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Abstract: The design of counter-rotating turbine is one of new techniques to improve the thrust-weight ratio of jet

propulsion engines. Numerical analysis of a low pressure (LLP) counter-rotating turbine rotor blade is presented

by using ANSYS/CFX software. Interaction of aerodynamics and solid mechanics coupling in the computation is

applied. In some rating of turbine, stress distribution and vibration characteristics of low pressure turbine (LPT)

blade are computed. The wake aerodynamic forces and LPT blade vibration are transformed in frequency domain

using fast Fourier transform (FFT) method. The results show that under wake aerodynamic force excitation, the

first order modal vibration is more easily aroused and the higher order response cannot be ignored. Moreover,

with different temperature fields, the vibration responses of blade are also different.
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INTRODUCTION

The counter-rotating turbine is that, in a
twin spool turbo-engine, two rotors rotate in the
opposite directions, and there may be no nozzle
guide vane (NGV) between the two rotors in or-
der to save weight, to increase thrust-weight ra-
tio and probably to improve engine performance.
In recent years, great progresses have been made
in technology of the counter-rotating turbine.
Studies show that the use of counter-rotating tur-
bine structure can reduce the number of compo-
nents, lighten the structural quality, improve
aerodynamic performance, reduce gyroscopic mo-
ment and so on. Counter-rotating turbines have
great many advantages over conventional tur-
bines"*/,

However, upstream blades generate wake-
flows that become periodical disturbance for
downstream blades. When f{requency matches
natural frequency of blades, such pulses may ex-

cite vibration and causes high cycle fatigue'' of
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the blades. In the other hand, low pressure (LLP)
blades of the turbine are relatively thin. At the
high temperature, blade stiffness decreases and
blade displacement may be significant enough to
influence flow field. In this case, the research
based on fluid and structure coupling is neces-
sary. The analysis in this paper, based on AN-
SYS/CFX software, is in 3-D, unsteady and flu-
id-solid coupling numerical computation to ana-
lyze vibration response and stress field of low
pressure turbine (LLPT) blades as well as impact

of temperature on the calculation results.

1 METHOD FOR FLUID-STRUC-
TURE COUPLING CACULA-
TION

Fluid-solid coupling mechanics is a branch of
the fluid and solid mechanics interaction, and
many researchers have made great contributions
in this areca. A K Slone"™ solved the problem in

the fluid-solid coupling of transient dynamics with
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the momentum conservation equation of the struc-
ture and the Euler equation of fluid mass, mo-
mentum and energy conservation. Zhang Qun and
Toshiaki Hisada™ proposed two kinds of methods
fluid-solid

Carstens'™ derived the control equations of gas-

for the coupling calculation. V
solid coupled system with the introduction of
modal coordinates of the vector aeroelastic equa-
tions and 3-D N-S equations simultaneously.

There are generally two ways to solve the
fluid-solid coupling problems. One is the alter-
nate solution method, i. e., the weak-coupling
method; another is the overall solution method,
i. e., the strong-coupling method.

In this paper, the weak-coupling method is
applied. The procedure can be described as fol-
lows: at moment ¢;, firstly to solve the flow field,
then to transfer the calculated pressure of the
flow field into the solid model for the calculation
of the solid domain to find displacement which
modifies fluid grid and to re-compute flow field
repeatedly using the new grid, and so on. Such a
superposition, when the calculation reaches local
convergence, the coupling calculation goes to the
next step. Calculation process is shown in Fig. 1.
After getting convergence at #;, computation goes

to next step for ¢, until the final step.

Fig.1 Calculation process

2 NUMARICAL ANALYSIS

2.1 Physical model and boundary conditions

An finite element model (FEM) of a counter-

rotating turbine is taken as an example. It has a
high pressure (HP) NGV stator, a HP rotor and
a LP rotor. There are 80 high pressure turbine
(HPT) blades in HP rotor and 86 LPT blades in
LP rotor (Fig. 2). Rotation speed is 14 978 r/min
for HPT and 9 426 r/min for LPT. The study is
focused on the LPT rotor blade, to analyze the
structural strength and vibration properties in the

design situation.

HPNGV

HPT blade LPT blade

2

Fig. 2 Calculation model of CFX

At the inlet of HP NGV, total pressure is P
and the distribution of total temperature vs blade
height is shown in Fig. 3. The average outlet stat-
ic pressure of LPT is P,.

