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Abstract 

HELICOPTER MODELLING FOR PERFORMANCE CALCULATION +) 

Karl Liese 

Institute for Flight Mechanics 
Technical University of Braunschweig 

Methods for helicopter performance calculations are brought into line with the 

specific job in each case. Modern calculation techniques used in science and in

dustry generally include analytical, empirical as well as experimental parts 
computing exact results within short time. 
Essential parts of the helicopter physical model are studied such as downwash, 

blade-tiploss, hub-geometry, and blade-motions as well as blade and fuselage aero
dynamics, and their influence on the power required and trim settings calculations 

are described. 
The high variety of results, based on different modelling makes it possible to 

adapt existing calculation methods at hand for a new task or to bring about a 
new efficient method by combining suitable parts. 
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1. Introduction 

In the course of time, the knowledge of problems and interrelations typical for 

the helicopter problems as well as the possibilities of theoretical investigations 
and predictions have enormously improved, In this connection the possibility of 

using electronical computers certainly plays a decisive role. 
Without doubt, a tendency towards increasingly complex mathematical model theories 
and calculation programs can be observed, however, the question should from time 

to time be considered whether the latest more complicated theories really produce 
best results and whether the approved less complicated procedures are really worn 

out. There is no doubt that the more simple physical models suffice for a variety 

of problems and even have advantages compared to the complex program systems /1/ 

which can be shown by comparing these calculation methods. 

The power required is one of the most important factors in order to define the 

flight performance of a helicopter. Besides stability and thrust limits it restricts 

the flight envelope in terms of weight, hight, and velocity, the power required 

always having to be less than or the same as the power at hand. Thus, it is one of 

the most important tasks to investigate the power requirements by calculations in 

the design process as well as by measurements during flight testing of a helicopter 

that already exists. 

Methods for helicopter trim and performance calculations do exist in different forms 

and complexity to cope with diverse requir~ments concerning accuracy and time of 

calculation in the respective stages of development. This way, simple models are 

used resulting from energy equations for power calculations in the early stage of 

development. In cases of calculating an.already existing helicopter, procedures 

with extensive and complex models for the helicopter components are made use of. 

Obviously, there is a need for extensive calculation programs allowing investigations 

of all physical and geometrical influences possible, for instance for acoustic cal

culations or vibration investigations, however, it does not seem to be justified to 

make use of such models for less complicated tasks, such as performance calculations 

or investigations on stability and control, because they will merely have a higher 

absolute accuracy, are difficult to handle, and additionally are extremely involved, 

2. Influence of Helicopter Modelling on Power Required 

Modern methods for helicopter performance calculations applied in science and in

d~stry usually imply analytical, empirical, and experimental models that produce 

exact results at acceptable calculation expense. Procedures of this kind can as an 

example be seen in fig. 1 in a computer flow chart and are based on blade element 

momentum approaches for the rotor calculation. Apart from the numerical integration 

of the blade degrees of freedom, the numerical calculation of derivatives for the 

trim process is a decisive characteristic. Various models are possible and are used 

for part aspects such as rotorblade aerodynamics, downwash, tiploss, rotor geo

metry, blade degrees of freedom, fuselage aerodynamics, aerodynamics of tail sur

faces and so on /2/. 
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2.1. Rotor Geometry and Blade Degrees of Freedom 

It was only by introducing articulated rotor blades that the first successful 

helicopters could be developed, Therefore, rotors were built for a long time with 

rr,echanical joints allowing blade motions in three directions - the flapping and the 

lagging as well as the change of the angle of incidence, the feathering. The ruma rotor 
head in fig. 2 is an example. 

Recently, the complexity of the rotor head is reduced by using elastic and fle

xible materials, fibre composites and elastomerics, making mechanical hinges super
fluous and all motions are rendered possible by elastica! bending or torsion, re

spectively. At the bottom of fig. 2 the MBB prototype rotor is shown. 

All articulated and flexible rotor systems have a rather complicated geometry /3/. 

Modelling this means mathematical terms that are very difficult to survey on the 

one hand and an enormous calculation time on the other hand. Simplifications of the 

modelled rotor structure depend on the wanted accuracy of the results. In doing so, 

one should never forget the accuracy range of other part models. 

