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COMPUTATIONAL STUDIES OF AEROELASTICITY OF
AIRCRAFT ENGINE TURBINE BLADE

Marcel ILIE!, Augustin SEMENESCU?

Rezumat. Modul tranzitoriu al sarcinii aerodinamice a unei palete de turbind a unui
motor de avion reduce timpul de viata al paletei si, ca urmare, timpul de viata al
motorului. De aceea, o estimare corectd a sarcinii aerodinamice si un model cuplat al
aerodinamicii si structurii poate creste timpul de viata al paletei turbinei si a motorului,
prin reducerea timpilor de intrefinere. Aceastd cercetare investigheaza instabilitatea
vibratiilor paletei de turbine a unui motor de avion, In conditii de instabilitate
aerodinamica. Ecuatiile Navier-Stokes impreuna cu modelul SST-kow pentru turbulenta
sunt rezolvate pe cale numerica. Studiul arata faptul ca vibratiile produc variatii
temporale ale coeficientilor aerodinamici.

Abstract. Transient blade loading limits the lifetime of aircraft engine turbine blades.
Thus, accurate prediction of the unsteady aerodynamic loading and coupled fluid-
structure interactions would improve the life the lifetime of the turbine blades. This study
investigates the flutter instability of an axial turbine blade under unsteady aerodynamic
loading. The viscous Navier-Stokes equations with the SST-kw turbulence model are
employed. The results show that the flutter phenomenon causes unsteady oscillations of
the aerodynamic coefficients lift and drag.
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1. Introduction

Acroelasticity is an important and critical phenomenon encounter in many
acrospace applications such as airplane wing, compressor/turbine blades,
helicopter blades, etc. In gas turbine engine, the aeroelasticity is a major concern
due to the fact that it decreases the engine performance and poses critical issues.
The flutter phenomenon causes fatigue failure of the blade and therefore, it poses
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significant safety challenges. The flutter phenomenon leads to the early material
fatigue and usually, it results in the cracking of the blade material. Due to the
rotational nature of the turbine stage, the material fracture of one blade leads to
the destruction of the entire turbine stage. This is due to the very small clearance
between the tip of the blade and casing. One way to mitigate the fatigue would be
the use of high-density materials. However, the use of these materials increases
the overall weight of the engine and thus, the fuel consumption and implicitly the
overall cost of the flight/mission. Therefore, the prediction of the flutter
phenomenon would benefit significantly the life span of the engine and increase
the aircraft performance and engine safety.

Experimental studies of aeroelasticity are challenging due to the fact that involve
the use of intrusive methods and instrumentation. Thus, the computational
methods are a promising alternative

Fig. 1. Scheme of fuel injection for scramjet combustion [14]

Figure 1 presents the schematic of the aircraft engine. The flutter phenomenon is
due to the interaction between the incoming air and blades. The fluid-structure
interaction phenomenon “poses significant challenges due to the complex fluid
dynamics such as horseshoe vortices, jet shear-layer and wake vortices” (see the
Figure 2) [2]. These flow structures impact the fluid-structure phenomenon in a
particular way and the understanding of their development and evolution would
enable a better understanding of the flutter phenomenon. The study of flutter
phenomenon requires the use of fully-coupled fluid-structure computational
approaches. Therefore, one of the main objectives of the present research is the
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development of a fully-coupled fluid-structure approach for the study of flutter
phenomenon of aircraft engine turbine blade.
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Fig. 2. Cavity flow for supersonic combustion [13]

2. Background of computational method

Computational methods have been made in the past in the computation of fluid-
structure interaction phenomenon. The first methods employed the vortex panel
methods [3]. However, these methods assume that the flow is inviscid and
therefore, it cannot capture the flow separation and predict the drag coefficient.
Therefore, viscous methods must be employed in the computation of high
Reynolds number flows [2]...[20]. Studies showed that the numerical approach
based on the “Reynolds-averaged Navier-Stokes (RANS) are not suitable for
time-dependent flow dynamics such as the unsteady aerodynamics of
compressor/turbine stage” [15]. Direct numerical simulations (DNS) also pose
computational challenges due to the high-resolution grid size required by the
DNS. Generally, DNS approach “is not suitable for high Reynolds number flows
and thus, alternative time-dependent solutions must be sought. Therefore, large-
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eddy simulation (LES) approach is a promising approach for the numerical
computations of high-Reynolds number flows in a rotating-frame of reference”
[15].