This unsteady coupling calculation takes ide-
al gas and unsteady Reynolds-averaged N-S equa-
tions as the control equations, using high-preci-
sion convection format. The second order back-
ward Euler transient scheme is used in the tran-
sient format, and dynamic grid and k- model are

used.
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Fig. 3 Distribution of inlet temperature vs blade height

2.2 Calculation model

The CFX model of fluid calculation has
134 268 elements (Fig. 2). Transient coupling cal-
culations and FEM of blade and bound form (the

root of solid sticks) are shown in Fig. 4. It con-
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sists 3 648 elements and 18 984 nodes in total.
The surfaces of LPT rotor blades are coupling
surface, the coupling parameter is pneumatic
pressure. The dynamic grid is applied in the re-

gion of the LPT rotor blades (Fig. 2).

Fig.4 FEM of LPT blade

2.3 Approach of temperature load
ANSYS/CFX does not provide function of

coupling temperature between FEM and computa-
tional fluid dynamics (CFD) model. A program is
developed to transfer the temperature from CFD
model to FEM.

In one work state of the engine, the tempera-
ture in turbine is changing at the different mo-
ment since computation is unsteady. However,
unsteady temperatures will not have a significant
impact on turbine blades because of their thermal
latency in the solid. In this case, temperatures in
blades can be considered as steady. Considering
the most dangerous situation, the temperature
field at the moment of top temperature gradient
will be exerted on the LPT rotor blade for analy-
sis.

The approach steps are as follows:

(1) Using CFX to calculate unsteady temper-
ature distributions of LPT rotor blade without de-
formation;

(2) Taking the one which has the greatest
temperature gradient as example 1;

(3) Transforming this temperature field into
the surface nodes of FEM by loading conversion
developed by the authors;

(4) Computing the whole temperature distri-
bution for all the nodes of FEM;

(5) Applying temperature results to FEM for
further unsteady iteration analysis.

3-D linear interpolation method with the
weighted average theory is applied to transform
the temperature load. In Fig. 5, point P is a node
of FEM and the grid is CFD model. Centered on
P, a circle with 7, is defined. Every node in CFD
model in that circle is taken into account for

weighted average for point P.

Fig. 5 Blade surface

The formula used in conversion program is
T, iis P
T,

T, = 2 7
1
2

where r; 1s the distance between CFD node / and

Else

P, T, the corresponding temperature in point 7,
and index / the CFD node number of points locat-
ed in that circle. The program allows user to
choose suitable r, to get more accurate interpola-
tion results. In addition, this program can be
used for other parameters such as pressure, and
so on.

Basically , material properties vary with tem-
peratures, like Young's module. These variations

are considered in the computation.
2.4 Calculation result and analysis

Aerodynamic pressure, temperature and cen-
trifugal load are acted on the turbine rotor blade.
The LPT rotor blade is calculated used the fluid-
solid coupling numerical calculation method under
two kinds of blade temperatures (examples 1 and
2) in order to analyze forced vibrations of the
LPT rotor blade under aerodynamic loads. The
temperatures of the example 2 are globally pro-

portionally lower than those of the example 1 con-
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sidering the cooling effect.

Three points on pressure surface of the blade
are selected for analysis, points A and B (Fig. 6)
for stress response and points B and C for dis-
placement response. Point A is near the hub of

the blade and point C near the tip.
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Fig. 6 Feature point position on LPT blade

Extracting the pressure fluctuation of the
place approach point B (Fig. 7). In order to ana-
lyze the characteristics of wake-flow, the pres-
sure curve is transformed in {requency domain us-
ing fast Fourier transform (FFT) method. Fluid
excitation force shows broadband characteristics,
and contains seven major frequency ranged from
6 006.5 Hz to 39 448.1 Hz. The frequency with
maximum amplitude is 33 459. 6 Hz, and {requen-
cies 6 006.5, 21 500.7, and 27 489. 2 Hz follow
(Fig. 8).
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Fig. 7 Pressure curves of place approaching point B
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Fig. 8 Frequency spectrum of pressure at place ap-

proaching point B

Forced response of the LPT rotor blade is
obtained with transient coupling method under

different

temperature conditions, the

stress
curves of points A and B are shown in Fig. 9 and
the displacement curves of points B and C are

shown in Fig. 10.
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Fig. 9 Stress curves of points A and B under differ-

ent temperature
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Fig. 10 Displacement curves of points B and C under

different temperature

Form Fig. 9 and Fig. 10, we can {ind that;:
(1) The curves of the displacement are smoother
than the curves of stress. Displacement and stress
are not proportional. That means the vibration is
not in its single natural modal. (2) Temperature
has effect on the amplitude of stress response.
The amplitude of stress response increases while
the temperature decreases, but the mean stress

increases the mean

with temperature. Here,
stress includes centrifugal effect and thermal
stress because of temperature gradient in the

blade.

creases when temperature increases, but the mean

(3) The amplitude of displacement de-

displacement increases.