The rotor model at hand is based on the geometrical dates of the B~LKOW rotor 

system used in the helicopters MBB-Bo 105 and ~ffiB/KHI-BK 117. The geometry of the 

rotor head is represented with the coordinate systems from fig. 3 and the respec

tive matrix transformations. The complete model in fig. 4 serves as reference for 

comparative calculations with simplified models. 1'he first simplification step re

fers to the omission of the angles of the inplane motion. In a second step, the 

flapping angles are also put to zero. An alternative model sums up the linearized 

angles of the flap and lag motion. In each of these methods, a vector of unity re

presenting exemplarily a differential blade force or a local velocity vector is 

transformed for a typical rotor state from the middle of the rotor to the characte

ristic blade position with 75 % of the rotor radius. 

From the wealth of results for different rotor states we see in fig. 5 the maximum 

deviations for individual vector components with the modelling being simplified in 

various ways. When ignoring the lagging angles, mistakes of up to 10 % are possible 

in the X and Y components in the blade system in unfavourable positions of the 

blade. Additionally ignoring the angles of the flapping motion results in maximum 

mistakes of up to 20 %. On the other hand, mistakes of only up to 2 %occur when 

linearizing the flap and lag angles and adding them to the respective coning 

angles. 
Here, it should be pointed out once again that the mentioned percentages are only 

true for unfavourable blade positions, for example in the inner part of the blade 
or at very large angles of incidence and sideslip angles. As a rule, mistakes can 

n~utralize one another when summed up during one rotor revolution. This is shown in 

fig. 6. 1'he z components, that means approximately the blade normal forces, lead to 

periodical differences during the blade revolution, but they cancel one another 

when calculating the average. This is however not always true for the other compo

nents. The average mistakes of all the models are smaller by a factor of 10. This 

way, the method with summarized and linearized angles leads to average mistakes of 

less than 0,5 %. 

In the trim and performance calculation the various models cause differences in 

power that are located within the tolerances of the trim procedure. The effects on 

the calculated control angles are also so tiny that one can hardly interpret them. 

Thus, the enormous differences in the required calculation time are the reason for 

deciding on the most simple model in each case. 
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So far, the influence of the 

shown. In the following, the 

geometry on the transformation of vectors has been 

direct effects 

lagging,feathering and blade torsion should 

considering the 

be pointed out. 

blade motions flapping, 

This is shown in a 

diagram in fig. 7. The calculation expense is increased a great deal when calcu

lating the blade motions within a trim and performance calculation. 

Flap, lag, and torsion motions are at hand as non-linear differential equations 

and are solved by numerical integration. As the frequencies of blade torsion and 
elastic feathering are obviously higher than those of the flap and lag motion, 

considering them means integrating with clearly-reduced steps of rotor azimuth 

angle and thus an extremely longer calculation time. The stability of the other 

blade motions is also smaller compared to that of the flapping motion. This also 

leads to a high increase of calculation time in order to reach the equilibrium. 

As most of the methods for performance calculations work with improved static aero

dynamics, it must be doubted that models with higher order blade motions produce 
better results. 

Different curves of the power required for flight states with a typical rotor load 

are shown in fig. 8, Only at high advance ratioes do the rotor degrees of freedom 

influence the power required. The rigid rotor, that means without any flapping or 

lagging motion, requires the highest level of power. The flapping rotor (flapping 

perpendicularily to the rigid disk) with various hinge offsets is shown in three 

curves. The smallest power requirements are calculated by the combined soft inplane 

flap and lag rotor model. A lot of curves from rotor models including the torsional 

mode and the flexible feathering mode are not shown because of a lack of survey in 

the diagram. All of them would have to be placed between the curves shown in fig. 8, 

Generally, the power required diverges at high advance ratioes, but it cannot be 

decided which curve is the right one. Differences between the curves do not 

result directly from the rotor modelling, including higher harmonics. What is more 

in this connection, different blade stiffness, hinge offsets, and phase displace

n1ent from combined blade modes effect significant changes in the body pitch atti

tude, leading to different forces and moments of the fuselage and empenage and in 

this way is incorporated directly into the power requirements. Higher harmonic 

blade motions also have less important consequences and are dependent on the kind 

of blade modelling. Influences of individual parameters such as stiffness and 

damping of a single mode is still liable to be investigated. Furthermore, sideforce 

equation of motion leads - considered or not considered - to different trim con

ditions, which influences the power requirement, too. 

