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ARTICLE INFO  The researched object is a helicopter main rotor with blades of variable geometric twist 

characteristics. Variable torsion refers to systems of actuators made of shape memory alloys. The 

presented numerical analyses allow for evaluating both the dynamics of the rotor in transient states, 

i.e. in the zone between the static phase and the full activation phase and the impact of the change 

on the pulsation of the amplitude of the necessary power generated by the rotor corresponding the 

flight state, and thus covering the demand by the disposable power generated by the engine. This 

study follows a methodology of numerical analyses based on Multi Body Dynamics and the Finite 

Element Method and uses fluid mechanics elements and algorithms to analyze lift generation, 

compiled in a single computational environment referring to the same period of time. 
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1. Introduction 
The problem of high exhaust emissions [9, 10] and en-

ergy requirements in aviation [13, 19] have been recently 

globally studied by researchers. Propulsion systems of light 

rotorcraft are usually internal combustion engines or elec-

tric motors [9, 21, 22]. The application of piston internal 

combustion engines for aircraft propulsion is associated 

with the problem of decreasing engine power as a result of 

increasing flight altitude [4]. The engine powering the air-

craft must provide sufficient power supply to allow for 

flight and operation of on-board instrumentation. There are 

many ways to reduce power consumption [1]. These include 

the use of alternative fuels [3, 15] or another type of propul-

sion [5]. Safety considerations play a critical role. Most of 

essential systems in aircraft are redundant in nature [7]. 

As new technology and materials are developed, oppor-

tunities to reduce power requirements in certain flight states 

and to increase aircraft range and performance are emerg-

ing. Hybrid solutions combining beneficial features of dif-

ferent types of aircraft are known. An example of such 

objects are gyrocopters which, by combining the phenome-

non of auto-rotation with the electric power supply of mul-

ti-rotorcraft, enable the optimization of the use of the power 

in flight [6]. There are also known modifications that give 

aircraft the possibility of vertical take-off and landing [17]. 

An interesting issue is also the use of modern construction 

materials, and more specifically intelligent materials such 

as shape memory alloys. They make it possible to change 

geometrical properties of the aircraft. As this is a relatively 

new issue, it requires a number of studies in aviation. 

Shape memory alloys allow interaction with the shape 

of the aircraft during flight [2, 13], but also give the possi-

bility to control the geometry of the main rotor blade [8, 

12]. The application of shape memory materials to aircraft 

is itself already a complicated task. It is mainly related to 

the difficulty of controlling the parameters of material 

phase transitions and the low repeatability of their opera-

tion. Therefore, numerous investigations are carried out in 

order to better understand the phenomena occurring in 

smart materials and their influence on the aircraft [18, 20]. 

The use of any elements that change the geometry of the 

blade of the main rotor during its operation leads to the 

occurrence of a transient state. This situation affects the 

stability of rotor operation. The power required by the air-

craft also changes. The purpose of such modifications is to 

optimize the operation of the main rotor by minimizing 

drag and generating the maximum lifting force in the vari-

ous phases of flight [23]. 

The application of systems that change the geometry of 

the aircraft or main rotor blades influences the propulsion 

unit as well. By reducing the power requirement, it is pos-

sible to use an engine with less power and weight, which 

affects the payload capacity of the aircraft. The energy cost 

resulting from the use of shape memory materials is the 

need to power them. This is done by applying voltage or 

temperature changes [14, 24]. The aim of research is obvi-

ously to apply the technology in such a way that energy con-

sumption in flight is reduced and performance is improved, 

which will have a positive effect on fuel consumption. 

This paper discusses an evaluation of the influence of 

the transient state on the stability of the rotor operation. 

Numerical analyses of the phenomena that occur between 

the static phase and the full activation phase of the shape 

memory alloy actuator applied to the main rotor blade of  

a helicopter with a maximum take-off mass of 150 kg have 

been performed and described. 

