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Abstract

B During FAT of a centrifugal compressor, non-synchronous
vibrations were observed. The dominant frequencies are
different from both a) the rotor system natural frequency,
and b) typical rotating stall frequency in parallel wall diffuser.

B Investigation is conducted and found that the downstream
flow control valve generates pressure pulsation and it caused
rotor vibration.

B As a practical solution, the flow control valve location is
modified and this result in the lower pressure fluctuation and
vibration amplitude.

B CFD analysis illustrates the actual phenomena qualitatively.
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Factory test configuration

@)

LP Compressor
(LPC)

Cooler Restriction
orifice Flow control valve
_(k@ il I
|||
|
Bypass _lll :;21—
valve

HP Compressor

(HPC)

Compressor : 8 stages,
2 sections

Test condition
Gas = CO2(100%)
Ps=1 barG
Pd=63 barG
N=8910rpm(100%)

9356rpm(105%)
Power = 6900kW (approx)




Sub synchronous vibration (SSV)

/45 Left Half Spsctrum

WLPC Vib DE-Y VE25308B-

==Compressor
From 28May2012 180254 To 28May2012 19:20:41
SPECTRAL LINES: 1600 RESOLUTION: 0313

Start Up 25May2012 19:25:41.051

Mone

FS: 0-500
B
SAMPLE FILTERING

38 May 152830 056 |
25 May 190618084 4

28 May 19:24:42 300
29 May 19:22:41 080
23 May 192037089
28 May 191837007
20 hay 101632 108
28 May 18:1428.115
20 May 19:12.26.123
29 May 19:1026.131
28 My 190821 14
28 My 100618140
29 May 19.04:12.157
28 May 19.02:02.166
29 May 190003175 |2

28 May 185755183
28 ey 185552192
29 May 185347201
50 Way 1851:43.200
20 hay 154930 218
20 May 184734227
28 May 184528235
29 ey 18:43:23.244
29 May 18:41.17.253
29 May 153012 262
28 hay 183706270
28 May 183502278
28 May 183258035
28 May 183057296
28 May 182851303
20 May 182650313

28 May 182449321
28 May 182251330
29 May 182100337
28 May 18:1859 346
28 May 18:16:56 354
28 May 18:14:31.363
28 May 1812357371
28 May 181103379
29 May 180007 387

AMPLITUDE: 4 um pp/div

28 May 18:07:01 386
28 May 18:04:36 404
28 May 18:02.54.413

a .
0062200

Features

- SSV observed as

discharge pressure
increased.

- Several frequencies
are dominant.

- Some frequencies
are changed as
discharge pressure
change.
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SSV

Root cause analysis —(1)

Self-excited
vibration

Forced
vibration

Typical frequency is NOT the system
natural frequency(70Hz) and log dec is
sufficiently large (= 0.7,approx.)

<Internal> Flow angle meets the Senoo

Rotating stall criteria.

Bend pipe and/or valves

<External>

— Piping system sometimes generate strong

vortex, which may possibly

excite the rotor.



Rotating stall criteria check by Senoo criteria

Root cause analysis —(2)

o bS'"stage
Py ath N
- Sldgt
_ 25th t » * 7th Stag b
= stage
E P
3 P
,.—/--
T
® Flow angle at diffuser inlet ||
— acrit.senoo M
| I
0.00 001 0.02 003 0.04 0.05 0.06 007

b2/r2

Meet the Senoo criteria with
reasonable margin

Pressure amplitude [bar, 0-p]
2 8 8 &8 & 8§

[=]

Pressure pulsation measurement

May 29@ Sec2-Dis
——  May 25@ Sec2-Dis
May 23@ Sec2-Dis
A O b N M
0 20 40 60 80 100 120 140 160 180 200

Frequency [Hz]

\ 4

Pressure pulsation is observed,

dominant is 0.052MPa, 65Hz.
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Root cause analysis —(3)

Shop piping arrangement is
complicated, close distance between
bends, valves, orifices, duetoshop  _______

space limitation. @ i T

B Possible to generate excitation force
at shop piping system.

