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Abstract: The rotor disk cavities of Marine gas turbine often cause self-excited vibrations due to fluid accu-
mulation. The accumulated fluid forms by condensation of vaporized lubricating oil or water vapor. The rotor
drives the liquid in the cavity to rotate, causing vibration instabilities. In this study, a horizontal flexible rotor sys-
tem with two disks and two supports was examined experimentally. The rotor instability and stability restoration
were observed, and the effects of the liquid volume and viscosity were studied to reveal the dynamic behaviors of
small amounts of liquid in horizontal rotors. There was a threshold amount of liquid for the unstable vibrations,
and instability occurred when the amount of fluid exceeded the threshold. A threshold speed of instability and re-
covery speed were found, both of which were higher than the critical speed. When the speed was higher than the
threshold speed of instability, instability occurred. When the speed increased further, for speeds faster than the
recovery speed, the instability disappeared. The amplitude of the total vibration increased suddenly, as did the
sub—harmonic frequency. The fundamental and sub—harmonic frequencies were modulated and showed beat vibra-
tion characteristics. The threshold speed of instability decreased first and subsequently increased with the in-
crease in fluid volume. With the increase in the viscosity coefficient of the fluid, the threshold speed of the fluid—
filled rotor and amount of fluid increased. For unstable vibrations, the rate of amplitude growth increased rapidly.
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1 Introduction

In the working process of marine gas turbine, be-
cause of the condensation of vaporized lubricating oil or
water vapor, liquid accumulation in the disk cavity of-
ten occurs. This phenomenon is one of the factors that
causes the vibrations of the rotating machinery to exceed
the standard. The oil that accumulates in the drum ro-
tates with the rotor, and the free surface in the drum
cavity can cause self-oscillation of the rotor. Firstly,
such self-excited unstable vibrations often cause the vi-
brations of the whole rotor system to exceed the accept-
able level. The vibrations subsequently cause secondary
failures, such as frictional faults. Finally, this can
cause fatal damage to the engine structure, with cata-
strophic consequences. In this study, the effects of pa-
rameters such as volume and viscosity of the fluid on the
instability were investigated through experiments,
which laid a foundation for further analysis of the fluid
accumulation in the disc cavity.

There are two types of rotating machinery in which
liquid accumulation in the disk cavity occurs. In the first
type, which includes pumps, the working fluids or
transport materials are liquid. There is often a large
amount of liquid in the disk of cavity. To improve stabili-
ty and reduce vibrations, a vertical rotor structure is
generally used. The second type, which includes Marine
gas turbine, often use horizontal rotor structures. Liquid
accumulates in the cavity due to condensation of the lu-
bricating oil or water vapor, and there is often only a
small amount accumulated liquid. The presence of the
liquid is not considered when designing the rotor. There-
fore, the damage caused by oil accumulation in the disk
cavity can be great. In this paper, the effects of oil accu-
mulation on the dynamic stability of horizontal rotors are
experimentally studied.

There have been few experimental studies on rotors

with partially filled cavities. Zhu et al. "'’ carried out an
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experiment with a vertical flexible rotor with a large
amount of liquid in the cavity. In their studies, they ex-
amined the instability process of partially filled flexible
rotor systems and the dynamic characteristics of the ro-
tor system in the instability process. They also analyzed
the influence of the quantity of liquid and fluid viscosity
on the vibration and stability of rotor systems '*". Zhai et
al. ® analyzed the leakage of lubricating oil in the drum
cavity of aero—engines, and they analyzed the vibrations
of the oil-accumulating rotor using simulations and ex-
periments. The results showed that the instability of the
oil-accumulating rotor was caused by the asynchronous
self-excited vibration of the rotor system. The vibration
characteristics of rotor instability were obtained. Zheng
et al. " analyzed the phenomenon of fluid accumulation
in the drum cavity of an aero—engine. They determined
that the asynchronous self-excited vibration was a sub-
harmonic self-excited vibration, which led to the vibra-
tion of the rotor instability. Han et al. " concluded that
there were non—synchronous vortices between the fluid
and the rotor when the speed of the fluid-filled rotor ex-
ceeded the first-order critical speed. They believed that
the rotor system speed and the weight of fluid had a
great influence on the non—synchronous amplitude and
frequency. Zucht et al. * conducted an experiment with
a transparent horizontal cylinder with a large amount of
liquid in the cavity. They analyzed the influence of gravi-
ty and the viscosity of the liquid and explored the distri-
bution of the liquid in the cavity during rotation using a
sectional scanner. Xu et al. ' used a single plate and
double supported horizontal rotor in their experiments.
They observed the distribution of different amounts of oil
at different speeds using a high—speed camera. In Table
1, a comparison is made between the previous studies
and this paper. The Fluid—filled ratio in this paper is dif-
ferent from previous studies.