2. Methodology 
Here, a methodology involving numerical analyses 

based on Multi Body Dynamics and the Finite Element 

Method was applied. The adopted methodology is based on 

the strategy of composite analyses using integrated MBD + 

FEM models as well as analyses related to typical fluid 
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mechanics including algorithms of the blade element meth-

od and vortex theory. The application of such a combina-

tion of algorithms in analysis will allow a realistic assess-

ment of the stability of the rotor in the form of structural 

dynamics and will also make it possible to assess its impact 

on the values of rotor thrust force T, side forces S as well as 

power demand and its harmonic components. The method-

ology to specify aerodynamic loads is based on algorithms 

of the Blade Element Method (Fig. 1), while inertial loads 

are specified from a coupled Multi Body Dynamic model 

(Fig. 2) in which rigid elements are replaced by susceptible 

ones in such a way as to reproduce the hub center motion 

and thus to take into account dynamic features of the rotor. 

 

Fig. 1. Profile section intended for the determination of aerodynamic loads 

 

Fig. 2. The inertial system of the MBD model 

The integrating element of the calculation process is the 

MATLAB/ Simulink software environment which controls 

the process and time step of the calculation (Fig. 3). 

 

Fig. 3. Matlab/Symulink software integrator diagram 

3. Research object 
The researched object is a helicopter main rotor 

equipped with blades of variable geometric twist character-

istics. The idea of variable twist is based on actuator sys-

tems made of shape memory alloys. The blade geometrical 

twist line is changed by deforming (twisting) the blade on 

its certain section to obtain a two-phase characteristic of the 

rotor, characterized by different performance properties that 

are more optimal for different flight conditions. An im-

portant research issue of such a system is the response of 

the rotor in transition states between the static phase in 

which the blade retains its original shape and the phase that 

results from the deformation of the geometric twist line due 

to the torsional moment load. The calculation model ena-

bles the evaluation of selected load components such as 

torque Q, rotor thrust force T and side force S. 

The characteristic feature of the adopted system of SMA 

actuators is the dynamics of the process and the rate of 

shape change which assumes the 10–15 second process of 

changing the geometry. Compared to actuators based on 

piezoelectric systems, this period is many times longer, but 

the cost of adaptation of the actuator is much lower.  

The transition time is crucial for rotor stability and thus 

safety. The expected time of the transition phase depends 

on the mechanical properties of alloys themselves, the 

adopted philosophy of providing the required thermal ener-

gy and thermal losses associated with this process. 

The basis of this methodology is the assessment of rotor 

efficiency for particular configurations: 

 a reference blade, i.e. a blade not activated SMA actua-

tors,  

 a blade with a theoretical linear geometric twist,  

 a blade with a real twist with non-linear characteristics 

resulting from activation of the operating elements. 

 Figure 4 shows a visualization of the geometric blade 

twist curves which will be numerically analyzed. 

 

Fig. 4. Geometric blade twist angle 

The rotor thrust was analysed for the reference and 

steady-state twist curves for which the SMA actuators were 

activated (Fig. 5). 

The environment that integrates the analyses and con-

trols the common computational time base is MATLAB/ 

Simulink using the MBD model integration function. Fig-

ure 6 shows a visualization of the base model which under-

goes complex analysis. 
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Fig. 5. Rotor thrust 

 

Fig. 6. Visualisation of the MBD main rotor base model 

 

Fig. 7. Visualisation of the load distribution, T – thrust force, Q – propul-

sion torque, S – side force 

The computational model assumes the simplification of 

rotor blade representation by dividing it into 10 computa-

tional sections (Fig. 8), connected by elastic elements with 

well-defined mass-rigidity properties and well-defined 

position of the center of gravity in relation to the twist axis. 

Aerodynamic and inertial loads are applied to the center of 

gravity of each section, which means that the aerodynamic 

centers of each section lie on the blade's twist axis. 

 

Fig. 8. Blade division into calculation sections 

According to the adopted concept, the actuators are ac-

tivated between sections 8 and 7, and the actuators are an 

integral part of the blade and located as near as possible the 

twist axis. The course of the total twist angle change in the 

steady state during flight is shown in Fig. 9. 

