrum, we obtain
that the energy concept leads to the definition of the "mean
power of the F.S5.", built up through the power of each F.C,
weighed by means of the percentage of its total time. The
scope will be then to reduce this mean power of the F.S.
through a rational choice of the design parameters based on
the relative importance of the single F.C..

2,2 POWER OF THE FLIGHT CONDITION

Whatever approach we will follow, it will be necessary
to compute the power required in each F.C..
The F.C. can be subdivided, for dinstance, in stabilized
conditions, where the C.,G. velocity of the helicopter has
constant modulus (level flight, descent, climb, turns, etc.)
and transient; din conditions to pass from a stabilized
condition to another or in.conditions where the machine is
continuously subjected to pilot dinputs.
In the first group the computation of the power i1s achieved
through the search of the trimmed conditions where the exter-
nal forces are balanced by weight and stabilized i1nertial
forces. (centrifugal forces in stabilized turm flight).
For the second group, it is necessary to compute the power
step by step, during an integrationw phase of which we know
either time thistories of controls or the shape of the
trajectory and its tangent velocity.
The algorithms able to solve these problems cam have a dif=-
ferent level of sophistication, accerding to degrees of free-
dom utilized to describe the motion of the helicopter.
During these years a lot of new programs have been developed
and practically each company or university involved in the
helicopter field has available its own program.
The important aspect which is to-be highlighted is the fact
that: more sophisticated the program is more parameters can
be managed during . the - optimisation phase. It 1is also
necessary to remember that a limit to the difficulties faced
by the code can be the computer time and the level of
knowledge of the input data at the beginning of the design.
The limit in the computer time is clearly related to the
countless times during which the algorithm is wutilized for
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the gemneration of the function and the computatien of its
gradients. As regards to the input data, it is evident that
at the beginning of the design most of them are approximately
evaluated both statistically and analytically. Therefore, a
sophisticated «code 1s generally wuseless and could lead to
wrong soclutiomns.

The requirements for a preper code covering most of the
F.C.'s of the spectrum (steady conditions), can be summarized
in the following statements:

1) Fast enough to avold troubles in computer time

2) able to contain a significant part of the design
parameters of rotors, fuselage and aerodynamic surfaces.

3) Able to represent satisfactorily the gradients of the
energy/power of the mission or the flight spectrum, in
relation to the design wvariables.

Such an algorithm was found re-writing the equations
of ref. 5 taking into account, through a proper integration
along the blade span, all the possible aercdynamic and
geometrical parameters. It was so possible to consider any
distribution of twist, chord, dCp/d(alfa), Cd as a function
of Mach number.

The stations along the blade, where there is a change in pro~
files characteristics, are retained as a further design va-
riable, to leave the optimization technique free to choose
their best extension along the span. Any geometrical parame-
ters of fins and stabilizer can be utilized as a design va-
riable during the cptimization steps.

At present, the aerodynamilc characteristics of the basic fu~
selage are considered constant and evaluated by means of
theoretical considerations or the results from wind tunnel
tests as soon as the scaled model is developed.

In appendix 1 the most significant equations of the algorithm
are specified, compared with the basic ones included in ref.5, .

2.3 GROSS WEIGHT DETERMINATION

As mentioned briefly in the introduction, at the
beginning of a new design, what we know as basilc requirements
are a set of wuseful 1loads, few missions or the flight
spectrum and some generic limitations on the design
variables. Then, we do not know what type of gross weight
(6.W.) will have the new helicopter able to carry the desired
payload.

The algorithm presented in the previous chapter to compute
the power, works, on the contrary, on the basis of a known
G.W.. It 1is, then, mnecessary to dintroduce an iterative
procedure to reach the desired convergence. Each step of this
iterative procedure requires the possibility to know, in some
way, the relationship existing between the payload and the
gross weight, Knowing, for example, tHe required power, it is
possible to trace back, in a statistical way, to the weight
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of each component of the helicopter depending wupon his
parameter {(transmission, fuel, engines, etc); or through the
G.W,, to predict, by means of coefficients affected by the
technological level utilized, the weight of the fuselage and
many other components of the helicopter.