The experimental research is gradually transition-

ing from vertical to horizontal rotors. Therefore, the in-
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Table 1 Comparison of previous studies
Test Fluid-filled
Literature e ‘er Research content . ,l ¢ Key outcomes and requirements
device ratio
(13 Vertical Single disc flexible rotor, Relationship between a large amount of liquid and the
Oth Zhu '3 . 0.66~0.94 . . .
er rotor cantilever structure threshold speed of instability are obtained.
rotating
machinery o) Hnri.znntal 0.50 0il distribution unde.r di.ffe.rent r(.)lat.innal speeds of
cylinder large amount of liquid in cavity is observed.
Instability of the oil-acc lati tor is —syn-
.57 Horizontal  Single disc flexible rotor 0.03, 0.05 PSTADIHY 07 FIE O maccumuiating rotors a nonTayh
Zhai>" . . chronous, self-excited vibration, but the influence of
rotor with two supports (Two pomts) - .
the amount of accumulated liquid was not examined.
Marine gas
turbine 0.00~0.17 For a small amount of fluid, the relationship between
In this  Horizontal Double disc flexible rotor, o the threshold speed of the instability and the amount of
(Multi points simu- . . S .
paper rotor supported at both ends fluid and between the instability vibration and the vis-

lation continuous )

cosity coefficient of fluid were obtained

Notes: the data of the winning bid * in the Table 1 are determined according to the estimated experimental parameters in the literature.

fluence of the liquid weight should be considered .
Most of the previous studies did not focus on the small
amount of fluid"""™"*". However, in the working process of
marine gas turbine, fluid accumulation in the disk cavi-

14-18]

ty often occurs in small amounts . Through previous

studies, the instability characteristics of the fluid—filled

19
!, However, to

rotor in the disc cavity were obtained"
understand influence of the amount of liquid in the cavi-
ty on the instability of the rotor, the experiment should
begin from the rotor without oil in the disk cavity, the
oil quality should be increased gradually to describe the
dynamic characteristics of the oil with different degrees
comprehensively and determine the threshold speed and
amount of oil in the disk cavity for instability to occur.
To understand the influence of the viscosity of the liquid
in the disc on the rotor dynamics, an experiment was
carried out with three viscous liquids. The effects of the
viscosity and volume of the liquid on the stability bound-
ary are discussed. The effects of different factors on the
unstable vibrations caused by liquid in the disc cavity
are summarized, and the effects of the liquid on the crit-
ical speed of the rotor were analyzed.

Based on previous studies, the instability of a hori-
zontal rotor partially filled with a small amount liquid at
different fluid—filled ratios and viscosities was systemati-
cally studied. Firstly, the dynamic stability of horizontal
rotors are explored, which were partially filled with liq-
uid in the disc cavity. The relationship between the
small amount of liquid in the disc cavity and the critical

speed of the rotor are determined. Lastly, the effects of

three factors on the stability boundary are discussed:
the viscosity of the liquid, the amount of liquid, and the

acceleration and deceleration conditions.
2 Experimental scheme

2.1 Experiment on rotor partially filled with vis-
cous liquid

2.1.1 Experimental device

To simulate liquid in the rotor disc cavity, the ex-

perimental device was a single—span, double-disk flexi-

ble horizontal rotor. Fig. 1 shows the rotor device.

3 Displacement sensor bracket

6 Rear support
4 Rotor shaft

-

2 Compressor rotor disc

7 Motor

1 Front support 5 Turbine disc

Fig.1 Rotor device

In Fig. 1, labels 1 and 6 are the front and rear ful-
cra of the rotor tester, both of which were rigid supports.
The front fulcrum used a roller bearing, and the rear ful-
crum used a deep groove ball bearing. Label 2 is the sim-
ulation disk of the liquid accumulation in the rotor cavi-
ty of the compressor, which was used to simulate the liq-
uid phenomenon in the cylinder cavity of the compressor
rotor. The size of the disc cavity was designed according

to the cavity unit structure. Label 3 is the displacement
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sensor bracket used to mount the sensor. Label 4 is the
rotor shaft. Label 5 is the turbine simulation disc. Label
7 is the motor, which was controlled by the frequency
. . SR
conversion governor to provide power for the rotor sys- 3|23

tem.
2.1.2 Rotating disk cavity

The disc cavity was consisted of two parts: the sim-
ulated disk and the simulated plate cover. The simula-
tion plate was steel. The disk end face’s inner and outer
edges had seal slots to allow O-rings to be installed and
prevent leakage of the liquid that filled the cavity.

To observe the flow characteristics of the liquid in
the cavity during the experiment, a transparent acrylic
material was used to fabricate the plate cover. A sealing
ring was designed on the outer and inner edges of the
plate cover, corresponding to the seal slot on the disk. A
connecting hole was arranged on the inner and outer edg-
es of the plate cover, which was solidly connected with
the disk. In addition, two symmetrical through-holes
were designed on the plate cover, which were used as
the injection and draining holes. The holes were both 5
mm in diameter and were used to fill and drain the liq-
uid.