B Main valve and orifice was to swap
the position and tested.
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Comp
discharge

Bypass valve  QOrifice
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|
|
|
|
|
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|
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|
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|
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Main valve Orifice




SSV after swap

WLPC Vik DE-Y VEZ5308B- 45 Lsft Half Spectrum
=Compressor

rom 25May2012 17:16:25 To 25May2012 184949 Start Up
ENone SPECTRAL LINES: 1600 RESOLUTION: 0.313

SAMPLE FILTERING

25 May 184854762

25 My 18:46:48.301

23 May 1894:34 810

25 May 18:42:19.810

23 May 184005829

25 May 18:37.51.838

23 May 183337847

23 May 183324836

25 May 183110866

28 May 18:2856 875

23 May 18:26:42 884

23 May 182428893

28 May 18:22:13.003

28 May 181959012

25 May 18:17:46 521

23 May 181532531

23 May 1813:17940

23 May 18:11.045845

28 My 18:0850058
23 May 18:08:36 968 | =
23 May 180421877
28 My 180208086
20 My 17:58:55905 12
23 May 17.57:42.000
23 May 17:52:28014
23 May 175318023
25 May 17:5111.032
28 May 17:48:03.040
23 May 17:46.50030
23 May 17:44:38 059
25 May 17:42:36 067 |2
25 My 17:40:35911
23 May 173825083
25 May 17.36:14.084
28 My 17:3400.102
25 May 173205111
23 May 17:29:31 120 =5
23 May 1727.37.128 ==
23 May 172522139
28 May 17:23:08148
23 May 17:2004.137

23 May 17:1840.166 |Z=
25 May 17:16:25.176

25May2012 17:16:25.176

100
FREQUENGCY: 10 Hz/div

AMPLITUDE: 4 um pp/div

002e200

Drastically reduced
SSV vibration
amplitude.
Accordingly,
excitation force is
generated at shop
piping system, NOT
compressor.

FAT is successfully
completed.
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Verification by unsteady CFD analysis

1. Presumed root cause

v’ Pressure fluctuation is generated at downstream of compressor.

v’ It propageted to compressor discharge and it result in rotor
vibration.

2. Verification procedure
v’ Separate CFD to be conducted for 1)Piping and 2)Compressor.
v’ To confirm
1)Piping system to generate excitation force
2)Compressor can be excited by the force generated by piping
system.
. SN v Ly y =



CFD analysis result of piping —(1)

Main valve , , _ Main valve _ _ _
View from bottom side of main valve View from bottom side of main valve

»-"}." ._,.5..

\\ / /‘ [1] Original configuration [2] Swapped configuration

E A I 'E. | Streamline
~ ~w T = Ay ==




CFD analysis result of piping —(2)

L=6.4m(A33) L=6.4m(A33)

L=3.7m(A21) __ o> 8 — L=3.7m(A21)

L=2.5m(A16)

=a.0m(A41)
<”1=1.0m(A08)

L=2.5m(Al6)

L=8.0m(A41)
L=1.0m(A08)

NOTE: Locations are shown in above fig
by green dots where FFT taken

Main
valve

Decreased
pressure
| fluctuation

0.010
0.008
0.008
0.004
0.002
0.000

-0.002

-0.004

-0.008

-0.008

. -0.010

2.

[2] Swapped configuration
R, N W S T gy 4 AR




CFD analysis result of piping —(3)

0'5'06°070/80'01/011 1213141551617 /8 110210212 22/3 24 2 5 05060708 0/81'0 1121811415 181 7 8 1 e 2021222 82 4 2 s
s =
MPa MPa
0.005- 0.006-
: : Decreased
00042 0. L0 the level of
0.003: 0.003: 10, 25, 40Hz
0.002- 0.002-
0.001° 0.001-
0.000-. B i

0 20 40 80 80 100 120 140 160 180 200 0 200 40 80 80 100 120 140 160 180 200

Hz

[1] Original configuration

Hz

[2] Swapped configuration

== Static pressure fluctuation upstream of main valve
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Summary of piping system CFD

m According to the unsteady CFD analysis, static pressure

fluctuation level is improved by swapping main valve and
orifice.

m CFD result shows;
10, 25, 40 Hz pressure fluctuation observed.
These fluctuation can be reduced by approx. 30% - 50%
from original to swapped configuration.

m CFD qualitatively illustrates the actual phenomena.
Pressure fluctuation amplitude is different between CFD and
measurement. This is because constant pressure is given at

compressor discharge as a boundary condition.
.. Y T 2y B .




