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Abstract: Two methods for vibration characteristic investigation of the counter-rotating dual-rotors in an aero-en-

gine are put forward. The two methods use DAMP tool on the MSC. NASTRAN platform and develope the re-

solving sequence. Vibration characteristics of a turbofan engine are analyzed by using the two methods. Com-

pared with results calculated using transfer matrix method and test results, the two methods are valuable and

have great potential in practical applications for vibration characteristic investigation of aero-engines with high

thrust-weight ratio.
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Nomenclature

y  Vertical displacement vector

Horizontal displacement vector

m Mass matrix of rotor system

k  Stiffness matrix of rotor system
@  Angular velocity of spin

2 Angular velocity of whirl

g Moment of inertia matrix

p Complex variables, p=y+jz

po  Amplitude displacement vector

A Rotational speed ratio, A=w/0
INTRODUCTION

With the development of aero-engine design
technology, the thrust-weight ratio of the aero-
engine has changed from 8 (such as F100, F110,
AJI-31D, etc.) to 10. In America and Europe,
aero-engines with the thrust-weight ratio as 10
have been put into practical use (such as F119
aero-engine used in F22 fighter, EJ200 aero-en-
gine used in EJ2000 fighter). To pursue high

thrust-weight ratio, the structure of counter-ro-
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tating dual-rotor usually was adopted in the rotor
system for the advanced aero-engines. The
counter-rotating dual-rotor system in the aero-en-
gines has many advantages due to the high and
low pressure rotors rotating reversely. For exam-
ple, gyroscopic moment, reaction forces of sup-
ports and forces conveyed to the aircraft can be
greatly reduced. The maneuverability and agility
of the aircraft can be improved and the aerody-
namic torque acting on the burning case opposite
directions is lower. Due to the reverse rotation of
the counter-rotating dual-rotor system, it be-
comes possible that the system is adopted in the
counter-rotating turbine design technology. The
guide vane of low pressure turbine in the aero-en-
gine can be removed or simplified in order to re-
duce the structural weight and increase the
thrust-weight ratio. Therefore, the aero-engines
with counter-rotating dual-rotor have attracted
great concerns for modern advanced military aero-
engines that require high thrust-weight ratio.
The counter-rotating dual-rotor system has been

widely used in modern aero-engines (such as
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F119, F135, F120, F136, RB199, Trent900,
GE-NX, etc.)M' and becomes an irresistible
technique for increasing the high thrust-weight
ratio in aero-engine design process.

The counter-rotating dual-rotor system in
modern advanced aero-engines is usually support-
ed with five bearings. The low-pressure rotor
adopts 1-1-1 supporting program, and the high-
pressure rotor adopts 1-0-1 supporting program.
Sometimes the strong rigid high-pressure rotor is
supported on the weak rigid low-pressure rotor
through the journals between shafts!'"'*), shown

as Fig. 1.

Low-pressure rotor
L’Q—‘H‘/

Fig. 1 Diagram of dual-rotor engine with five bearings

High-pressure rotor

The structure in Fig. 1 looks simple and has
fewer bearing components. However, as the
high-pressure rotor bears on the bearing between
shafts, the vibrations of high- and low-pressure
rotors are coupled and interacted, and the cou-
pling is further enhanced by reverse rotation.
Therefore, the vibration characteristics of the
counter-rotating dual-rotor in the aero-engines
are more complex than those in normal rotor sys-
tem. For example, the critical speeds are de-
creased and the forward and backward whirlings
of the rotor system turn out to be rather difficult
to distinguish. To solve the vibration of the
counter-rotating dual-rotor system, traditional vi-
bration analysis methods are lack of efficiency and
also difficult to undertake the further optimization
design. Therefore, it is a great challenge on in-
vestigation of vibration and dynamics design tech-
nology of the dual-rotor aero-engines.