The basic size of the disk is shown in Fig. 2. It was
sealed by an O-ring and silicone seal pad.

During the experiment, the screw connecting the
sealing part and the fluid—filled part was removed, and
liquid was injected into the fluid—filled part. After add-
ing the liquid, the sealing and the fluid-filled parts
were reconnected, and the experiment was conducted.
At the end of the experiment, the liquid was extracted
and cleaned before carrying out other experiments. The

fluid—filled ratio ranged from 0.00 to 0.17, that is, O~

Data acquisition

Fig.2 Liquid charging device dimension diagram and

photograph of the actual device (mm)

200 ml of liquid was added.
2.1.3 Vibration testing device

The schematic diagram of the tester and test system
used in this experiment is shown in Fig. 3. The sensors
of the test system mainly included an eddy current dis-
placement sensor, electro—dynamic velocity sensor,
and photoelectric sensor. They communicated with the
data acquisition system, test software, signal transmis-
sion cable, computer, and other common components of
the test system. The data measured by the sensor were
processed by the data acquisition system, and the vibra-
tion data were collected, filtered, and amplified. After
the analog/digital conversion, the data were sent to the
computer, and the experimental data were analyzed and
processed by the computer software.

Two displacement sensors were installed on the
simulated compressor disk and the simulated turbine
disc to measure the vibration displacement of the disc
with liquid in the cavity. Two velocity sensors were verti-
cally arranged at the front support of the simulated com-
pressor, and the vibration velocity value at the bearing
seat of the front support was measured along the direc-

tion of the front support to the motor. The information

Data processing

system
Velocity signal I
Displacement Displacement
signal signal

Rotor speed
ﬂ signal

=

| Motor

N

PII777777

L LIPS

Fig. 3 Schematic diagram of the tester and test system
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measured by each measuring point is shown in Table 2.
2.2 Experimental process

To study the influence of fluid accumulation in the
disc cavity on the rotor vibrations, the effects of the flu-
id amount and viscosity coefficient were considered. The
control variable method, and experiments were carried
out by varying these two parameters.

During the experiment, different amounts of liquid
were injected into the cavity through the injection hole
to control the amount of liquid. The viscosity coefficient
of the liquid was controlled by changing the type of liq-
uid.

The experimental process was as follows:

(1)  Amount of liquid

When changing the amount of liquid in the cavity,
the sealing screw of the liquid injection hole on the plate
cover was removed, and an appropriate amount of liquid
was injected into the cavity through the liquid injection
hole. The sealing screw was tightened after the injection
was complete.

The total volume of the cavity was 1143.94 ml. The
amount of liquid began at 0 ml, and the maximum
amount of fluid—filled was 200 ml. The range of the flu-
id-filled ratio was 0~0.17.

The amount of liquid accumulated in the disc cavi-
ty of the rotor was unknown when the unstable vibrations
began. To accurately determine the amount of liquid ac-
cumulated and improve the efficiency of the experi-
ment, the amount of liquid accumulated began from 0
ml. Step sizes of 1, 2, 3, 5, 10, and 20 ml were used
to increase the liquid volume.

Starting from 0 ml, a maximum volume of 20 ml
was used to increase the amount of liquid. At the end of

each group of experiments, the vibration data were ana-

lyzed to find the abnormal vibration peak caused by liq-
uid in the cavity and the vibration component with large
amplitude of sub—harmonic frequency. In the data analy-
sis, if the signs of instability vibration caused by liquid
in the cavity are observed, the adding step size of liquid
will be shortened and the appropriate amount of liquid
would be selected, until find the amount of liquid when
the rotor is instable.

After finding the threshold amount of fluid at which
unstable vibrations begin, a small amount of fluid near
the threshold amount was selected to increase the vol-
ume and more accurately analyze the relationship be-
tween the vibration characteristics of the rotor and the
instability threshold. The step size of additional liquid
was gradually varied as needed to analyze the influence
of the liquid on the vibration characteristics of the rotor.
(2) Viscosity coefficient of liquid

To control the viscosity coefficient of the liquid,
the type of liquid injected into the cavity was varied.
When filling with different types of liquids, the liquid
viscosity, density, and other properties will be differ-
ent. Three different types of liquids were used in the ex-
periment, water, vegetable oil, and lubricating oil. The
parameters of the three liquids are listed in Table 3.

By studying the influence of liquid viscosity on the
vibrations of these three liquids, the influence of liquid
viscosity on the rotor vibrations was summarized.

