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Abstract—Rotation speed difference domain (RSDD)
frequency spectrum and RSDD envelop spectrum are
presented for sake of detecting intershaft bearing with local
defect. The methods are used to analyze vibration signal
measured from intershaft bearing test rig. Results of the
theoretical analysis show that, positions of unbalance
response, misalignment response, and bearings with a
stationary outer race on RSDD frequency spectrum and
envelop spectrum vary with rotation speeds. As for
intershaft bearing in RSDD, distances between adjacent side
frequencies in frequency spectrum and positions of
characteristic defect multiple frequencies in envelop
spectrum keep constant under variational rotation speeds of
outer race and inner race, which are called characteristic
“constant distances” and “constant frequencies”. The
experiment of intershaft bearing with local fatigue peeling
on its outer raceway indicates that the theory is verified and
useful in diagnosing faults of intershaft bearing.
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l. INTRODUCTION

In order to reduce the weight of turbofan engine,
intershaft bearing is used. Owing to high operating
temperature, difficult to ensure lubrication condition, and
heavy dynamic load, intershaft bearing may go wrong.
Failure of intershaft bearing is dangerous to turbofan
engines. So it is important to diagnose fault when the fault
is an incipient failure.

Vibration signals measured by an accelerometer
located at supporting-case are analyzed for condition

monitoring of turbofan engine as well as intershaft bearing.

But signals may also contain unbalance responses of high
pressure rotor and low pressure rotor, vibration due to
misalignment, and vibration due to outer-race-fixed
bearings, etc. Method based on characteristic defect
multiple frequencies in a rolling element bearing is
suitable for outer-race-fixed bearing [1]. So, in order to
find vibration caused by intershaft bearing and diagnose
fault of intershaft bearing, vibration signals measured by
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accelerometer must be analyzed and new method
applicable to intershaft bearing has to be developed.

I.  COMPONENTS AND CHARACTERISTICS OF CASING
VIBRATION SIGNAL

Generally, accelerometers are mounted on casing of
aero-engine to monitor vibration. Vibration caused by
every part of turbofan engine may be transferred to the

casing. So, vibration signal X(t) measured by an
accelerometer can be expressed as

x(t)= A, cos(Q,t+ 8, )+ A cos(Qt + 4,)
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Where €, is rotation speed of high pressure rotor, £,
is rotation speed of low pressure rotor, A, and f, are
amplitude and phase of unbalance response of high
pressure rotor, A, and f, are amplitude and phase of
unbalance response of low pressure rotor, A, and S,
are amplitude and phase of misalignment response of low
pressure rotor, Q,, is periodic pulse excitation function
caused by certain element fault of high pressure rotor
bearing, F,, is characteristic defect multiple frequency of
certain element fault of high pressure rotor bearing, h is
response of bearing under unit pulse excitation, w,, is

the K _th order natural frequency of high pressure rotor



bearing, Q,, is periodic pulse excitation function caused

by certain element fault of low pressure rotor bearing, F,,
is characteristic defect multiple frequency of certain
element fault of low pressure rotor bearing, @, is the

k _th order natural frequency of low pressure rotor
bearing, Q,, is periodic pulse excitation function caused

by certain element fault of intershaft bearing, F, ., is
characteristic defect multiple frequency of certain element
fault of intershaft bearing, ;.4 is the K _th order

natural frequency of intershaft bearing,

Vibration signals measured from casing contain not
only fault response of intershaft bearing, but also
unbalance response of high pressure rotor and low
pressure rotor, misalignment response of low pressure
rotor, fault response of high pressure rotor and low
pressure rotor bearings, accessories vibration, etc. Since
the other vibrations generally are stronger than vibration
caused by intershaft bearing, it is difficult to extract
vibration information caused by intershaft bearing from
vibration signals measured from casing.

Frequency analysis is accomplished to vibration

signal X(t). As the result, frequency spectrum of X(t) is
obtained:

(o) e i
+Z7Z'A| e 5(w-kQ,)

Q)+ A S5(w-2)

=

A|(nnt]e)rbk5(w = Ointerok T MBinger (‘Qh - ))

where A,ﬁg‘k) is amplitude of the M _th order side
frequency of the K _th order natural frequency of high
pressure rotor bearing, A™ and A™  have similar

meanings, O is the unit pulse function.

Equation (2) shows that, position of every frequency
caused by any fault changes along with rotation speeds of
high pressure rotor and low pressure rotor. If a bearing
goes wrong, periodic pulse response will be excited, and
side frequencies will appear around a certain natural
frequency. Distances between adjacent side frequencies
will change along with rotation speeds of high pressure
rotor and low pressure rotor.

Envelope analysis is accomplished to vibration

signal X(t). As the result, envelop signal )?(t) is obtained:

»
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where Ahbk and f,, are amplitude and phase of the
k_th order characteristic defect multiple frequency of

certain element fault of high pressure rotor bearing, A,

and ,B,bk are amplitude and phase of the k_th order
characteristic defect multiple frequency of certain element

fault of low pressure rotor bearing, A a0 Bintern
are amplitude and phase of the k_th order characteristic
defect multiple frequency of certain element fault of
intershaft bearing.