Currently, most research on rotor dynamics
of aero-engines concentrates on the dual-rotor
system. Since 1996, Wei Deming, et al"*'*/ have
used transfer matrix method and modal synthesis
method to study responses of the aero-engine ro-
tor system in the thermal bending steady state,

critical speed of the multi-rotor bearing system.,

and unbalance responses. Feng Guoquan, et al''"
investigated the vibration characteristics of rotor
system with initial bending. Feng Xinhai, et al"'®’
calculated the critical speed of the dual-rotor sys-
tem on account of bearing between shafts. How-
ever, there is no research about the vibration
characteristics of the counter-rotating dual-rotor.

Research on rotor dynamics of dual-rotor
system started in 1990s in China. Zhang Lianxi-
ang. et al''" first used the overall transfer matrix
method to study the dynamic characteristics and
unbalanced responses of counter-rotating dual-ro-
tor system. The research showed that the gyro-
scopic moment was the main influence factor be-
tween counter-rotating and co-rotating dual-rotor

L8] Chen Bin™*experimen-

systems. Luo Guihuo
tally studied rotor dynamic characteristics about
the counter-rotating and co-rotating of a dual-ro-
tor system using the dual-rotor test rig. Because
of the slight difference of the rotating speed be-
tween two rotors, the differences between
counter-rotating and co-rotating are not signifi-
cant and mainly lie in transient responses.

In this paper, the analysis method for vibra-
tion characteristics of counter-rotating dual-rotor
system is proposed. Solving sequence of vibration
characteristics is developed through the DMAP
tool based on MSC. NASTRAN platform. The vi-
bration of counter-rotating dual-rotor in an aero-
engine is studied and the influence factors of vi-
bration characteristics and vibration performances

are discussed.

1 ANALYSIS THEORY AND
METHODS

1.1 Rotor dynamics anlysis

There are many monographs about finite ele-
ment method (FEM) used to analyze rotor dy-

(2023) The aero-engine, compared with

namics
other rotating machinery, has some special fea-
tures. Because of high rotating speed, rolling
bearings are usually adopted and stiffnesses of ro-
tor and support are isotropy. Without considering

influences of squeeze film damper (SFD), the ro-
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tor dynamics of aero-engines has the characteris-
tics of isotropic support stiffness, which is the as-
sumption used by internal and abroad scholars for
rotor dynamics design'®*?*'of aero-engines.

From Ref. [227], without considering damp-
ing, the motion equation of rotor dynamics can be

written as

"
A B e

Coordinate system definition is shown in Fig. 2.

Fig. 2 Coordinate system definition

Under conditions of symmetric supporting
stiffness, which means k,=k.=k, Eq. (1) can be
further simplified. Assume p = y -+ jz. then
Eq. (1) can be rewritten as

mp — jogp + kp = 0 (2)

Eigenvalues of Eq. (2) are pure imaginary,
but eigenvectors are real vectors. Assume p =
poc'”, then the characteristic equation is

(— Q’m + wQg + k)p, = 0 (3)

Therefore, we have

p = po(cos () + jsin(£2t))
y = pocos ()
z = pesin({)

When £2>>0, phase difference between y and
z is w/2, the corresponding direction vector of
precession is the same with the x-axis, which
means forward whirling. When 2<C0, phase dif-
ference between y and z is —x/2, the correspond-
ing direction vector of precession is opposite to
the x-axis, which means backward whirling.
Therefore, the imaginary parts of the eigenvalues

determine the whirling directions.

Furthermore, assume w=Af2, Eq. (3) can be

written as
(= @m + M¥g + kp, =
(k — 2*(m — Ag))p, = 0 )

In this case, the system mass matrix m is re-
placed by (m—Ag), and the gyro eigenvalue prob-
lem is converted to real eigenvalue problem.
Though the mass matrix (m—Ag) is symmetric,
it is not necessarily positive definite. The eigen-
values of 2* > 0 correspond to the forward
whirling with A, and A=1 corresponds to critical
speed. The eigenvalues of 2°<C0 are meaningless,
should be removed.

