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AERODYNAMIC STUDIES OF AIRCRAFT ENGINE
TURBINE STAGE

Marcel ILIE!, Augustin SEMENESCU?

Rezumat. Studiile aerodinamice ale unei trepte stator-rotor pentru turbinele de motor de
avion sunt efectuate computational folosind metoda Large-Eddy Simulation (LES). Scopul
acestui studiu este de a modela dinamica fluidului in aceastd treapta a motorului si in
mod particular interactiunea dintre palele rotorului si vartejul format de stator. Calculele
computationale sunt efectuate pentru un regim variabil rotational al rotorului. Studiul
este efectuat pentru un numar Reynolds Re=1.3x10°. Studiul prezent aratd faptul ca
interactiunea dintre vortexul format de stator si paleta rotorului produce o variatie in
timp a coeficientilor specifici aerodinamici.

Abstract. The present research concerns the aerodynamic computational studies of
stator-rotor turbine stage. The computational studies are carried out using the large-eddy
simulation approach. In the aircraft engine compressor/turbine stage blade-vortex
interactions occur. The present study aims at the understanding the blade-vortex
interaction mechanism and its impact on the aerodynamics of rotor-stator
compressor/turbine stages. The computational studies are carried out in a rotating frame
of reference, for high-Reynolds number flow, Re = 1.3x10°. The analysis reveals that the
blade-vortex interaction causes the flow separation on the stator stage and a time-varying
lift and drag.
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1. Introduction

Aircraft engines are complex thermodynamic systems that operate under a wide
range of aerodynamic and thermal conditions, while these conditions define the
propulsion efficiency of the engine. One of the challenges associated with the
aircraft engines are the high-temperatures developed in the turbine stage. The
high-temperature is due to the hot gases exiting from the combustion chamber, as
schematically shown in Figure 1. The high-temperature affects the turbine blade
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causing a rapid aging of the turbine blade. It is worth mentioning here that the
turbine blades are exposed to the temperatures that exceed 1,600°C . In the past

decades, various methods were employed to mitigate the effects of these high
temperatures. Therefore, novel materials withstanding high-temperatures were
developed and tested. Ceramic materials were tested in the past and showed that
they can withstand high-temperatures. However, these materials were too brittle
and thus, they could not withstand the high vibrations encounter in the turbine
stage. Therefore, alternative methods were tested for the mitigation of the high-
temperatures. Therefore, one way of mitigating the effect of the high temperatures
is to use the air cooling technique. The principle of the air-cooling technique is to
inject low temperature air through fine orifices perforated through the blade as
schematically shown in Figure 2.

Fig. 1. Aircraft engine [20]

The fluid dynamics associated with the gas turbine engine blade is also complex
and involves boundary-layer separation, blade-vortex interaction, and impinging-
jet, as shown in Figure 4. Therefore, a good understanding of the fluid dynamics
of the fluid flow associated with the turbine blade would improve the life span of
the turbine blade and reduce the operational costs. Experimental studies of the
fluid dynamics of turbine blade-cooling are challenging and costly and therefore,
computational studies are more feasible and allow the repeatability of the
experiment in a shorter time at minimum cost.
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Fig. 2. Cavity flow for supersonic combustion [4]

Fig. 3. Cavity flow for supersonic combustion [19]

The present study concerns the feasibility of the air-cooling method for a stator-
rotor-stator turbine stage as schematically illustrated on the Figure 3.
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Fig. 4. Specific supersonic combustion cavity flow [18]

2. Background

Generally, the numerical computations of aerodynamics of turbine blades pose
significant challenges due to the flow complexity and computational costs. [5, 7].
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” [5]. 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-eddy simulation (LES) approach is a promising approach

for the numerical computations of high-Reynolds number flows in a rotating-
frame of reference.




Aerodynamic studies of aircraft engine turbine stage 9

3. Modeling and algorithms

As already mentioned in this research we will employ the LES approach. The
specific equations using LES approach are the filtered Navier-Stokes equations

(1) and (2)
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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)” [7].

Generally

ww, =, (4)
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_U is the strain rate based on the filtered velocity le and the eddy-viscosity
14
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Smagorinsky model is an algebraic model for the subgrid scale (SGS) viscosity

Vg -

The space and time-discretization are presented in the following and were used in
the authors’ previous studies [5]. Figure 1 emphasizes the time and space-
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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 s and 7. 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(¢,x—h), f(t,x) and f(t,x+h)”.