 

Fig. 9. SMA actuator activation time course 

Besides the inertial forces loading the rotor, the main 

component of forces and moments are aerodynamic loads, 

determined by CFD analyses both for the individual sec-

tions (Fig. 10) and for the whole rotor disc (Fig. 11). 

 

Fig. 10. Results of the CFD analysis of the blade profile section 

 

Fig. 11. Rotor disc loads 
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3.1. Analysis 

The analysis covers the assembly of the main rotor 

loaded with aerodynamic and inertial forces in the steady 

state, i.e. hovering, and in the transient state when the SMA 

systems are activated. The analysis consists in comparing 

the rotational speed pulsations and the power demand nec-

essary during take-off and transition to hovering before and 

during activation of the actuators. Figure 12 shows a visual-

ization of the rotor start-up and transition to the hovering 

state. 

 

Fig. 12. Rotor speed course during start-up 

 

Fig. 13. Rotor lock and hover 

 

Fig. 14. Rotor lock and hover with SMA activation 

The numerical analyses are limited to the transient states 

of the rotor start-up and transition to hovering. The compar-

ison of the computational cases is limited to the states the 

SMA actuators are not activated and the case they are fully 

activated. All analyses were based on standard conditions, 

i.e. barometric operational altitude hb = 0 m, ambient tem-

perature compatible with the standard atmosphere OAT = 

15ºC. 

4. Results 
The aim of the analyses was to determine the conditions 

of power demand in states defined as non-stationary. The 

research enabled us to specify the main components of the 

power required by the rotor as well as the values of the 

lateral forces perpendicular to the longitudinal axis of the 

pylon system of the rotor assembly, bending the shaft at the 

moment of lock and the transition of the rotor to hovering 

(Fig. 15–20). The values and harmonics of the transverse 

forces determine the stability of the rotor precession axis, 

while the values of power pulsations are responsible for the 

assessment of the aerodynamic efficiency of the rotor. 

 

Fig. 15. Average power required for hovering 

 

Fig. 16. Harmonics of the power required for hovering – I h power pulsa-

tion 

 

Fig. 17. Harmonics of the power required for hovering – II h power pulsa-

tion 

 

Fig. 18. Average force pulsation – side forces 
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Fig. 19. Harmonics of the side forces – I h force pulsation 

 

Fig. 20. Harmonics of the side forces – II h force pulsation 

The key parameter affecting the safety of the structure is 

the time of the non-stationary state i.e. the time when the 

blade (rotor) changes its geometric features. The use of 

shape memory materials enables a geometric twist to be 

changed in a relatively long time compared to other active 

materials. The assumed full cycle of change defined as 10 s 

when the rotor was in a transient state showed no danger of 

losing stability but an increase in the harmonic components 

of the side force and propulsion torque values. 

The correct selection of the main rotor construction pa-

rameters such as joint spacing, oscillation compensator, 

oscillation and deflection coefficients and Lock's number 

ensures structural stability and stops the uncontrolled  

 

growth of particularly non-harmonic loads which indicate  

a loss of stability and may lead to the occurrence of flatter 

and divergence phenomena. The phenomenon of instability 

itself, i.e. flatter and divergence was not analyzed. An ex-

ample of incorrectly selected rotor design features is shown 

in the dynamic angle diagram below (Fig. 21). 

 

Fig. 21. Dynamic twist angle for the case of a rotor stability loss 

5. Conclusions 
The obtained results show that the application of active 

control systems of geometric features of the rotor does not 

significantly affect the stability of the rotor in transient 

states, i.e. between the state in which the actuators were not 

activated and the state of their full activation.  

The parameters affecting the evaluation and selection of 

the propulsion unit were also analyzed to ensure a smooth 

regulation of the fuel flow to stabilize the fluctuations of 

the power required. The above results indicate that the 

selection of the drive unit, apart from a constant value, must 

take into account the pulsation values for both I h of rota-

tion (25Hz) and III h (75Hz) while maintaining the torsion-

al stability of the drive system. 
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Nomenclature 

AoA  angle of atack 

FEM  finite element method 

MBD  multi body dynamics  

OAT   outside air temperature in Celsius degrees  

PCA  pitch control axis  

SMA  shape memory alloys  
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