2.3 Dynamic performance of dry rotor

The dynamic characteristics of the rotor were veri-
fied by experiments after dynamic balancing. Running
the rotor without fluid—filled, the speed increased slow-
ly to 5200 r/min, after which it was decelerated. Fig. 4
is the amplitude—frequency characteristic diagram of the

rotor. Since the natural frequency of the displacement

Table 2 Test channel information

Location and name of measuring point Vibration information Type Sensitivity
Ch1 Vertical displacement of compressor disc
Ch2 Horizontal displacement of compressor disc

Disk B&K VIBRO IN-085 8mV/pm

Ch3 Vertical displacement of turbine disc
Ch 4 Horizontal displacement of turbine disc
Ch5 Vibration velocity of the front bearing 45° to the left

Support B&K VIBRO VS-080  75mV/(mm/s)
Ch 6 Vibration velocity of the front bearing at 45° to the right

Coupling Photoelectric Photoelectric information for rotor speed measurement B&K VIBRO P-84/1 /
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sensor bracket is 40Hz, the data starts from 2500r/min.
In Fig.4, the solid line is the acceleration process, and
the dotted line is the deceleration process. The peak at
about 3200 r/min was the first order critical speed of the
rotor. The first order critical speed during the accelera-
tion process was 3237 r/min, and during the decelera-
tion process it was 3231 r/min. The mean value of the

first order critical speeds was 3234 r/min.

Table 3 Types and parameters of liquid

T Density/ Viscosity/ Dynamic viscosity/
ype (kg/m?) (kg/(m-s)) (m?/s)
Water 1000 1.0 x 107 1.0 x 107
Vegetable oil 925 7.8 % 107° 8.5x 107
Lubricating oil 885 1.3 % 107 1.45x 107°
120 -
> 3231r/min
1o ©7=3237t/min - — Acceleration process
£ 100 i — Deceleration process
==
S 9
2
= 80p,
E (
< 70
60
50 1 1 1 1 1
3000 3500 4000 4500 5000
Rotor speed/(r/min)

Fig.4 Acceleration and deceleration process of rotor

without liquid in the cavity

2.4 Dynamic characteristics of wet rotor
The experimental data were analyzed when the type
of liquid in the cavity was water. The critical speeds for

liquid amounts in the range of 0 ~ 200 ml were recorded

and summarized in Table 4.

By fitting the amount of liquid accumulated in Ta-
ble 4 with the first order critical speed, the relationship
between the first order critical speed with the amount of

liquid accumulated was obtained, as shown in Fig. 5.

3300
—_ Data
E Fitted curve
£ 3200 | 5 * Datal
3
3
& 3100
g
‘5 3000
5]
2
2 2900
£
2800 0 50 100 150 200

Liquid volume/ml
Fig. 5 Relationship between the first-order critical speed

and the amount of liquid

As shown in the figure, compared with the rotor
without liquid in the cavity, the critical speed of the ro-
tor filled with 5 ml of liquid decreased by 87 r/min. Com-
pared with the rotor filled with 5 ml of liquid, the criti-
cal speed of the rotor filled with 10 ml liquid decreased
by 8 r/min. The presence of liquid in the disc cavity had
a significant influence on the rotor critical features, but
the increase in the amount of liquid had little effect on
the rotor critical features. The reason may was that main
factor affecting the rotor critical features was the fluid
viscous force, and with the increase in the liquid vol-

ume, the influence of the viscous forces was greater

Table 4 Critical speed in the process of acceleration with different amounts of liquid

Amount of liquid/ Critical speed/ Amount of liquid/ Critical speed/ Amount of liquid/ Critical speed/
ml (r/min) ml (r/min) ml (r/min)
0 3237 37 3108 60 2999
5 3150 38 3108 65 2952
10 3142 39 3104 70 3050
15 3152 40 3099 75 3025
20 3152 42 3082 80 2980
26 3096 44 3082 90 2956
29 3106 46 3100 100 2930
32 3090 48 3080 120 2928
33 3112 50 3094 140 2936
34 3093 52 3064 160 2933
35 3081 54 3001 180 2931
36 3099 57 2980 200 2917
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than that of the gravitational force. In fact, the relation-
ship between the first critical speed obtained from the
experiments and the amount of liquid accumulated can
be simply deduced.

The force of the liquid in the cavity on the rotor is
as follows

(.{)—w)l+u+1}

Fy= Fpel@oely FLl : (1)
Where {2 is the rotor speed, w is rotational speed
of the fluid (namely axial vortex motion speed) , and a
is the bonding force of the initial phase angle. Thus, ra-
dial and tangential forces exist when fluid accumulates
in a laminar flow state. Therefore, during operation, the
liquid in the cavity has an influence on the rotor over a
wide range of rotation speeds. In addition, the radial
and tangential force frequencies of the liquid acting on
the rotor are the same, with a phase difference of 90°.
The force of the liquid on the rotor is inserted into the
equation of motion. The radial force of disc is as follows

Fe=pQ*mwLRh(R + £,,,) + 20gm LRh  (2)

And the tangential force is:

o M(,{ .\ §n,..),)(1 _ w) .\

Iz

2u 0
2o’ LRh (R
pgw(A+w)(2R—h) (3)
2 h

Where R is the rotor cavity diameter, L is the cavi-
ty width, w is the viscous coefficient, h is the thickness
of the liquid, &