These Lkinds of methodologies constitute the background of
each company; the validity of the wutilized approaches has
been tested and refined everytime a new prototype has been
built, Therefore, without examining thoroughly this
particular and difficult problem, we are aware that starting
from the knowledge of the G.,W. it is possible tao predict,
according to the power required, the weight of each component
of the helicopter and then the value of the useful load.
However, as explained throughout the work, what can connect
in a rational way the two weights, 1is the optimization
technique, which, applied to the F¥F.S. energy, permits
automatically to have all the information necessary to
perform this prediction, minimizing, in the same time, the
weight associated to the power, or rather, to the energy.
Thus it 4is possible to compute for each G.W. an associated
optimum useful load. The intersection of this function with
the desired useful load will give the desired G.W.. :
Fig. 3 shows the converging procedure to obtain the solution,
which take advantage from the NEWTON RAPHSON technique where,
starting with any G.W. close to the solutiom, it is possible
to reach automatically the convergence value,

The design parameters featuring the converged solution, will
give the desired optimum design of the helicopter.

2.4 STRATEGIES

The sequence of operations described in the previous
chapter constitutes the basic algorithm to face a series of
problems connected to the research of the best helicopter, in
the sense explained throughout this work.

What can be, for example, the strategy to be adopted for a
multirole helicopter?

The presented methodology is able to predict the best heli-
copter for each mission, but what is the best compromise
among all the desired missions?

We think that this question could have different answers ac-
cording to the strategy adopted to solve the problem. We
could, for example, determine all the G,.W. optimizing each
mission and choosing the most critical; we could also built
up an energy function weighed on the mission, defining some
factors based on the relative importance of a mission as to
the others, writing:

m
E=Si Ei(D)*wi (8)
1 -

where
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m = Number of missions

Ei = Energy associated to the i-th mission
wi = Weight factor

D = Vector of design variables

The gross weight to be utilized could be determined on the
basis of the critical useful load and kept constant for all
the missions or computed for each mission through the
procedure presented in the previous chapter,

At present, we can not say what strategy leads to the best
result, as we are lack of sufficient information to answer
this question. The problem needs still "some further conside-
rations omn the basic hypothesis and on the methodology to
judge the results obtained from all the possible strategies
utilized.

3. APPLICATION OF THE METHOD

3.1 OQOBJECTIVE FUNCTION

The concepts Iintroduced in the previous chapters, with
all the problems and difficulties described, have been appli-
ed to the definition of the optimum design parameters of a
helicopter, whose initial configuration was designed in the
traditional way, utilizing experience, good sense and
ability, as explained in the introduction. The result was
achieved minimizing the energy of three weighted flight
spectrum, each of them executed with a defined G.W. at three
different locations of the centre of gravity of the
helicopter.

In this particular example the three F.S.'s, although of dif-
ferent importance, consist of the same F.C., and their
respective G.W.'s were deduced optimizing separately the
design wvariables of the helicopter for each F.S, The table
-1A~ shows, for each F.S5., the related G.W., the weight
factor (wi}) to define i1ts relative importance, subdivided
among three C.G. locations according to the specified
fraction (wj).

The table -1B- shows the F.C.,, of the three equal F.S.'s in
matrix form, where the columns represent the velocities in
percent of the "VH", the rows the load factors, while the
elements of the matrix, the time associated to each F.C.

The energy function to be minimized in this application, can
be deduced noting that each F.S5., for a defined G.W, and C.G.
location, will require the energy:

- ni
Ej= Ss Pos(D, G.W.1, C.G.j)*Ts (9)
o1

where
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ni = Number of F.C.'s defining the i-th F.S. (in this
case common te the three F.S.'s)

Pos = Power required at the beginning of the s-th F.C. of
the j-th C.G, position, 1in <correspondence of the
i-th F.S.