Motion Eq. (2) can be rewritten as

(m —Agp+kp=0 (5)

The aforesaid conclusion can be extended to
systems in which the speed £2;is not exactly same
(such as multi-rotor system ). Without losing
generality, the dual-rotor system is taken as an
example, then Egs. (2,5) can be written as

mp — j(w g + ©,g,)p + kp =0 (6)
(m — (Ag + Ag)p+ kp =0 (D

The sign of the imaginary part of eigenvalues
of Eq. (6) determines the direction of whirling.
However, when > 0, the corresponding
whirling direction is the same with rotor steering
for £2,>0, and when 2<C0, the direction is the
same with rotor steering for £2,<C0. In Eq. (7),
eigenvalues of £°>>0 correspond to the forward
whirling with A, and A=1 corresponds to the crit-
ical speed. The eigenvalues of 2°<C0 are meaning-
less and should be canceled. It is noticed that the
rotor for the reference rotor speed A =1 means
synchronization whirling.

Typical rotating speed relationship of a dual-
rotor aero-engine between the low- and the high-
pressure rotors is shown in Fig. 3, where W/ is
the low-pressure rotor speed, and Wy the high-
pressure rotor speed. It can be simplified to two
linear segments. One is 0—idle and the other is
idle—take off.

According to Egs. (6,7), two vibration anal-
ysis methods for counter-rotating dual-rotor sys-

tem can be developed as follows.
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Fig. 3 Rotating speed relationship of dual-rotor aero-

engine

1.2 Campbell graph method

Several pairs of rotating speed are selected
according to the function curve of speed. In
counter-rotating dual-rotor system, the rotating
speeds of rotors have two opposite signs: possive
sign and negative sign. The positive or negative
sign of the speed is determined by same or oppo-
site direction between the rotating axis vector and
the rotor spin.

By solving Eq. (6), eigenvalues correspond-
ing to different rotating speed pairs can be ob-
tained. When £2>>0, the corresponding whirling
direction is the same with the rotor rotating of
2,>0, and when 2 < 0, the corresponding
whirling direction is the same with the rotor ro-
tating of {2,<C0. Drawing rotating speed relation-
ship curve between the reference rotor (exciting
rotor) and forward whirling (Campbell diagram) ,
the point that the forward whirling curve inter-
sects with the 45° ray is the forward whirling crit-

ical speed of the exciting rotor.
1.3 Ray method

Eq. (7) can be solved by selected speed ratios
obtained by the rotating speed relationship curve
between the non-exciting source and the reference
rotor speed. Drawing the relationship curve be-
tween eigenvalues for 2°>>0 and A;, and the inter-
section is the synchronous forward whirling criti-
cal speed of the reference rotor for counter-rotat-
ing dual-rotor system.

From the solution of Eq. (7), the rotation
speed ratio of the reference rotor (exciting rotor)

is taken as A, =1 and the rotation speed ratio of

another rotor (non-exciting rotor) A, is taken dif-
ferent values in working range. Drawing the rota-
tion speed relationship curve between eigenvalues
and the reference rotor, the intersection point is
the forward whirling critical speed of reference

rotor for the counter-rotating dual-rotor system.

2 APPLICATION OF COUNTER-
ROTATING DUAL-ROTOR EN-
GINE

Generally, the eigenvalues of Eq. (6) are
complex numbers and the mass matrix of Eq. (7)
is symmetric but not necessarily positive definite.
Both equations are difficult to be solved with con-
ventional methods. Based on MSC. NASTRAN
platform, the DMAP tool is developed to solve
eigenvalues of Egs. (6,7). The Campbell diagram
can be plotted and the ray method can be used to
analyze the vibration characteristics of the
counter-rotating dual-rotor engine. Taking a tur-
bofan engine as an example, the vibration charac-
teristics are analyzed. The turbofan engine is con-
sisted of a counter-rotating dual-rotor system
with great rotating speed ratio, as shown in
Fig. 1.

