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COMPUTATIONS AND EXPERIMENTAL STRENGTH ANALYSIS  OF HELICOPTER TAIL ROTOR BLADES MADE FROM COMPOSITE MATERIALS 
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Summary: This work considers fatigue strength behavior of construction made from composite materials. Primary attention in this work is focused to fatigue strength behaviors of helicopter tail rotor blade made from composite materials. To analyze fatigue strength behavior of composite blade here the blade tested under static and fatigue load spectrum. For precise definition of load spectrum of helicopter tail rotor blades here computation fluid dynamic (CFD) numerical simulation are used.  In this consideration for determination aerodynamic loads of helicopter tail rotor blades two computation models are used. In first model isolated tail rotor blade is considered. In the second computation model the complete helicopter is modeled including fuselage together with main and tail rotor blades. To verify strength of the tail rotor composite blade here is tested with respect to static/fatigue for one critical load case. In addition to experimental verification of tail rotor blade here is illustrated computation procedure for initial fatigue life estimation of critical metal part of composite tail rotor blade.
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1. INTRODUCTION
Rotor blades of helicopters have to posses stiffness and strength that keep structural stresses within functional  limits [1]. The geometry should produce aerodynamic forces. The aerodynamic and structural loads developed by the relation of the blades fluctuate throughout the rotation cycle including fatigue [2]. Consequently, using an appropriate material for helicopter rotor an appropriate material for helicopter rotor blades constitutes the study of variable requirements. Design process of helicopter rotor blades regarding aerodynamic loads and fatigue behavior is the topic of discussion of this paper. The dominant effect on the life of blades results from fatigue but in-service conditions such as corrosion and erosion also have damaging secondary effects. Improvements in these areas lead to increased reliability and 
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reduced maintenance. However, in order to understand the design process of rotor blades, one most integrate load analysis of both static and cyclic loads, material choice based on the preceding load analysis of a rotor blade. An special attention in this paper is focused on CFD numerical simulations of helicopter tail rotor blades and fatigue life estimations of metal structural components.
Some helicopter tail blade components subject to high amplitude cyclic stress may eventually undergo fatigue failure if a sufficiently high number of load cycles is applied before the component is repeated. For metallic bearing components, which are commonplace in helicopter, fatigue strength is the dominant design parameter [3]. The high stress levels in rotor blades have been responsible for limiting the fatigue lives of many blades. In recent times there has been a very strong trend towards the use of fibre composite blades which exhibit markedly slower fracture propagation rates and very long fatigue lives. However composite components exhibit different modes of degradation, including delamination, disbanding and water absorption. It is important to note however that, even tail composite blades are used, metal elements are commonly incorporated in the blade assembly. In this work will be considered two areas of design of helicopters tail blades; (1) aerodynamic load distributions based on CFD numerical approach and (2) initial fatigue life [4] of metal structural elements at helicopter tail blade.

2. DEFINITION OF LOAD SPECTRA FOR HELICOPTER TAIL ROTOR BLADES USING CFD METHOD
Semi-empirical methods were being widely used in calculation of helicopter blade aerodynamic load, such as lifting line theory combined with airfoil experimental data, given as a function of the local angle of attack and Mach number. But in such approach, empirical corrections had to be included in order to take into consideration effects of the dynamic stall, compressibility and blade interaction with trailing vortex. 

In the paper, CFD software package ANSYS FLUENT [5] is used for obtaining aerodynamic load of the Mi-8 helicopter tail rotor blades. The tail rotor thrust primarily serves to balance the main rotor torque. But due to wide diapason of the blade pitch change and large Coriolis forces caused by the blade flapping, the tail rotor blades work in much severe conditions compared to the main rotor blades. The tail rotor failure could cause serious accident, and because of that reliable methods must be used in the calculation of aerodynamic load of the tail rotor blades.  