2·. 2. Downwash and Finite Number of Blades 

The velocity state of the rotor blade and of the other body parts are only revealed 

exactly when considering the distribution of the induced velocity of the rotor. The 

lift-producing rotor blades can be regarded as wings of large extension in a har

monically-varying shear flow, the flow being subject to different interdependent 

influences of rotor blade, the vortex wake system and other helicopter components. 

The rotor blades induce a velocity in the downwash, thus deforming it. It is this 

distorted downwash system that induces in its turn a flow at the blades, changing 

the flow situation and the resulting aerodynamic forces at the blade. If almost all 

aspects of the vortex wake system are to be simulated, fairly complex calculations 
are effected /4, 5/ that are not suitable for trim and performance calculations due 

to their enormous calculation time. 
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A method that calculates the flight performance precisely enough is the determina
tion of the average induced downwash velocity by means of the momentum theory, 

see fig. 9. Considering a constant inflow over the whole rotor disk that can be 

obtained from momentum approach is the most coarse and simple approximation for 

the calculation of the induced velocity. The rotor is regarded as an impulse disk 

that accelerates the inflowing air uniformily. This corresponds to the case of 

the rotor having an infinite number of blades. Despite the fact that the above 

assumptions are only true for axial states of flow, it is possible to similarly 

take axial flow components into consideration for the rotor in forward flight. 

An empirical factor which depends on the flight speed and attitude modifies the 

constant downwash distribution to a trapezoidal shape in the flight direction 

/6/. 

Further applied methods for the calculation of the rotor downwash are various 

combined blade element momentum approaches /2, 7, 8/. Fig. 10 shows the model 

approach and the calculated distribution of a simple method that works with linear 

aerodynamics and blade element theory for axial rotor inflow. The varying state of 

flow during the revolution is ignored, as the dynamics of the blade motions is. 

Fig. 11 reveals the model approach and the distribution of an iterative method, 

taking into account non-linear aerodynamics, actual velocity including flapping 

motion and the current state of the feathering angle of the blade. Combined with 

an axial blade element momentum approach, an empirical approach for the transitory 

development of the induced velocity according to /7/ which is grounded on the re

sults of /9/ leads to a distribution of downwash as shown in fig. 12. 

The influence of the preceding rotor blades can be clearly seen. For reasons of 

comparison, the combined momentum potential theory of /10/ is used furtheron which 

can be seen in fig. 13. Regarding the free stream flow direction, the downwash 

distribution is symmetrical due to the potential approach. Compared with the vor

tex theories, all these methods need only little calculation time, so that they 

are suitable for trim and performance calculations. 

As mentioned before, the momentum and potential models demand an infinite number 

of blades. In order to correct the occurring mistakes, an assumption for the 

compensation of dynamic pressure at the blade tip, the tiploss model, is taken 

into account. There are also different methods for this approach, shown in fig. 

14. To a large extent, they are based on empirical interrelations developed by 

Prandtl and Glauert /11, 12/. 

The two models on the top alter the induced downwash velocity, on the left changing 

the average and, on the right, altering only in the region of the blade tip. The 

two models below are changing the thrust correspondingly. On the left, the inte

gration is only done as far as the reduced blade radius, on the right, the thrust 

is reduced only in the region of the blade tips. 