D = Vector of the design variable defined in the next
paragraph

C.G.j = j~th location of the C.G. of the helicopter in the
i-th F.S, ' '

Ts = Time associated to the s-th F.C. described in table
~1B~

The energy of each F.S5., for the three given positions of the
C.G. of the helicopter described in table -1l4~, will become:

3
Ei=8j Ej*w} (10)
1
where
W] = weight factor associated to the fraction of time into

which the i-th F.S8. has been subdivided.

Then, the energy of the three F.S.'s will be:

3
E=84i Edi*wi . (11)
1 .
where - .
wi = relative importance of the i-th F.8., shown in table
-1A- i

Agsembling the singlé contribution, the final expression of
the global energy will be then:

3 3 ni _
E= Si wi*Sj wj*Ss Pos(D, G.W.i, C.G.j)*Ts (12)
1 1 1

From the equation =-7-, the mean power of all the weighed
JF.8."'s is then:

P=E/T (13)
where T is the global time of all the F.S8.'s.
" The strategy adopted 1In this application can be extended

introducing the weight of other parameters such as the
altitude, as indicated at the top of table —-1A-.
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5.2 DESIGN VARIABLES/DESICGN CONSTANTS

The algorithm presented in APP., 1, to compute the
power of any desired F.C. permits to use, as design varia-
bles, parameters related to rotors, fuselage and aerodynamic
surfaces,. .
In the presented application, the design variables utilized
with their starting value are shown in table 2, while the
design constants are shown in table 3.

5.3 CONSTRAINTS

The constraint equations imposed on the design varia-
bles <can be defined '"geometrical", when a design variable is
constrained to vary inside a defined range:

(L) (U)
di <=di<=di (14)

and "analytical" when the border between feasible and un-
feasible region 1is vrepresented by an hypersurface in the
space of the design variables. From the mathematical
viewpoint this thypersurface 1s represented by a generic
equation among the design variables:

Ci(D) >= 0 (i=1,2,...n) (15)

According to the optimization algorithm utilized, ref. 6, the
constraint equations must be introduced through a user's sub-
routine. In our application the geometrical constraints are
applied to all the design variables to control the manufactu-
ring and geometrical requirements. Their limits are indicated
in table 2.

The analytical constraints cover the limitations on:

1) Stall on the retreating blade
2) Interference between main rotor and tail rotor
3) Mach number on the advancing blade

In addition to the described constraint equations, it has
been necessary to introduce a further constraint on the obje-
ctive function, requiring that all the F.C.'s utilized were
resolved by the "trim" subroutine in each optimization step.
It can happen, for example, that the optimization step
predicts a set of new design wvariables too far from the
starting values, physically unacceptable to describe the new
confiiguration., In this situation the objective function would
have a different formulation from the initial one as some
F.C. are missing and the problem can not be controlled. It is
then necessary to ensure that the energy function is correc-
tly computed in each optimization step, reducing, where
necessary, the predicted design variables along the known
gradlents. .
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5.4 RESULTS AND DISCUSSION

Figs. 4/5/6 show the results of our application. The
behaviour of the objective function is indicated Iin fig. 4,
where it is possible to understand the limit of the human ca-
pability in managing a lot of variables. The difference 1in
this case between the human and the automatic design is about
25%.