The radial force of rotor F, is as follows

Fo=F, + MQ*(£,,, + &) (4)

Where M is the mass of the rotor system, & is the

is the rotor eccentricity,, and A=Q2-w.

rotor

rotor

eccentricity of disk. A radial force expression can be ob-
tained by substituting it into the above equation:

h
pQ* LR (R)(R +&,,)+ 20 LRh +
(5)

rotor rotor

MO (¢, + &)= K¢
K is the rotor stiffness coefficient. When w,={2, the
fluid—filled rotor vibrates unsteadily. In this case, equa-
tion (5) is
2_2 2 h 2
porm LR\ (R + &..,) + 2pgm’ LRh +
R (6)

rotor rotor

Mw?(é,, + &)= Ké
Where w, is the rotational speed of the fluid-filled

rotor along the rotor, namely the axial vortex velocity.

The above formula can be written as
- 2pgm’ LRh

Kgl’nlﬂr
(7)
pm*LRA(R + £, + &) + M¢

w, =

rotor rotor

With @ *=K/M , equation (7) can be written as
ME,,, o> — 2pgm’ LRh )
pTrZLRh(R +E. o+ 3) + Mé¢

w, =

rotor rotor

When there was a small amount of liquid accumu-
lated in the rotor disc cavity, the liquid surface thick-
ness was very small. Thus, the latter term in the above
equation is far smaller than the preceding one. If the for-
mula m,=2wRLhp for the mass of liquid accumulated is
substituted into equation (8) , the vibration speed is as
follows

wl]
w, = <w (9)

\/'nmd(R + & T 6‘)

2ME

+ 1

rotor

According to the above formula, w, ~w,, and w, <
w,. Therefore, the sub—harmonic frequency generated
by the rotor under the action of liquid is lower than the
natural frequency of the rotor without liquid. That is,
the threshold speed of the unstable vibration of the flu-
id-filled rotor is above the first critical speed. Further-
more, the vibration speed w, of the fluid—filled rotor de-

creases with an increase in the amount of liquid.
3 Experimental results on unstable vibrations

3.1 Description of instability phenomena

Fig. 6 shows the vibration amplitude of each chan-
nel versus the rotor speed when the cavity was filled
with 35 ml of water. The upper half of the figure shows
the variation of rotor speed with time. As shown in the
figure, the speed increased slowly from 2700 to 5200
r/min, after which it gradually slowed to 2700 r/min.
The bottom half shows the vibration amplitude variation
with time.

During the acceleration process, when the rotor
speed increased to the first order critical speed of 3099
r/min, the rotor vibration exhibited an obvious peak. Af-
ter passing the first critical speed, the vibration ampli-
tude of the rotor decreased. However, another vibration
peak appeared when the speed increased to 3300 r/min,

which was significantly higher than the vibration peak at
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ébé\ 5000 the deceleration process.
§§/ 2000 The vibration data of these experiments were ana-
& 8 3000
& I . . . T : : lyzed, and the vibration order diagram of each channel
100 150 200 250 300 350 400 450 500 550
Time/s was drawn, as shown in Fig.7. As shown by the spec-
g
<8000 1 trum analysis, the rotor vibration was mainly before 2X,
=]
= .
%6000 so the range of the axis was 0 to 3X.
£ 4000 = } ! : ! ! ! y : y . . .
< 100 150 200 250 300 350 400 450 500 550 In the displacement signal, there were mainly 1X
Time/s 3279 3081 CL-
3099 3300 3444 /min  /min components within the range of rotor speeds, and a rela-
r/min r/r‘nin Ir/min N

3352,

r/min
N

Fig. 6 Vibration analysis when cavity was filled with 35 ml

of water

the first critical speed. The peak vibration was caused
by liquid accumulation, and it disappeared after the ro-
tor speed increased to 3444 r/min. As the rotor speed
continued to increase to 5200 r/min, the rotor vibration
was in a stable state, and no abnormal vibration peaks
appeared.

After the rotor speed reached 5200 r/min, it was
decelerated. When the rotor decelerated to 3352 r/min,
a rotor vibration peak appeared, and the peak vibration
disappeared at 3279 r/min. When the speed continued
to decelerate to 3081 r/min, the rotor crossed the first—
order critical speed and exhibited an obvious peak vibra-
tion. The rotor then decelerated to a stop.

When the rotor cavity was filled with 35 ml of wa-
ter, the instable recovery boundary in the acceleration
process was 3444 r/min, and the upper boundary speed
in the deceleration process is 3352 r/min. The instable
recovery boundary speed in the acceleration process of

the rotor was greater than the upper boundary speed in

5000 -
— A
100
E 4500 F - ;
£ =
o [
g 4000 §
@ 50 £
£ 3500 | O R~
=]
= 0.94X/T
3000 F
1
0
0 1 2 3
Order/X
(a) CHI

tively obvious 0.94X harmonic component appeared
near 3400 r/min. As shown in Fig. 7, the vibration infor-
mation collected by CH1 and CH2 channels was basical-
ly consistent.