As fig. 15 shows, there is an obvious range of results in power calculations with 

different models for downwash and tiploss. With the downwash model there are 

power differences of about 5 % in hover, of up to 20 % at medium advance ratioes 

and of up to 10 % at high speed. Besides the non-conformity of the downwash distri

bution, the average downwash velocity or the total inflow plays a decisive role. 
In the total velocity range, power differences of 4 to 5 % can be obtained with 

the tiploss models, deviations being dependent on the rotor load. The above calcu

lations were done for an average value of CF = 0,004 ~ 0,005. 
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The collective pitch of the main rotor is a proportional result of the rotor load 

and the average downwash velocity. The differences in the collective pitch by 

comparing calculations almost correspond to the power differences. The influence 
of the model on the rotor collective pitch can accordingly be taken from the 

description of the power influence, The cyclic pitch, however, depends to a very 

large extent on the downwash distribution. This can be seen in fig. 16. The 

longitudinal cyclic pitch grows with increasing advance ratio, on the one hand 

for trimming differences in local thrust due to different velocity at the advan

cing and retreating blade, on the other hand compensating for the resulting pitch

ing moments of the body. The longitudinal cyclic pitch angle is only insignificant

ly dependent on the choice of the downwash model. It is only the empirical local 

model that leads to triflingly higher sine pitch angles for larger advance 

ratioes, as when determining the local induced velocity it is not the actual flow 

but only the rotor rotational speed that is considered. The cosine share of the 

cyclic pitch angle, the lateral pitch, is determined by the irregularity of the 
rotor downwash along the longitudinal axis, and, to a minor extent, by the cross 

coupling of the rotor. The models GLOBAL, MANGLER, and the blade element momentum 

models show almost equal results. The larger cosine shares from the empirical mo

del are a result of the larger increase of the downwash distribution along the X 

axis. 

2.3. Rotorblade and Fuselage Aerodynamics 

In order to determine the air loads at the blade section, profile characteristics 

are needed, that means the lift coefficient Ca and the drag coefficient Cw. Nowa
days, aerodynamics are used that are taken from wind tunnel measurements with a 

real part of a blade. This is done to avoid influences of the Reynold number. To 

master the rotor states, the range of the angle of incidence must range over 360 

degrees. Additionally, the influence of the Mach number must be known, see fig.17. 
During one revolution, the rotor blade is subject to quite different working con

ditions. At the advancing blade, the angles of incidence are low with high Mach 

numbers. At the retreating blade the angles of incidence are very high near the 

blade tip with average Mach numbers, and in the reversed flow field near the rotor 

hub the angles of incidence almost range over 360 degrees with Mach numbers being 

very low. When computing the air loads, most of the rotor models make only use of 

the normal and tangential velocity component, neglecting the effects of the radial 

flow. These consist of the mere effects of the sideslip which can be effected be

yond the reversed flow field with angles up to +/- 90 degrees, furthermore of the 

effects of the radial flow at the rotor blade influenced by the centrifugal force, 

At the most important areas of the rotor, that is the outer and the blade tip re

gion, the sideslip angle only has a minor extent. The consequence is that an omis

sion has no significant effect. 

Influenced by the centrifugal force, a radial flow in the boundary layer exists at 

the rotor blade. The centrifugal accelerations a the rotor blade reach values of 

500 i 1000 g. The resulting effects, mainly the influence of the stall characteris

tics, have not yet been examined sufficiently. A further deviation from the static 

lift coefficient and accordingly from the momentum coefficient normally asumed re

sults from the lift hysteresis under the influence of a time dependent or periodical 
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change of the angle of incidence. In order to catch hold of this instationary 

effect at the blade section aerodynamics, which with the helicopter already 

appears during stationary flight, the time derivation of the angle of incidence 

or the pitch rate is needed besides the parameter Mach number for the actual blade 

profile, the frequency of the pitch rate respectively. 

The g~neral rotor calculation methods find only little favour of th68~ instationary 

effects, one reason for this is that systematical profile measurements have not yet 

been sufficient. On the other hand this would mean additional expenditure /13/. 

Mostly, one resorts to correcting stationary aerodynamics with a so-called "dynamic 

factor", the "overshoot parameter", that means aerodynamics are used with an im

proved lift curve slope and lift coefficient. 

The components of air loads and moments of the fuselage are estimated in rough 

calculations with empirical approximate solutions. For more exact performance cal

culations, a lot of measurements made with models in wind tunnels are usually taken 

as a basis. As regards the air load components of the fuselage it is the drag as 

well as lift and pitching moment that are interesting above all. For more detailed 

investigations it is also the factors side force and yaw moment that are significant. 