Fig. 6 shows the 7result of different optimization steps
identified by the initials "Dn" where "n" represents the num-
ber of the optimization cycle,

In the presented sketches, it is possible to follow the evo-
lution of the blade geometry and twist, showing a clear ten-
dency to taper deeply the tip as a consequence of the Mach
number effects on the drag coefficient, The parameter that
seems to play an important role is the angular velocity of
the main rotor, which reduces to its minimum value just at
the first diteration. The M.R. radius shows a contrasting be-
haviour reducing at the first step and increasing continuocus-—
ly during the next ones, The reason could be due to the par-
ticular distribution of the F.C. as regards the flight velo-
city. :
The aerodynamic surfaces reach their critical wvalue at the
first step. For the fin, instead, its increase reduces the
power required by the tail rotor to trim the helicopter arou-
nd the "yaw" axis, for the stabilizer exists a complicated
tie among the aerodynamic coefficients of the fuselage, the
M.R. mast tilt as to the fuselage and the M,R, pitch moment
to maintain the fuselage at an average minimum drag attitude
for the given F.S, To confirm the validity of the cptimized
results, the "speed power polar" for each optimization step
has been computed and compared as in fig. 5, by tmeans of a
inhouse sophisticated code.

The diagram proves the ability of the optimization techmnique
to solve rationally this class of -problems,

6. CONCLUSIONS -

The optimization technique is an useful means te start
the design of a new helicopter, involving all the fundamental
parameters of the helicopter. The energy function permits to
average the design among differemt flight conditions that the
flight spectrum or the mission introduces with the desired
importance.

For multimission or different ¥,5. exist many possible
optimization strategies based on a pseudo energy that needs
some further consideration to understand which of. them leads
toc the ©best soclution; however, .whatever way is selected, it
gives an acceptable solution, generally better than the
starting design. Another important peint to be remembered,
although contained in optimization concept, is that the final
solution satisfies all the desired comnstraint conditions:

the second fundamental ingredient of the design.
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APPENDIX 1

Nomeneclature

1ift curve slope

number of blades

blade section chord

blade profile drag coefficient

dimensionless coordinate of the Kth blade station
rotor radius :
rotor angular velocity

air density

number of sections

inflow ratio

rotor thrust

advancing ratio

collective pitch = {B.+wyx+qy)

longitudinal flapping coefficient

lateral flapping coefficient

azimuth

a -~ al cos Y ~ bl siny = flapping equation
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The following are the most expressive equations used in the
algorithm. On the right side there are the basic ones
published in ref. 5, on the left side the developed ones,.

Rotor Thrust

The elementary thrust is
CJT& éaeﬂth[@fX*}mi"W)&* (}-xo[{b/oly~}a(bmy)(x-:-/.mfngﬂ)]calv

That integrated over the azimuth range and along the single
blade section gives, adding the contributions of every

section:

T. 4o 0Rb2 a0, {(80*‘1) [4 Polen)e T. dbac 2 R[30(2¢
+%(xiﬂ_¥:)—%%z(x:‘u-x:)]‘f + %/uz).»}j
¢ [ o) o) D) A

f\é(i-a_;izj(x:,.—nf} REF. 5
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Using the same method it's possible to write:
the expression of the in-plane, H force:

H = 4pabe SL‘R’[ACLAQ 5+

.RR{}JZ e (xirx K)
qAa —~p>9 _.faa-af_a,b,

-2

s [(sirtyham oo
+9) _5_0)-1-(:4"-): )(_.L.L'-»--a )*‘};&_ ..."‘an‘x) + —/"ao_—l
" (x -x,_,) c;,;-@ ),/.L]} &

The expression of the coning angle a,
AR S 2 - ¢
aa - 'ge———r‘a ‘E_—I:Ck‘{"s'm Q/u(xlnt xk) aﬂ- -3-}:—-[60(4‘*‘/‘)*-%)}
+-§‘_-“‘zﬁ(x:.;' 'x:.)*(qk [(xp;w %

. (x:;,,rx«)],,?(x;,-xk )}

And the expressions of the flapping coefficients al

3,0 2 {2ulmeR () £(qu0) (50 t)- 3y« 240523

- M2
+ > x *eg X }

bl:

b. (Gf3,/3+4:4v 3)

b, = %}Aao/(p,%i) |
1+ pi2
REF. 5
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aguoess S P ET T HO r e L E cCunNNDI ZIONT DI VOaQL O #edase

