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Topics
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i EFRC
Why condition monitoring? oty
. COMPRESSORS
Sensor locations and data management
Signal analyses: -Acceleration (crosshead, cylinder, bearings)

-Velocity (frame)

-Proximity (piston rod)

-Dynamic pressure (compression chamber)
-Piston rod load

-Temperatures (valve, gas and bearings)

Early Failure Detection vs. Machine Protection




Why Condition Monitoring?

Challenge:
Solution:
Statement:

Task:

Increase machinery uptime with constant maintenance
budget

Max. component lifetime for extended meantime between
maintenance (MTBM)

Maximum MTBM depends on the "weakest link in the
chain", i.e. valves

Determine and monitor the "weakest link" to predict
necessary overhaul stops

Condition
P (Potential Failure) F (Component failed)
Good ‘ ] :
Failure -
occurs .
Lead time
Bad — > Time
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Maintenance Costs and Failure Modes
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Maintenance Costs of Reciprocating Compressors COMPBESSORS
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“Monitoring Reciprocating Compressors.” Presented to the NPRA, May 21st, 1997

Maintenance personnel must decide between taking a leaking compressor offline or running to a scheduled period. I




Sensor types and locations

Crosshead Piston rod Cylinder vibration
vibration position
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Dynamic indicated
cylinder pressure

0 30 60 90 120 150 180 210 240 270 300 330 360

*Process data
*Speed / phase reference




Data management

Data acquisition
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Trend values

Vibration amplitudes
Temperatures

Rotating speed

Suction / Discharge pressure
Etc ...

Dynamic values

Crosshead acceleration vs Crank angle.
Cylinder acceleration vs Crank angle
Rod movement vs Crank angle
Pressure vs Cranck angle

PV diagram

Spectrum are useless ?? ...
Timing is the key !




Piston Angle / Phase reference
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Piston Angle: 0.0 degrees EUROPEAN FORUM
for RECIPROCATING
COMPRESSORS

PistonAngle.wmv




Crank Angle (P-8) Plots
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Machine Measuring Point Data name TAG-Name Value Unit
M1000 Zylinder St.1 Vib. cylinder S 10044 -2000 - 2000 m/s?
M1000 KKB Stufe 1 Vib. cross head slide S 10043 -250,0 - 250,0 m/s?
M1000 Druck St.1 DS Press. head end P 10047 -2,207 - 97,79 bara
M1000 Druck St.1KS Press. crank end P 10046 -1,438 - 98,56 bar a
M1000 RD Stufe1 Rod position X 10044 0 - 2250 um
M1000 Saugdruck St.1 Suction pressure P 10049 0 - 40,00 bar a
M1000 Enddruck St.1 Discharge pressure P 10056 0-100,0 bar a
M1000 HydroCOM St.1 HydroCOM regulation PV 100498 5 %

Online 14.09.2015 15:52:14, M1000 , 332,7 1/min




Trend plot
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01.01.2000 01.01.2000 01.01.2000 01.01.2000 01.01.2000 02.01.2000
16:00:00 18:30:00 20:00:00 21:30:00 23:00:00 01:00:00

Machine Measuring Point Data name TAG-Name Segment Value Unit Status Min - Max TrendID
- Machine V CHS RMS values via 36 Seg. .. 10 degrees 1111 SIR 14 5 0 - 2500 m/s? 0x0 23,74 - 90,37 62

Machine: Machine 1 Trend 9 hours, CHS - 36




3-D trend / Waterfall plot

u] 16 32 48 64 80 mis®
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31.01.2012 07:16:40

Amplitude

29.01.2012 12:05:00

27.01.2012 16:53:20

®
pa 25.01.2012 21:41:40
N
%‘ \\\\ ‘((\G
SN N

N\,
N, TDC 36
N, 24.01.2012 02:30:00

. 1% CHS 1D-RMS values via 36 Seg. .. 10 degrees (0-30,00) mis*
. 2 Trigger-Rotation speed201,3 (0-300,0) 1/min

Maximum Yalue B60-C-1002 1st Stage, 24.01.2012 02:30:00t0 02.02.2012 02:02:25 Line distance: 1295 minutes
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Crosshead vibration

With acceleration sensors...

* mechanical damages

 clearance in the reciprocating drive train
* loose crosshead-piston rod connection
...can be detected in early stages
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Accelerometer Specifics

&=— - £ L EUROPEAN FORUM
| case charge amplifier = — case | for RECIPROCATING
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charge amplifier | & /
E i
preload screw mass
element | element

mounting stud mounting stud

compression type sensor shear type sensor

Piezoelectric Accelerometer
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Velocity Sensor Specifics

magnet

moving coil

N

Sensitive Axis

Y%

Traditional Moving-Coil Sensor
(self-powered)

charge amp. &
integration circuit

preload band._‘

‘ﬂ - Y

b i
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mass

crystal

f

e COMPRESSORS
= /
. u

mounting stud

Piezo-Velocity Sensor

(Accelerometer with onboard integrating circuit)

Integration within the sensor minimizes signal noise
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Crosshead vibration
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Machine Measuring Point Data name TAG-Name Value Unit
I V Z1St.1KKB Vib. cross head slide 5328 SIR 14 -2500 - 2500 mis?