Frequency analysis is accomplished to envelop signal

)?(t) As the result, envelop spectrum X (ca) is obtained:
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Equation (4) shows that, in envelop spectrum,
frequencies caused by intershaft bearing change along
with rotation speeds of high pressure rotor and low
pressure rotor, which results in inconvenience of analysis.

Il.  FREQUENCY SPECTRUM AND ENVELOP SPECTRUM
OF CASING VIBRATION SIGNAL IN ROTATION SPEED
DIFFERENCE DOMAIN

Equation (1) to (4) show that, frequencies caused by
intershaft bearing change along with €, —€, . To

highlight fault information of intershaft bearing, frequency
analysis will be done in RSDD.

Let 7 :% and AQ,, =, — £, then
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Rewriting (1),
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, rewriting (2), RSDD frequency
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Equation (7) shows that, natural frequencies (

Oy aNd O,y ) OF bearings change its position on @' -

axis along with rotation speeds of high pressure rotor and
low pressure rotor. Distances between adjacent side
frequencies of outer-race-fixed bearing change along with
rotation speeds of high pressure rotor and low pressure
rotor. But distances between adjacent side frequencies of

intershaft bearing keep constant and are equal to F ..,
under different rotation speeds of high pressure rotor and
low pressure rotor. The characteristic of intershaft bearing
fault information in RSDD frequency spectrum is called
“constant distances”.

Rewriting (4), RSDD envelop spectrum is obtained,
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Equation (8) shows that, different from other bearings,
the fault response of intershaft bearing keeps its position
constant on RSDD envelop spectrum, and its characteristic

frequencies are equal to @' =KF, ., . The characteristic

of intershaft bearing fault information in RSDD envelop
spectrum is called “constant frequencies”.

Characteristics of “constant distances” and “constant
frequencies” can be used to diagnose fault of intershaft
bearing.

IIl.  CHARACTERISTIC DEFECT MULTIPLE FREQUENCIES

OF INTERSHAFT BEARING

For a bearing with a stationary outer race, the
characteristic defect multiple frequencies are defined as
the ratios of characteristic defect frequencies to shaft
rotation speed [2,3,4]. In this paper, the characteristic
defect multiple frequencies of intershaft bearing are
defined as the ratios of characteristic defect frequencies to
the difference between outer race rotation speed and inner
race rotation speed [5,6,7]. The characteristic defect
multiple frequencies of intershaft bearing are expressed
by the following equations[8,9,10]:

inner race defect multiple frequency,

f.x60 1 dcosa
i = : =5 (1+ )Z ) )
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outer race defect multiple frequency,
f. x60 dcos«
Fo=—"— ——( ——)Z, (10)
|ni - ne| 2 m
rolling element defect multiple frequency,
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m
where f, , f, and f, are characteristic defect

frequencies of inner race, outer race and rolling element,
N, and N, are rotation speed of inner race and outer race,
d is the diameter of rolling element, & is the contact

angle, D,, is the pitch diameter, Z is the number of
rolling elements.



Generally, N, and N, a certain intershaft bearing are

Q, and Q, of the aero engine.
IV. EXPERIMENTAL RESULTS

A. Experimental Setup

The experimental setup is shown in Fig.1l. High
pressure rotor is driven by high pressure motor when low
pressure rotor is driven by low pressure motor. One end
of high pressure rotor is supported on squirrel cage
flexible support, and the other end is supported on outer
race of intershaft bearing. The inner race of intershaft
bearing is supported on low pressure motor. The
intershaft bearing is lubricated by lubricating oil.
Lubricating oil is ejected by oil pump into raceway of
intershaft bearing via sucker and nozzle, and return to the
oil pump via oil return pipe oil catch ring.

Rotation speeds of high pressure rotor and low pressure
rotor are measured by Schenck P-84 photoelectric sensor
and reflector paper. Acceleration vibration signal is
measured by Schenck AS-020 piezoelectric sensor which
is installed on support bearing housing (see Fig.1.10). The
radial displacement of disk is measured by Schenck IN-
085 eddy current displacement sensor.

1024 vibration data are collected

at every

=—— . A group of data contains data of

‘Qh - QI
continuous 32T.

Photo of intershaft bearing is shown in Fig.2. Fig.3
shows the local fatigue peeling outer race of the intershaft
bearing. The intershaft bearing is a single row cylindrical
rolling bearing. Its geometric parameters are shown in
Table 1. Its characteristic defect multiple frequencies are
shown in Table 2. The intershaft bearing has local
spalling on its outer raceway.