#e®  TanfLLA urLLE YUGIE E DEI RELATIVI TEMPI <ve

quoia (M) 1000.0) 2500,00 400N.00

=3
L)

(=]
f=1

PERC. I TEMPO lan, Ua Ua Je

oo TABFLLA W PESI bt DE1 CENTRAMENT] e=e

WEIGHT Wi , Wi

1 | | | | I |

I PE>0 {Kw) | PERC, UEL | S5Ta/z, Cutse | HATL, CuGa | Wale CaGe | PERC. DEL 1

| | TEMPY i i i ! TEMPO t

I » 1 I I i f [

| | i | ! | |

1 3170.u0 | 20, i 4,30t | 0.000 |t l1.500 | 0. |

| i t | | 1 1

I I ! LT T-F 0.000 | 1.500 1 100, 1

i ; | i | I I

I H [ GeSbn | 0.000 | L+500 | 0. I

I - | | I | I |

1 | | 1 | | {

| Ig00.vt | S50 | 44335 | be00U | l.500 1 O !

1 i | i 1 I |

| I | Gated? | 0,000 | 1.500 I 160, t

1 | | i i f |

1 I I 4.98% | 0.000 | 1.500 | 0. !

I _ ! H I ; | | |

| t | i I I i

I 750,50 | ad. | 4,37, | 0.000 | l.500 i Q0. f

I I | | | ! [

I I | 44427 | 4,000 | 1.500 | 100, !

| i I H i f 1

| | ! 44084 | 0.6G060 | 1.500 | 1 |

| N I ot 1 | ] |

TABLE - 1 A -

se® TABELLA DET TEMPI DEL vOLI ewe .
| T ! ) !
f i unifar | PEHCMCENTUALE DELLA ¥V H |
v FATTURE | ] MIsuRa | |
t 01 CAMICU 1 upl TEMPO | 0,000 l1heaun 40,000 6000 80,000 100.000 |
' I I - i
I | t |
§ l.000 | PERL. f D.000 weliun 0.000 _ GegQu 0.000 0.000 |
! | | . & i
0 l1.000 | PERC. ! D000 FERUIL] D000 0«0y 0.000 © 04000 |}
[ ] | i
| 1.000 PERC, | 16.000 27a0ua 4,000 27,000 19,000 T+000 |
1 I ] ]
| l.200 1 PERC, | H,000 e V.000 0.00u 0.000 0«000 |
| t 1 [
| l.2n0 FERT, | T.00N0 Toathdu 0.000 0.000 0.000 0.000 F
| _ | — t

TABLE - 1 B -
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senes DESIGN VARIABLES T YT

VARIABLE LOWER LIMIT STARTING VALUE UPPER LIMIT
Hor. Stao. area 1«000° 1.737 24000
Vert. Stab. area Le500 ew30 2en00
Radius T.R. vy lat2y 1e2U0
Chord T.R. U.2dy v.280 04350
Radius M.R. 54500 3+¥S50 ke300
Ang, velocity M.R. -4u.000 ~-36.233 ~32.000
Mast M.R. tilt 44500 5.000 T.000
Blades chord St, &  U.300 u.350 0.330
" o "5  0.300 u.9% 0200
" " w g 0300 vei91 04500
" " ] 7 0,300 veGl 0aR00
" " " 3 0,30¢ Ve8] R ELTH
u " " 9 U300 vel19l) 0.n~00
n l! no10 0,270 . Va9l 0ets00
1 1" nooq1 Ue240 1.2300 0e%00
Blade twist St. 3 =9-900 Gangl 6.000
" 1" n L =be000 =1.a90 2.000
" . n g5 ~b.000 “1.490 24000
" " v § =94000 T =1.490 1.000
n " " 7T =S.000 “~l.630 1.000
" " w g =%.000 =1.450 l.000
" " w9 =300 -1.490 1.000
" " " 10 =3,000 -1.490 1.000
" " nooqq =3.000 -u.100 1000
TABLE - 2 =~ :
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