3.2 Characteristics of unstable vibrations

When the cavity was filled with 36 ml of water,
Fig. 8 shows the vibration amplitude of rotor CH1.

When the rotor speed increased to the first critical
speed of 3099 r/min, the rotor vibration peaked. After
passing the first critical speed, the rotor vibration de-
creased. However, when the rotor speed increased to
3303 r/min, the vibration amplitude of the rotor in-
creased abruptly. As the speed increased, the vibration
amplitude increased rapidly, exceeding the measure-
ment range of the sensor. Meanwhile, the rotor vibra-
tions were accompanied by an abnormal sound. After the
emergency deceleration, the rotor vibration returned to
normal.

The spectrum variation within the instability range
after the rotation speed of 3303 r/min was analyzed, as
shown in Fig. 9. With the increase in the rotor speed,
the frequency band of the sub—harmonic became wider.

After the rotor speed reached 3303 r/min, the flu-
id—filled rotor generated a sub—harmonic frequency. As

the rotor speed increased gradually, the sub—harmonic

5000 F A
b 0
= 1
£ 4500 F
= g
3 3
S‘g 4000 | E
E 0
§ 3500 F | Z
= 0.94X
3000 f
1
0 1 2 30 0
Order/X
(b) CH2

Fig. 7 Vibration orders for 35 ml of water
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00 der critical value, the amplitude of the 1X vibration in-
= 200 creased significantly. After passing the first critical
g L
E speed, the 1X amplitude of the rotor began to decrease.
2
é 200 F However, at about 3400 r/min, as the rotor entered a
é S099%min  3305rksis state of instability, and the 1X frequency amplitude also
< . .
5 100 showed obvious fluctuations.
=

3000 3500

Rotating speed/(r/min)

0
2500

Fig. 8 Vibration monitoring for cavity filled with 36 ml of

water

frequency band became wider gradually, from 0.94X to
0.81X, and the range of sub—harmonic frequency band
was 48.5 to 56.3Hz. The amplitude dominant frequency
also developed from 0.94X to 0.88X, and the amplitude
of unstable vibrations was much larger than that of ro-
tor 1X.

Fig. 10 shows the variation of the rotor sub—har-
monic amplitude with rotor speed when the cavity was
filled with 36 ml of water.

As shown in Fig. 10, when the rotor speed reached
about 3300 r/min, the amplitude of the sub—harmonic
frequency exhibited a rapid increase, reaching a maxi-

mum of 500 wm, and it still showed an upward trend.

The time—domain waveform shows that the rotor vi-
bration amplitude increased. With the increase in rota-
tion speed, the beat vibration amplitude continued to in-
crease. The fluid—filled rotor exhibited several character-
istics when it produced unstable vibrations, and the fol-
lowing identification criteria were established :

(1) After the rotor passed the first—order critical
speed, the instable state of the fluid—filled rotor caused
a sudden increase in the vibration amplitude.

(2) When the fluid—filled rotor entered the insta-
ble state, the sub—harmonic component of the rotor vi-
brations within the range of 0.5X~1X increased abruptly.

(3) When the fluid—filled rotor entered the insta-
ble state, the time—domain waveform of rotor vibrations
exhibited a beating phenomenon, and the amplitude of

the 1X of the rotor fluctuated.

4 Effects of different factors on stability

Fig. 11 shows the variation in the amplitude of the 4.1 Influences of liquid accumulation on instabili-
fluid—filled rotor 1X with rotor speed when it was filled ty threshold speed
with 36 ml water. When the rotor exceeded the first—or- To analyze the influence of the amount of liquid on
100 100 150
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[} o [}
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£ £ £
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0 . A A 0 el N W 0 M S A\
05 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 25
Order/X Order/X Order/X Rotor
3303r/min 3369r/min f 3478r/min

‘3317r/min * 3386r/min 3524r/min
100 100 400
300
4 g 2L
[} [} [}
g S0t S S0 =200 F
< Z oo
0 =) =& A . [ S A 0
0.5 1.0 15 2.0 2.5 0.5 1.0 15 2.0 2.5 0.5 1.0 15 2.0 2.5
Order/X Order/X Order/X

Fig. 9 Spectrum variation analysis with rotor speed
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the threshold speed of instability, the instability vibra-
tion data with liquid volumes greater than 35 ml were an-
alyzed. For water, the vibration data from 35 to 200 ml
were used to analyze the instable threshold speed and
the first critical speed of each group of data. The thresh-
old speed of instability was determined as the rotor
speed at which the sub—harmonic amplitude of the vibra-
tions was greater than 10 pm. The first order critical
speed was determined by taking the speed at the maxi-
mum amplitude of 1X when the rotor passed the first or-
der critical value. The ratio of the threshold speed to the
first critical speed was also calculated.