3 SPECTRUM ANALYSIS OF
BLADE FORCED RESPONSE

In order to analyze the forced response char-
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acteristics of LPT blade, the stress and displace-
ment response signals obtained from the above

computation of the selected points on the blade

grams of the stress curves of points A, B and the
displacement curves of points B, C of the exam-

ples 1 ,2 are shown in Figs. 11-14. The frequency

under different temperature field are transformed statistics of the selected points is listed in
in frequency domain using FFT method. Spectro- Table 1.
Table 1 Frequency statistics under different temperature fields Hz
Example 1 Example 2
Parameter
a b ¢ d a b ¢ d
Stress of point A 1 098 2196 3418 16 855 1222 2 321 3 760 18 531
Stress of point B 1099 3420 16 432 1221 4 511 5610 —
Displacement of point B 1097 2 201 3470 16 381 1220 3789 4 516 —
Displacement of point C 1 100 2 201 3 196 16 761 1222 4516 — —
The frequencies of point a in the examples 1, 6.0r|*
2 are the first natural frequency of the blade un- N
S
der the respectively state (Fig.11). The frequen- Z 40F
Q
cies of point d in Fig. 11(a), point ¢ in Fig. 12 £
j=¥
(a), point d in Fig. 13(a) and point d in Fig. 14 2 20
(a) are the seventh natural frequency of blade. b
c
The frequencies of point 4 in Fig. 12(b), point ¢
S pomnt b Tie P 005 10 20 30
in Fig. 13(b), and point 6 in Fig. 14(b) are the Frequency / kHz
second natural frequency of the blade. 2 196, (2) Example 1
2 201 and 3 418, 3 420, 3 196 Hz in example 1 are
. . 801
frequency-doubled and tripled harmonic. 2 321 a
and 3 760, 3 789 Hz in example 2 are also fre- % 6.0 [
. . (]
quency-doubled and tripled harmonic. 3 ok
8.0 R b
=) a 5 2.0
Z 60F c
3
£ 40 0 10 20 30
E‘ Frequency / kHz
< (b) Example 2
200 b c
d Fig. 12 Frequency spectrum of stress at point B un-
0.0 . Wl - .
0 10 20 30 der different temperature
Frequency / kHz
(2) Example 1 In summary, the forced response of the LPT
1.5 rotor blade in example 1 is mainly composed by
. the first and the seventh natural modes. It can be
[=] a
3 1or seen through the frequency spectrum that the first
8 .
= natural mode dominates the response. The forced
0.5
5 response in example 2 is composed by the first
d .
0.0 ., o , and the second natural modes, and the first mode
0 10 20 30 dominates (h
Frequency / kHz ominates the response too.
(b) Example 2 Comparison of the frequency characteristics
Fig. 11 Frequency spectrum of stress at point A un-

der different temperature

of wake aerodynamic force and blade vibration

shows that; (1) Due to the wide frequency band
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Fig. 13 Frequency spectrum of displacement at point

B under different temperature
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Fig. 14 Frequency spectrum of displacement at point

C under different temperature

of exciting force with high energy, the first order
vibration modal is easily aroused. (2) The higher
order modals may also appear and they are not ig-

nored when the amplitude is big enough.

4 CONCLUSIONS

By using ANSYS/CFX software, the process
of computation of fluid-structure coupling is
demonstrated successfully. Through this process
the counter-rotating turbine is analyzed aerody-
namically and structurally. After temperature
conversion, vibration is analyzed in the LPT
blade under two different temperature distribu-
tions. Based on above results, the main conclu-
sions are;

(1) The curves of the displacement are
smoother than that of stress. They are not pro-
portional. That means the vibration is not in sin-
gle natural mode in this operation rating of the
turbine.

(2) Under wake aerodynamic force excita-
tion, the first order modal vibration is more easily
aroused and high order response cannot be ig-
nored.

(3) With different temperature fields, natu-
ral modals of the blade are different and vibration
responses are also different.

(4) The blade vibration response under
wake-flow excitation conditions is complex and

needs further studies.
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