Online 20.10.2012 12:00:01, 5321 V 01 - Zyl.1 Stufe 1 , 570,1rpm
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Case 1: Lubrication issue
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0 15 0 45 @ 75 30 105 120 135 150 165 180 155 210 25 240 5 270 285 00 315 330 tCA 360
Machine Measuring Point Data name TAG-MName Value Unit
Vibration cross head 2-2A Vibration signal m/s?
200 Vibration cross head I-24, RMS values via 36 Seg. - 10 degrees & ~+ X |

s N\
Segmented view (RMS 36 Segq.)

150

135

Bl
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0 woon EL I 00 6 7O 8 0 10 110 120 130 140 150 160 170 180 18D 200 0 20 230 M0 250 260 270 B0 280 300 30 320 330 M0 CCA
Machine Measuring Point Data name TAG-Name Value Unit
Vibration cross head 2-2A RMS values via 36 Seg. .. 10 degrees 0 - 2500 m/s?
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Case 1: Lubrication issue

Case with lubrication issue

Oniine & - X
250 L
mys= 1O BDC froc
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0 15 EL] 45 &0 7 20 108 120 135 150 165 180 135 20 2 240 55 m 288 00 215 130 TCa 80
Machine Measuring Point Data name TAG-MName Value Unit
Vibration cross head 2-2A Vibration signal -250,0 - 250,0 m/s?

200 Vibration cross head 2-I4, RMS values via 36 Seg. - 10 degrees & + X

SegmenEed view (RMS 36 Seg.)

150

135

Bl

.*_&_B__E__ZG__E__ZE__E_JL_}J__}L_B__H__}S__}L

o1 > e o
L 10 30 40 50 &0

n 70 8 S0 100 110 120 13 140 150 160 170 180 180 200 MO 20 230 M0 250 260 270 B0 280 300 30 320 330 M0 CCA
Machine Measuring Point Data name TAG-Name Value Unit
Vibration cross head 2-2A RMS values via 36 Seg. .. 10 degrees 0 - 2500 m/s?

16



Case 2: Loose piston nut

210 240 N0 300 330

Large inspection
found loose nut

30 40 50 mfs=

2. EFRC
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Case 2: Loose piston nut

150,00

m/s?

7,50

45,00

142,50

140,00

37,50

35,00

32,50

130,00

7,50

5,00

2,50

0,00

117,50

L5,00

112,50

110,00

7,500

2,500

0

5,000 [~
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Increase of segment #24 in 6 months

Prot

ection Limit

¥

2nd \Warning threshold

01.01.2000 01.02.2000 01.03.2000 01.04.2000 01.05.2000 01.06.2000
00:00:00 00:20:00 00:30:00 23:40:00 23:50:00 00:00:00
Machine Measuring Point Data name TAG-Name Segment Value Unit Status Min-Max  TrendID
I Viachine 1 CHs1 RMS values via 36 Seg. .. 10 degrees X11111 24 0-2500 mis? 0x0 0-3148 61

18



Piston rod displacement

Movement / displacement of the rod
measured with a proximity probe...

Debris and contaminants
(e.g. piston ring or valve fragments)

Oil or condensate accumulation
In the compression chamber

Condition of the piston rod
(incipient fracture)

Rider ring wear monitoring

EUROPEAN FORUM
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COMPRESSORS

19



Case 3: Broken Piston Rod

Normal signals- 8 minutes before failure

2032 Crnline & - X
um [1O€ EDc les EUROPEAN FORUM
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1250
1000
WM‘
750
500
250
Q
a 15 30 45 (] 75 a0 105 120 135 150 185 180 155 210 235 240 255 ] 285 300 315 330 FCA 360
Machine Measuring Point Data name TAG-MName Value Unit Safety (Beta) MP Status Channel Status
- RPCYL2S5t1 Proximity signal XKE-0B132A 0-2032 pm (A:0, 5.0, U:0, F:0x0000 (D: 0x00) (M: 0x40] (H: 0x80000000) Mo Error
RPCYL 2 5t 1, Pesk-Pezk over £ Seg. _ 45 degrees & « X
2032
pm
1750 H
Segmented view (Peak to Peak 8 Segments)
1500
1250
1000
750
500
250
o s B e—— I e s
a 10 20 0 40 50 &0 T p:ii) 20 100 110 120 130 140 150 160 170 180 150 200 210 20 230 240 250 260 ] 280 =0 300 310 320 330 340 CA
Machine Measuring Point Data name TAG-MName Value Unit Safety (Beta) MP Status Channel Status
[ | RPCYL2St1  Peak-Peak over £ XE-08132A um