2.1 Results of Campbell graph method

Based on Campbell diagram method, the vi-
bration characteristics of the counter-rotating du-
al-rotor engine are analyzed. The critical speeds
excited by low- and high-pressure rotors are dis-
played in the Campbell diagram, as shown in

Figs. 4,5,where W is the resonance speed.
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Fig. 4 Campbell graph excited by low-pressure rotor
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Fig.5 Campbell graph excited by high-pressure rotor

From Figs. 4,5, we can see that the rotor
acting on the exciting source moves with forward
whirling and the other rotor acting on the non-ex-
citing source rotates with backward whirling in
the counter-rotating dual-rotor system. Some fre-
quencies of whirling modes are degressive when
the speed of reference rotor increases. It is obvi-
ously different from the co-rotating dual-rotor
system. Such features are related to the mode
shapes, mass distribution and so on. The first
four mode shapes excited by low-pressure rotor
are shown in Fig. 6, and the first six mode shapes

excited by high-pressure rotor are shown in

Fig. 7.

T

(a) The first mode shape

! \

(b) The second mode shape

(c) The third mode shape

e~

(d) The fourth mode shape
Fig. 6 The first four mode shapes excited by low-

pressure rotor

(a) The first mode shape
\//
(b) The second mode shape
/(c)The third mode shape
_
(d) The fourth mode shape
(e) The fifth mode shape
—— \‘l—
(f) The sixth mode shape

Fig. 7 The first six mode shapes excited by high-pres-

sure rotor

2.2 Results of Ray method

Based on the Ray method, the vibration
characteristics of the counter-rotating dual-rotor
engine are analyzed by the DAMP tool developed
on the MSC. NASTRAN platform. The critical
speeds of the counter-rotating dual-rotor engine
excited by low- and high-pressure rotors are dis-

played in Ray diagram, as shown in Figs. §,9.
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Fig. 8 Ray diagram excited by low-pressure rotor ex-

citing
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Fig. 9 Ray diagram excited by high-pressure rotor ex-

citing

2.3 Results comparison

Critical speeds under the excitations of low-
and high-pressure rotors respectively are also cal-
culated by the transfer matrix method and further
tested. Tables 1,2 list the critical speeds calculat-
ed by three methods and test results respectively.

Table 1 Critical speeds excited by low-pressure rotor

r/min
Order 1 2 3 4
Campbell graph 2 220 5792 6 188 15 400
Ray method 2222 5802 6 424 15 945
Transfer matrix ) 0 gy gazg 15987
method

2200—  5800— 6 300—
2 400 6 000 6 750

Test result

Table 2 Critical speeds excited by high-pressure rotor
r/min

Order 1 2 3 4 5 6

Campbell graph 2357 4164 5169 7872 10541 17 649
Ray method 2361 4184 5202 7867 10555 17 645

Transfer matrix

2361 4174 5199 7867 10544 17 639
method

2 350— 5 000— 7 800—
Test result _
2 600 5500 8100

As can be seen from Tables 1,2, the critical
speeds calculated by Campbell diagram method,
Ray method, transfer matrix method are consis-
tent with the test results. Results show that the
analysis results of vibration characteristics using
the Ray method and the Campbell diagram are ac-
curate and the two methods can be used to design

and analyze vibration characteristics of counter-

rotating dual-rotor aero-engines.

3 CONCLUSION

In this paper, the Ray method and the Camp-
bell graph method are used to analyze critical
speeds of counter-rotating dual-rotor system.
The results show that both developed methods
using DMAP tool on MSC. NASTRAN platform
have sufficient engineering accuracy compared
with test results, and they have great potential in
practical engineering applications for vibration
characteristic analysis and investigation as well as
design of high thrust-weight ratio aero-engines

with counter-rotating dual-rotor.
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