CFD analysis model for compressor discharge

[Case-1]
Compressor Pd = 6.7 Mpa (constant)
[Case-2]
Compressor Pd is fluctuated as blow based
\ on the pressure pulsation measurement.
1) impellr Pd[MPa] = 6.7 +0.052 x sin(t)
3) Exit volute @ =65[Hz]x 27 = 408.4 [rad / sec]

4) E |
Yeee t [sec]




CFD analysis result of compressor

i 110Hz
““70.09kN 0.16kN
0.70: 65Hz 1X(sync)
. 0.05kN
0.15° e 312Hz

o qoo 200 300400 BOO
Hz
FFT of fluctuating force X-direction
" Fy 110Hz
55Hz 156Hz
0.2, 0.05kN
__085kN 0.15kN
0.20: 65Hz 1X(sync)
: 0L0SKN: - /e
0.15:
0.10°
0.05-
0 100 200 300 400 h00

Hz

FFT of fluctuating force Y-direction

[Case-1] Pd constant

Fx
110H
Ny 2 gszqsz 0 11kT\| i
55Hz E 42 ; 0.14kN
0.19kN \ 1X(sync)
0.152 / 312Hz
T 0.03kN
: 2X
0.05- /

o7 e 200 e00 T o0 Ts00
Hz
FFT of fluctuating force X-direction
Fy
110
kN el i

0.25 021kN 0.13kN

: v 0.14kN
55Hz . 1X(sync)
0.13kN \
312Hz

0.03kN
2X

4

o 100 2000 soo 400 500
Hz

FFT of fluctuating force Y-direction

[Case-2] Pd fluctuated




Excitation force and resultant vibration amplitude

[Case-01] [Case-02]
Pd constant Pd fluctuated
Fr (kN) around 60Hz 0.0686 0.147

f\} Excited by Fr at 60Hz on 8t impeller

)

gt IIIHII )

\

Excitation is calculated and its
resultant vibration amplitude is
7.3 micro m(p-p), which is

T
ol
S

|1\ | L L Ll Ll |1| LL \!\ L L L1 1N}
5 2 30 40 45 50
- = o = = = = = = = = o o o = Q
= b = = = = = = = = 3 b =
5 38 o AR A& A& & & & A2 2 i3 S imi
g g2 » 2 ¢ Z 2 milar level of th tual SSV
o 2 ¢ — — — — — - - -9 ( e
g8 &8z U = E R R R R R R W =zA = similiar ievel O e acCtuad
c 9@ Fy s o o T n o ;= Lo 5
;50 mi i Y & = H s 4 & oM
—_— =]

amplitude.
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Summary of comp discharge CFD

v According to the CFD, in case the compressor discharge
pressure is fluctuated by external force by shop piping, force
acting on the rotor is increased.

v Case-2 analysis indicate different frequency such as 110Hz

IS observed, even the compressor discharge is fluctuated at
65Hz only.

v Vibration amplitude is calculated by the excitation force of
65Hz on 8t stage impeller, it result in 7.3microm at the probe
position and is very similar level of the actual (6.5microm) .

LAV ™ &y
A-‘




Conclusion

m Separate unsteady CFD was conducted for 1)piping system and 2)
compressor discharge. It's result indicates the piping system was the
root cause of the SSV.

m The excitation force can be reduced by swapping, and CFD shows
gualitatively good agreement with actual phenomena.

m Shop piping system generate pressure fluctuation and it propagate
toward compressor discharge.
Compressor rotor is excited by the external force and vibrate at
excited and different frequency.

m Due to the separate CFD, it seems that excitation force is calculated
lower than the actual. In actual, piping excitation force and compressor
discharge disturbance interact and result in higher excitation force,
and vibration.
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Lesson learnt

m \When high pressure test condition, even a shop
downstream piping system can possibly generate
excitation force, which result in compressor rotor vibration.

m Sufficient consideration shall be taken to the shop piping
system also.

N~ AV R D |y
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