The different lift forces appear on the blades causing rolling moment about the helicopter longitudinal axis. This moment is compensated by a hinge that provides blade flapping toward the plane perpendicular to the no-feathering axis. However blade flapping can be realized from different point of view. Namely, each blade traces out a cone, whereas the blade tips trace out the base of the cone which is often referred to as the tip-path plane, i.e. blades move steadily in the tip-path plane. The axis of the cone is no-flapping axis, tilted relative to the no-feathering axis. The cone with no-flapping axis is obtained rotating plane perpendicular to the no-feathering axis through the angles –b1 and a1 about X and Y axis respectively, where Z axis coincides with no-feathering axis, while negative X axis is directed to the flight direction. The no-flapping axis cone is modeled in the numerical simulation.

The Coriolis force appears due to blade flapping, acting in the chord plane of each tail rotor blade segment. Its value can be obtained as
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where Δm and r are segment mass and distance from the axis of rotation. This forces are much larger than aerodynamic drag forces at each segment, giving moment about the rotor shaft which is balanced by the moment of centrifugal force. This happens through lagging motion if drag hinges exist. But Mi-8 tail rotor blades have no drag hinges, so large alternating moments occur that mostly determine dynamic strength and fatigue life of the blade. The flapping angle is a periodic function of the azimuth angle and can be expressed by the Fourier series of the form


[image: image3.wmf].....

2

sin

2

cos

sin

cos

2

2

1

1

0

-

-

-

-

-

=

y

y

y

y

b

b

a

b

a

a


The following input data are used in calculating tail rotor loads:

number of blades             N=3

blade airfoil                       NACA 230M

rotor area                          At=11.4 m2

rotor diameter                   Rt=3.81 m

blade twist                         ε=0o

rotor solidity                      σ=0.136

blade chord                       c=0.271 m

rotor rpm                           n=1124

blade mass                       m=13.5 kg

distance from helicopter c.g. to tail rotor axis            lt=  12.646 m

helicopter forward speed   V=56.25 m/s

advanced ratio                   μt= 0.251

induced velocity ratio         λit= 0.0196

Results are given for forward flight at speed equal to 0.9 VNE (never exceeded). According to representative statistical data [2], for transport spectrum  flight at this speed  lasts almost 30% of the total flight time. 

Having determined tail rotor thrust, its flow regime, collective-pitch angle and coefficients of the Fourier series that describes the flapping angle as a function of the azimuth angle, numerical simulation was accomplished using the CFD software in order to obtain distributions of aerodynamic forces along each blade span. The Navier-Stokes equations are solved in the software. This equation in the so-called conservation form [3], can be written as
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where U, Fi, Gi and B are the conservation flow variables, convective flux variables, diffusion flux variables and source terms, respectively
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 EMBED Equation.3  [image: image7.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

+

+

=

v

v

v

v

v

F

i

i

ij

j

i

i

p

E

p

i

r

r

r

d

,  
[image: image8.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

+

-

-

=

q

v

G

i

j

ij

ij

i

t

t

0

, 
[image: image9.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

v

F

F

j

j

j

B

r

r

0

i,j= 1,2,3.........................................................................................................................................(3)
with ρ, vj, Fi, E, p, τij, qi  being density per unit mass, components of the velocity vector, components of body force vectors, total energy, pressure, viscous stress tensor and heat flux respectively. Kronecker delta is denoted with δij where  δij = 1 for i=j and   δij = 0 for i≠j. Total energy given as sum of  internal energy per unit mass e and kinetic energy
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is related by pressure and temperature as 
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with cv being the specific heat at constant volume. Integrating equation (2) spatially over the volume of the domain, 
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another form of governing equations can be obtained as
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The surface integral in equation (7) represents the convection and diffusion fluxes through the control surfaces. The integral form enables appropriate resolving for discontinuous flows with shock waves because conservation properties across the discrete element boundary surfaces are satisfied. This approach is basis for the finite volume method applied in the used software. There are two steps in the numerical simulation. In the first step mesh is generated in the domain, while in the next step flow field is determined around the tail rotor blades. In Figure 1 is shown helicopter with tail rotor blades made from composite materials.   
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Fig 1. Helicopter with tail rotor composite blades

The coupled solver is used in the  numerical simulation, and MRF option in order to take into account the tail rotor blades rotation, along with the standard no-slip condition on the solid walls. Gauge  static  pressure on  the  upper  sides of  the  blades is  shown in  Figure 2. 
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Fig 2. Gauge static pressure on the upper sides of the tail rotor blades

The blades rotate counterclockwise. Zone of the lowest pressure appears on the advancing blade, immediately behind the leading edge and near the blade tip. The pressure distribution on two retracting blades is rather similar, because the flow conditions at these two positions are similar.