1 2 3 4 5

7 910 11 12 13
1. low pressure motor; 2. low pressure rotor disk; 3. intershaft bearing
housing; 4. high pressure rotor disk; 5. squirrel cage flexible support; 6.
low pressure motor; 7. support bearing housing of low pressure rotor; 8.
vibration limiter; 9. sucker; 10. support bearing housing of low pressure
rotor; 11. oil catch ring; 12. vibration limiter; 13. oil return pipe
Figure 1. Intershaft bearing test rig
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Figure 2. Photo of intershaft bearing

Figure 3. Photo of local fatigue peeling outer race of intershaft bearing

Table 1 Geometric parameters list of intershaft bearing

diameter of the

pitch diameter contact number of rolling
rolling element
Dp(mm) angle a (9 elements z
d(mm)
8 125 0 34

Table 2 Characteristic defect multiple frequencies of intershaft bearing

outer race defect Fe  inner race defect F;  Rolling element defect F,

15.912 18.088 15.561
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B. Analysis of Defect Intershaft Bearing Vibration

Fig.4 shows vibration wave of signal collected from
accelerometer under outer race rotation speed 1200 rpm
and inner race rotation speed 300 rpm. Fig.5 and Fig.6
show frequency spectrum and envelop spectrum of the
signal in RSDD. In Fig.4, abscissa axis represents RSDD

period T, 1T =

. In Fig.4 and Fig.5, abscissa
“h

Q)
‘Qh _‘QI ’
where o is ordinary frequency. And 1X =, — Q.

axis represents RSDD frequency o', @' =



Fig.4 shows that, vibration wave is not of obvious
periodicity. Fig.5 shows that, in RSDD vibration
spectrum, resonance area is in high frequency band.
There are adjacent side frequencies, the distance between

which is equal to F,. Fig.6 shows that, in RSDD envelop

spectrum, the amplitude of frequency F, is biggest. Fig.7

and Fig.8 show frequency spectrum and envelop
spectrum in RSDD under outer race rotation speed 900
rpm and inner race rotation speed 300 rpm. because of the
decrease of relative rotation speed, amplitudes in Fig.5
and Fig.6 are smaller than amplitudes in Fig.5 and Fig.6
as a whole. In Fig.7, in high frequency band, there are
adjacent side frequencies between which the distance is

equal to F,, which is the same as in Fig.5. It is proved

that frequency spectrum in RSDD is of characteristic
“constant distances”. The same as in Fig.6, the amplitude

of frequency F, is biggish in RSDD envelop spectrum in

Fig.8, which proves that envelop spectrum in RSDD is of
characteristic “constant frequencies”.

Fig.4 to Fig.8 show that, vibration signal measured
from support bearing housing near the intershaft bearing
is of characteristic “constant distances” as well as
“constant frequencies”, which proves that the theory of (7)
and (8) is right.

It is need to point out that, characteristic “constant
frequencies” almost appears in every group of
experimental data when characteristic  “constant
distances” often appears.
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C. Analysis of Rotor Unbalance and Misalignment
Signal.

Since frequencies of unbalance response and
misalignment response in this experiment are in low
frequency band and accelerometer is not suitable for
measure low frequency signal, eddy current displacement
sensor is used to measure unbalance response and
misalignment response. Fig.9 is vibration displacement
signal wave of low pressure disk. Fig.9 (a) is the wave
under high pressure rotation speed 900 rpm and low
pressure rotation speed 300 rpm. Fig.9 (b) is the wave
under high pressure rotation speed 1200 rpm and low
pressure rotation speed 300 rpm. Fig.10 is frequency
spectrum of low pressure disk displacement in RSDD.
Fig.10 (a) is the spectrum under high pressure rotation
speed 900 rpm and low pressure rotation speed 300 rpm.
Fig.10 (b) is the spectrum under high pressure rotation
speed 1200 rpm and low pressure rotation speed 300 rpm.

Fig.10 shows that, in RSDD frequency spectrum,
positions of frequencies caused by unbalance response
and misalignment response and distances between these
frequencies change along with the difference between
high pressure rotation speed and low pressure rotation
speed. It is proved that unbalance response and
misalignment response are not of characteristics “constant
distances” and ““constant frequencies”, which is consistent
with theory of (7) and (8).
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Figure 9. Vibration displacement signal wave of low pressure disk
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V.

Under variational rotation speeds of outer race and
inner race, in RSDD frequency spectrum of intershaft
bearing with fault, side frequencies appear in high
frequency band, between which the distances keep

CONCLUSIONS

constant. This characteristic is called “constant distances”.

Under variational rotation speeds of outer race and
inner race, in RSDD envelop spectrum of intershaft
bearing with fault, the characteristic defect multiple
frequencies of intershaft bearing keep their positions
constant. This characteristic is called “constant
frequencies™.
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Unbalance

response, misalignment response, and

defect vibration of bearings with a stationary race are not
of these characteristics.

The experimental results indicate that, vibration of
intershaft bearing with a fault is of characteristic
“constant distances” and “constant frequencies”.
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