: : : : : : : = f(t+2A1)
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Fig. 5. 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 ¢+ Az.
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Fig. 6. Time-discretization

The finite-difference approach makes use of the Taylor series. Thus, the Taylor
series is sued for an arbitrary function /', where f can represent the flow variables
such as pressure or velocity [5]. The Taylor series expanded about the grid point
(x+ &) becomes

2 2 3 3 4 4
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Subtracting equation 3 from equation 2 and truncating the high-order terms, the
difference f(x+ %)~ f(x—h) is obtained such that

f(x+h)—f(x—h):Za]éix)h+26;j;gx)€+....

Rearranging this equation to isolate the first derivative, we obtain the following
equation:

of (x) _ flx+h)—flx=h) &’ flx)H

Ox 2h ox® 6

Next, we need to find the second derivative of function /. Making use again of
the Taylor series
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Ox ox: 2 ox® 6 ox* 24

ofx), o*f)h’ fx)n & f(x)h*
—h)= - h - -y LT L
S )= ) s e s 6 a2

Adding equations, we obtain:

f(x+h)+f(x—h):2f(x)+2%(2x)§+2%gx)%+

Rewriting this equation in order to isolate the second derivative, is obtaining the
second derivative of function f in the following structure:
0" f(x) _ fla+h)=2f(x)+f(x—h) o' f(x)h*
o’ h’ oxt 12
Canceling the high-order terms the second derivative equation is:

0’ f(x) _ flx+h)=2f(x)+ flx—h)
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4. Results and interpretation

Figure 7 presents the velocity vector field for a stator-rotor-stator turbine stage.
The analysis of the velocity field shows that there is an increase of velocity field
from one stage to the other. An important result of the analysis is the presence of
the trailing-edge vortices, at the stator-stage, which interact with the leading-edge
of the rotor-stage. Moreover, the impinging cooled air jets causes an increase of
the velocity at the leading-edge of the rotor stage blade row, as shown in Figure 7.
These trailing-edge vortices interact with the rotor blade, mostly with the leading-
edge of the rotor blade. The interaction between the trailing-edge vortices and
rotor blades cause the blade-vortex interaction phenomenon. As the flow parcel
passes the leading-edge of the rotor blade, a decrease of velocity is observed. The
suction side of the stator blade experience a higher velocity as well as shown in
Figure 7.
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Fig. 7. Streamlines of the turbine stage

The analysis of the velocity vector field also reveals the presence of flow
separation. The flow separation, at the leading-edge of the blade causes a decay of
the aerodynamic performance of the turbine stage. Figure 8 presents the pressure
field at the turbine stage. The analysis of the pressure field reveals a decrease of
the pressure through the turbine stage. Figure 9 presents the temperature field
through the turbine stage. Therefore, a pressure drop is seen across the first and
second stator stages. A lower pressure is also seen on the suction side of the blade,
at the first stator stage. The analysis of the temperature field shows the presence
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of the cold air injectors and decreases the overall temperature in the turbine stage.
Higher temperatures seen at the pressure side of the rotor blades and second stator
stage. The study also reveals the high-temperatures at the leading- and trialing
edges of the rotor stage. Figure 10 presents the vorticity field through the turbine
stage. The analysis of the vorticity field reveals the presence of large vorticity
levels on the suction side of the stator stages and this is due to the boundary-layer
flow separation. therefore, vortices are formed at the suction side of the stator
stages.
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Fig.‘ 8. Pressure field for the turbine stage
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Fig.10. Vorticity field

Figure 11 presents the pressure fluctuations at locations downstream the turbine
blade
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Fig. 11. Time-varying pressure
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Fig. 12. Time-varying pressure
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Fig. 14. Time-varying pressure
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The analysis of the time-varying pressure reveals that there are large pressure
fluctuations downstream the rotor blade and it is expected that these pressure
fluctuations would affect the aerodynamic performance of the engine. The time-
varying pressure is responsible for the flutter phenomenon in the turbine stage.
Therefore, the aircraft engine performance is a tradeoff between the pressure and
temperature or in other words between the fatigue and aging.

Conclusions

A computational model is developed for the aerodynamic computations of stator-
rotor-stator stage in a rotating frame of reference. The analysis reveals that the
computational domain capture very well the flow physics of the stator-rotor-stator
stage. The study reveals that the air-cooling technique is an effective approach for
the mitigation of the high-temperature through the turbine stage of the aircraft
engine. The study reveals that there is a pressure drop across the turbine stage
from first to second stator. High-temperature is observed on the suction side of the
rotor-stage. The study also reveals the presence of a train of vortices at the
trialing-edge of the stator blade which interacts with the rotor blade row. These
interactions cause the flutter phenomenon in gas turbine engines.
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