3.  INITIAL FATIGUE LIFE ESTIMATION OF STRUCTURAL COMPONENTS
Here is given computation procedure for fatigue life estimation of representative  metal structural element of helicopter tail rotor blade, shown in fig.6. To define computation procedure here one component with hole under cyclic load is considered. For this purpose Smith-Watson-Topper (SWT) curve is used to determine number cycles up to initial damage:
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where: K', 'f, 'f,, b, c are low cyclic material properties, sm - the mean stress smax - the maximum stress, Nf- number of cycle to initial damage. Neuber`s rule is usually used to calculate elastic-plastic stress and strain at the roots or notches from their wholly elastic theoretical equivalents such as might be estimated by an elastic FE analysis. Low cyclic material properties of steel 4732 are determined experimentally, Table 1, using servo-hydraulic MTS test system.
Table 1: Low cyclic material properties of Steel 4732

	Cyclic material properties
	Value

	Modulus of elasticity,           E [MPa]
	212000.0

	Cyclic strength coefficient,       K' [MPa] 
	1245.0

	Cyclic strain hardening exponent,                                   n'
	0.0785

	Fatigue strength coefficient, 'f [MPa]
	1144.0

	Fatigue strength exponent,      b
	-0.067

	Fatigue ductility coefficient,   'f
	0.340

	Fatigue ductility exponent,      c
	-0.536


Results of initial fatigue lives estimation of structural element, defined in Fig 4, for different nominal stresses s and R (=smin/smax) are shown in Fig. 3. For precise definition stresses of structural element in Figure 3 finite element software Msc/NASTRAN is used.
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Fig. 3 Representative specimen with kt=3.342 (W= 60mm, t= 5mm d= 17.5mm)
	[image: image20.png]750

700

650

600

550

500

450

400

\
=0.1
\ \
\
N\ =0
N\
N\
N R=0.3
N
\
\
\
\
5000 10000 15000 20000

N [broj ciklusa]





Fig. 4 Fatigue life estimation of structural element


Detail computation initial fatigue lives of structural element using “in-house” software code, Fig. 3 and Fig. 4 for different stress levels and stress ratios R are given in Table 2. Experimental static  test of composite tail rotor blade carried out on the MTS servo-hydraulic MTS system, shown  in Figure 5. Here is experimentally  determined static strength of the composite tail rotor blade under inertial load (F=175 kN) without damage. 
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Fig. 5 Experimental  Strength Analysis of Composite Tail Rotor Blade
Table 2: Fatigue Life Estimation of Structural components
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Servo-hydralic MTS system, shown in Figure 5, is used for fatigue life estimation of composite tail rotor blade.

Detail description of fatigue life estimation of aircraft structural components and  helicopter tail rotor blades are given in references [8-10].

4. CONCLUSIONS

This work considers some aspects to strength analysis of  helicopter tail rotor blades. Primary attention in this work is focused to definition of aerodynamic loads and fatigue life estimation of metal parts of  tail rotor blades. For aerodynamic load distributions CFD analysis is used. Elastic-plastic FE stress analysis around notches with SWT criterions here is developed procedure for initial fatigue life estimation of metal structural components to helicopter tail rotor blades. To verify strength of the complete  metal/composite helicopter  tail rotor blade here  is used servo-hydraulic MTS system (Figure 5).  Combining CFD analysis for aerodynamic load computations with computation procedure  for initial life estimation together with adequate experiments achieves real conditions for reliability design of metal/composite structural components of helicopter tail rotor blades.
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