J\s an example, fig. 18 shows idealized body forces and moments as functions of the 

angle of incidence, Despite the fact that rather exact aerodynamics are considered, 

mistakes occur by calculating the average fuselage velocity. In this way, effects 

of interference, especially those affected by the rotor downwash, are not properly 

taken into account. The downwash distribution which is especially varying during 

forward flight can be considered by a cambering of the fuselage or by a fuselage 

finite element model. 

Fig. 19 shows the influences of the important aerodynamic parameters of the blade 

profile CAmax and Cwo' In the case that the profile drag is varied by 10 %, power 

differences of about 4 % are the result with a small rotor load and of about 3 % 

with a high load on the rotor. There are hardly differences in power required with 

a small or moderate rotor load when varying the maximum lift coefficient of the 

rotor blade, However, with a high load on the rotor, there can be important power 

differences at high advance ratioes. 

It is known that lift and pitching moment of the fuselage arc of minor importance, 

but as can be seen in fig. 20, a change in the drag of the fuselage means a change 

of power that increases with the forward flight speed. At medium advance ratioes, a 

drag decrease of 10% means a saving of power of about 6 %. To a large extent this 

effect does not depend on the rotor load. The cyclic pitch angles are only insig

nificantly influenced by the conducted components variation. 

3. Summary 

The basis of power calculation is the blade element theory for propellers and rotors, 

modelling the rotor blade as a rigid beam with the flap and lag motion. By means of 

non-linear aerodynamics which depend on the Mach number, forces and moments at the 

blade are calculated. In doing so, the induced downwash velocity is usually taken 

into account from a model with a constant inflow or with trapezoidal inflow from 

Glauert when calculating the local velocity. In most cases, the influence of the fuse

lage is at hand in the form of wind tunnel data, model measurements being used scaled 

or corrected by Reynold number respectively. Simple non-linear models or lifting line 

approaches serve for the calculation of forces at the tail surfaces and wings. Purely 
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analytical methods have not yet been accomplished because the physics of important 
factors cannot be described exactly enough, such as blade tip aerodynamics, insta
tionary effects, induced downwash distribution and aerodynamics of the fuselage. 

Moreover, the need of an extremely long calculation time of the mentioned models 
almost reaches the limits of performance of modern computers. 
Modelling a complex system like the helicopter always works hand in hand with 
idealizing, neglect, approximation. No helicopter model, ever so good, can deliver 
satisfying results without empirical investigations. For a helicopter, design trim 
and performance calculations generally require high accuracy, and this, if possible, 
for the entire flight envelope of the helicopter. Calculation methods that meet 
these requirements are significantly characterized by empirical approaches of cor

rection. It is the large variety of practicable methods for a physical model as 
well as the possibility of adapting the parameters in empirical and experimental 

approaches by which it is possible to adapt a calculation procedure that is already 
at hand to a new helicopter model, or to develop a new and more efficient method by 
skilfully combining suitable part models, respectively. 
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Figure 4. Transformation from the Rotor-Center to the actual Blade-Point 
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Figure 5. Vector-Transformation with different Rotor-Models 

. . 4' o• 
OJ 130'1. 
'0 
0 

::;: 
' 0 1201J. 

c . 0 110"1. -- . 
-

• 

Cl 
ao•t. . 

' ' . 10"!. 

90' 

I Model 1 I 

-I- r-

I- 1-' 
,-

' 

' ' y ' ' ' ' ' I ' 

4' o• . 90' 4' o• • 
I 

I- I Model 21 

-

_r:-
-

- -
r- I-

I- -

' ' I ' ' ' ' ' ' I ' ' ' ' • ' I ' ' 

90' 160• no• 

I Model 71 

' 

' ' . ' y • ' ' ' 

Figure 6. Vector-Transformation with different Rotor-Models (Components) 

48-11 



Feathering (Elastic Control System) 

Flapping 

~ 

'r.' "' ;~ r ~r. { ... ,s,e,c,~.{l,b) + Mzc. + MGr, +MFr.+ Mor. +Hear; ui> 1 

Blade Torsion 

Feathering (Elastic Control System) 

Figure 7. Model of Blade Motions 
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