Fig. 12 shows the relationship between the thresh-
old speed of the fluid-filled rotor and the amount of liq-
uid.

Based on the fitting results, there was not a simple
positive correlation between the threshold speed of insta-
bility and the amount of accumulated liquid, but with
the increase in the amount of liquid, the threshold
speed of instability first decreased and then gradually in-
creased. However, the minimum value of the threshold
speed of instability was not lower than the first critical

speed of the rotor.

Fig. 12 Relationship between threshold speed of instability

and amount of accumulated liquid

The relationship between the instability threshold
speed obtained from the above experiments, and the
amount of liquid accumulated can be simply deduced.
The motion equation of the rotor was established as fol-
lows

M;+D}+Kr=M(§ +&)0)* + Mgsind + F,.(10)

rotor

D is the rotor damping ratio. It can be deduced
from equation (9) that the vibrations of the rotor under
the action of liquid accumulation were in the sub—har-
monic resonance frequency band. That is, the threshold
speed of the unstable vibrations of the rotor was about
above the first critical speed. The factor causing the un-
stable vibration of the rotor was the effect of liquid accu-
mulation on the rotor force. To highlight the main charac-
teristics of the unstable vibrations and simplify the cal-
culation process, the cross stiffness term &, caused by

liquid in the cavity force was introduced, and the above

equation can be written as follows

(11)
From this solution, the characteristic equation can

be derived

Mr+Dr+(K~-jk,)r=0

Ms* + Ds + K = jk, =0 (12)
s 1s the characteristic root of the characteristic
equation. And the expression of the instability speed ob-

tained is as follows

6

64v’D*K*M

—_— (13)
TrzR“mf(l - y)

instability —

Where v=u/p is the liquid dynamic viscosity, D is
’ 1). \{2

instability

the rotor damping ratio, and 'y=w/ﬂe[0.5
is the lower boundary of the instability interval. Accord-

ing to equation (13), the threshold speed of the insta-
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ble hydro—static rotor is mainly affected by the rotor
structure parameters. The instability threshold speed ra-

tio of the fluid-filled rotor 1, ., 18

instability

nin,m.im} -

w,

6 3

64v>D*K*M Tr(R+§m, +8)
'n'zR“w:(l—y)sz 2M¢

m,+1

rotor

(14)
Considering the same fluid-filled rotor, the main

factors affecting the instability boundary 7,5, can be

written as
(15)
w(R+€,, +e¢)
Where K =————
2ME,,,
I 64v’D*K*M
K, =

1T2R4a)2(1 - y)2
Since m, is the amount of liquid in the cavity. The
relationship between the threshold speed of instability

and the amount of accumulated liquid was as follows in

Table 5.

4ME.,.,.
m, €|0,—— | and the

When the Tr(R AP 8)

rotor

amount of liquid accumulated increases, the threshold

speed ratio of instability 1, decreases.

4ME ..
TT(R + & T 8)

amount of liquid accumulated increases, the threshold

When the m, e and the

’+w

speed ratio of instability 9, ., increases.

4Mé
When the m, =
w(R+¢

rotor

, the threshold
+e)

rotor

speed ratio of 1 is the minimum value, but its value

instability

is greater than 1.

Therefore, with the increase in the amount of liq-
uid, the threshold speed of instability 7, ., will de-
crease and then increase. The existence of the extreme
point is unavoidable because of the deflection of the flex-

ible rotor & .. If the deflection of the flexible rotor is not

considered, the extreme point will not exist.

Based on the above theoretical analysis and experi-
mental results, there is an inflection point between the
threshold speed of instability and the amount of accumu-
lated liquid when the fluid-filled ratio is between 0 and
0.08, which was not found in previous experimental
studies. It can also be seen from Table 1 that the fluid-
filled ratio range at this inflection point was just inside
the fluid-filled ratio range of marine gas turbine cavi-
ties. The discovery of this characteristic is of great signif-
icance for the design of oil rejection holes and the diag-
nosis of fluid accumulation in marine gas turbine.

4.2 Influence of liquid viscosity on instability
threshold speed

In this experiment, when water was added into the
rotor disc cavity gradually, the instability was detected
at 35 ml. When the liquid was vegetable oil, the insta-
bility was observed at 98 ml. Finally, when the liquid
was lubricating oil, the instability was observed at 200
ml. The amount of liquid at which the first unstable vi-
bration of the fluid-filled rotor occurs is called the
amount of liquid at the instable threshold.

The vibration data of the cavity filled with 35 ml of
water, 98 ml of vegetable oil, and 200 ml of lubricating
oil were analyzed, as shown in Fig. 13.