3. Modeling

As already mentioned in this research we will employ the LES approach. The
equations of LES approach model are the filtered Navier-Stokes equations (1) and
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The LES approach was used in the authors’ previos studies [15]. “The SGS
Reynolds stress, (z;), is similar to the Reynolds stress in RANS in the sense that

in both cases the unresolved scales (u')(small eddies in LES and turbulent
fluctuations in RANS) are regarded as producing stresses in the resolved scales
(large eddies in LES and mean velocity in RANS). The difference is that in
RANS, (u') represents all the turbulent motions, while in LES (u') represents
only the small eddies or sub-grid scales. This means that the energy in the
unresolved scales of LES (sub-grid scales) represents a much smaller fraction of
the total flow energy compared to the energy in the unresolved scales of RANS
(the turbulent fluctuations)” [15].

In general,

(10)

and therefore, Reynolds stress tensor (z;;) has to be modeled. The sub-grid scale

(SGS) tensor 7; is expressed as:
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where S_,] is the strain rate based on the filtered velocity LTI and the eddy-viscosity

5, 1fou au,
2\ ox;, Oox
(12)

Smagorinsky model is an algebraic model for the subgrid scale (SGS) viscosity
1%

The space and time-discretization are presented in the following and were used in
the authors’ previous studies [15]. Figure 1 shows “the time and space-marching
schemes with space on the horizontal and time on the vertical. For simplicity, an
equally spaced computational domain will be used, with the space and time
variables Zand ¢. As shown in Figure 5, for the space marching of the solution,
the time is fixed and solution is computed at the computational grid

points f(t,x—h), f(t,x) and f(t,x+h)”.
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Fig. 3. Space and time-discretization

Figure 6 shows “the time-discretization of the Laplace equation. For the time-
marching, the space is kept constant while the time increment is ¢+ At ” [20].
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Fig. 4. Time-discretization
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“The finite-difference approach makes use of the Taylor series. Thus, the Taylor
series is sued for an arbitrary function f*, where f can represent the flow variables

such as pressure or velocity” [20]. The Taylor series expanded about the grid
point (x+h) becomes

flx+h)=flx)+ 8g(x)h+8zaf§x)£+63f(x)£+84f(x)£+
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By subtracting equation 3 from equation 2 and canceling the high-order terms, the
difference f(x+/)— f(x—#h) is obtained in the following form:
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Rearranging this equation to isolate the first derivative, we obtain the following
equation:
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Next, we need to find the second derivative of function f . Making use again of
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the Taylor series:
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Adding equations, we obtain:
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Rewriting this equation in order to isolate the second derivative, we obtain the
second derivative of function f in the form:
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Eliminating the high-order terms the second derivative becomes:

0’ f(x) _ fx+h)=2f(x)+ flx—h)

ox? h*

8. Results and discussion

Figure 5 presents the velocity field for the turbine blade. The analysis of the
velocity field reveals that there is an increase of the velocity on the suction side of
the blade, while the pressure side undergoes lower velocity. The high-speed flow
generates large turbulent scales at the trailing-edge of the blade.
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Fig. 5 . Velocity field

It is expected that the turbulence present at the trialing-edge of the blade would
cause vibrations of the blade and therefore, further damage of the blade structure.
As shown in Figure 5, it can be seen that the turbulence does not decay with time
and it rather amplifies. The turbulence fluctuations are reflected in the pressure
field as well and this is shown in Figure 6. As seen in Figure 6, the pressure is
high on the pressure side of the blade and exhibits lower levels on the suction
side. Similar to the velocity field, the pressure also exhibits fluctuations at the
trialing-edge and these fluctuations would affect the flutter phenomenon. Due to
the turbulence levels, the Reynolds stress also shows large values, as shown in
Figure 7.
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Fig. 6. Pressure field
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Fig. 7. Reynolds stresses
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Fig. 8. Pressure field

Figure 8 presents the time-varying pressure at the trialing-edge of the blade. The
analysis of the pressure field shows that the pressure field undergoes significant
fluctuations. Figure 8 presents the pressure at a location in the region of the
suction side of the blade. Figure 9 presents the pressure fluctuations at location
also in the suction region of the blade. Figure 9 presents the pressure field in the
region of the suction side. The analysis of the pressure field shows that there are
large fluctuations of the pressure and it is expected that this would have impact on
the flutter phenomenon. Figure 11 presents the pressure fluctuations on the
suction side of the blade. However, away from the blade these pressure
fluctuations decrease and this is shown in Figure 11.
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Fig. 11. Pressure field
Conclusions

An efficient computational approach, for the fluid-structure interaction, is
obtained for the case of large Reynolds number flows. The current model is
employed for the computation of aeroelasticity effects in highly turbulent flows.
The analysis of the flutter phenomenon shows that the pressure fluctuation
increase the flutter phenomenon and it increases with the Reynolds number. The
study also shows that there is a strong interaction between the vortices developed
at the trailing-edge of the stator blade and the leading-edge of the rotor blade row.
The frequency of the vortex shedding governs the blade-vortex interactions. Thus,
the higher the vortex shedding frequency, the higher the vibrations of the rotor
blades.
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