The threshold speed of the above three groups of ex-
perimental data was determined according to the insta-
ble state identification criteria presented in Section 3.2.
The instable threshold speed and liquid amount of the
fluid—filled rotor under the three types of liquid were cal-

culated and are summarized in Table 6.

TableS 7,0, addition and subtraction analysis

Parameter Range and trend of change
1 1 'y 0.2 2 2
- R, - T - s T Y ®
m, K, K, K, K, K, K,
Tlmslaluhl) (mc) + 0 - - 0 +
M instability Increase Maximum points Decrease Decrease Minimum points Increase
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From Table 6, it can be seen that: With the in-

crease in the viscosity coefficient of the liquid, the
threshold speed of instability of the fluid—filled rotor in-
creased accordingly.

With the increase in the viscosity coefficient of the
liquid, the instability threshold liquid amount of the flu-
id—filled rotor exhibited an upward trend.

The vibration intensities of the fluid-filled rotors
were different for the three types of liquids with different
viscosity coefficients. The vibration data for 36 ml of wa-
ter, 98 ml of vegetable oil, and 200 ml of lubricating oil
were analyzed.

Based on the analysis of the characteristics of the
unstable vibration in Section 3.2, the sudden increase
in the amplitude during the unstable vibrations of the
fluid—filled rotor was caused by the vibration component
of the sub—harmonic frequency. Therefore, the relation-
ship between the amplitude of the sub—harmonic fre-
quency and rotation speed of three groups of experimen-
tal data were plotted, as shown in Fig. 14~16.

Compared with the analysis results of the three
groups of data, the amplitude growth rate of the unsta-
ble vibrations was different for different viscosity coeffi-
cients. Therefore, the rotor speed and corresponding
sub—harmonic amplitude with different viscous coeffi-
cients after the sudden increase were counted, as shown
in Table 7.

The slope of the amplitude growth rate was used to
indicate the speed of the amplitude increase. The slope
of amplitude growth rate of different types of liquid was
obtained by fitting, as shown in Table 8.

The influence of viscosity coefficient on the slope
of amplitude growth rate was obtained, as summarized

in Table 8. When the unstable vibration was caused by

Table 6 Instability threshold speed and liquid amounts for different types of liquids

Type Viscosity coefficient/(m?/s) Instability threshold speed/(r/min) Instability threshold liquid amount/ml
Water 1.0 x 107° 3300 35

Vegetable oil 8.5x% 107 3596 98

Lubricating oil 1.45x 107 3841 200

Table 7 Sub-harmonic amplitude of each rotor speed for different types of liquids

Liquid type Water Vegetable oil Lubricating oil
Rotor speed/(r/min) 3402 3481 3624 3632 3645 3921 3926 3934
Rotor—speed increment/( r/min) 0 79 0 8 21 0 5 13
Sub-harmonic amplitude/pm 81.38 177.40 45.92 182.80 242.90 69.81 90.77 430.60
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Table 8 Viscosity coefficient and slope of amplitude growth

rate

Vegetable Lubricat-

Type Water . . .
oil ing oil

1.0x 1077 7.8x 107 1.3x 107°
8.92 29.12

Viscosity coefficient/(kg/(m-s))

Slope of amplitude growth rate 2.04

fluid accumulation in the rotor disc cavity, with the in-
crease in the viscosity coefficient of fluid accumulation,
the amplitude and slope of the amplitude increase in the

unstable vibrations of the rotor increased significantly.

5 Conclusions

The following results were obtained :

(1) There was an instability threshold of the liquid
volume. In our experiment, the instability threshold liq-
uid volume was 35 ml. If the liquid was less than 35 ml,
the rotor system did not become instable.

(2) The rotor’s self-excited unstable vibrations ap-
peared after the first critical speed. The total vibration
amplitude increased, the sub—harmonic amplitude in-
creased, and a beat vibration appeared.

(3) With the increase in the viscosity coefficient of
the fluid in the rotor disc cavity, the instability thresh-
old speed of the rotor and the instability threshold fluid

volume increased.
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The innovation of this study lies in many experi-
ments. Furthermore, the inflection point as the amount
of liquid increased was found first, which expanded the
range of the relationship between the amount of liquid
and the instability threshold speed curve. Instable exper-
iments for the liquid in a cavity with different viscosity
coefficients were carried out, and the effects of fluid vis-
cosity on the vibration characteristics of rotor instability
were determined, which are references for the fault diag-
nosis of gas turbine.

The shortcomings of this study were as follows. In
the experiments of the unstable vibrations of the rotor
partly filled with liquid, the amount of fluid in the disc
cavity was small. Thus, the thickness of the liquid film
was thin. As the rotation speed increased, the transition
from laminar to turbulent flow could be observed easily.
Thus, it is important to improve the method of observa-
tion. The advanced method of observation could be used
to determine the distribution state of fluid in the disc
cavity at different rotating speeds and reveal the mecha-
nism of rotor unstable vibrations caused by fluid in the
disc cavity.
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