Expert session condition monitoring 20



Case 3: Broken Piston Rod

First indications — 90 sec to failure

032 Cnline & ~ X
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1250
1000
750 \/\F/_/v_/
500
50

0

0 15 0 45 £ 75 %0 108 120 135 150 168 180 155 210 228 240 255 70 288 300 315 330 *CA 360
Machine Measuring Point Data name TAG-Mame Value Unit Safety (Beta) MP Status Channel Status

-" RPCYL25t1 Proximity signal XE-0B132A 0-2032 pm (A:0, 5:0, U:0, F:0x0000 (D: 0x00) (M: 0x40] (H: 0x80000000) Mo Errar

2032 RP CYL 2 5t 1, Peak-Peak over B Seg. - 45 degrees & ~ X

pm

= Segmented view (Peak to Peak 8 Segments)

1500
1750

1000

750

500

B _ _
o __ _ _ I e —
o 1 i) £ 40 50 &0 T0 B0 20 100 110 120 130 140 150 160 170 320 330 340 A

18D 150 200 10 220 230 240 250 260 27 280 %0 200 310

Machine Measuring Point Data name TAG-MName Value Unit Safety (Beta) MP Status Channel Status
[ | RPCYL2St1  Peak-Peak over f XE-08132A pm

Expert session condition monitoring 21



Case 3: Broken Piston Rod

Bigger increase — 41 sec. to failure

Online & + X
[TDC BDC [TDC

2032
pm
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1250

1000

750

250

[+] 15 30 45 i) 75 30 105 120 135 150 165 180 155 210 225 240 255 270 285 300 315 33 CA 36D

Machine Measuring Point Data name TAG-Name Walue Unit Safety (Beta) MP Status Channel Status
-VOIA RPCYLZ25t1 Proximity signal XE-08132A 0 - 2032 pm (A:0, 5:0, U:0, F:0x0000 (D: 0x00) (M: 0x40; (H: 0x80000000) Mo Error
RP CYL 2 5t L Pesk-Pesk cver & Seq. _ 45 degrees & v X
2032
pm

.. Segmented view (Peak to Peak 8 Segments)

1000

750

.
250
0 ‘ . I
40 50 &0 T ED 20 100 110 10 130

1] 10 il 0 140 150 160 170 180 150 200 210 20 220 240 250 260 70 280 250 300 310 320 310 M) CA

Machine Measuring Point Data name TAG-MName Walue Unit Safety (Beta) MP Status Channel Status
o RPCYL2St1  Peak-Peak over { XE-08132A pm

Ring Buffer 08.02.2016 23:08:24,417 (08.02.2016 23:08:24,417 BLOCK#5081451-5084817(3366)), 892,3 1/min

Expert session condition monitoring 22



Case 3: Broken Piston Rod

Shutdown released — 32 sec. to failure

Cnline & = X
032
[TDC BDC [TDC
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50D
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]

Q 1z 30 45 & 75 =0 105 120 135 150 165 180 135 210 225 240 255 27 2E5 200 315 330 *CA 360

Machine Measuring Point Data name TAG-MName Value Unit Safety (Beta) MP Status Channel Status

- RPCYL25t1 Proximity signal XKE-08132A 0 - 2032 pm (A0, 5.0, U0, F:0x0000 (D: 0x00) (M: 0x40; (H: 0x80000000) Mo Error
2032 RPCYL 2 5t 1 Peak-Pesk over & Seg. _ 45 degrees & v X

pm

= Segmented view (Peak to Peak 8 Segments)

1500
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750
L]
o I - 1 _
0 10 20 30 40 50 [ 70 80 20 100 110 120 130 140 150 160 170 180 150 200 210 220

230 240 250 260 270 280 i) 300 310 320 330 340 A

Machine Measuring Point Data name TAG-MName Value Unit Safety (Beta) MP Status Channel Status
B RPCYL2St1  Peak-Peak over ¢ XE-08132A um

Expert session condition monitoring 23



Case 3: Broken Piston Rod

Piston rod broke

Cnling & ~ X

o e poc ™ EUROPEAN FORUM
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1250
1000
750
50D
250

[1]

a 15 30 45 &0 75 20 105 120 135 150 165 180 195 210 275 240 255 2T 285 300 315 330 = CA 360

Automatic trip was no active!

1750

1500

1250

1000

750

500

: I

o 4
160 180 150 200 20 220 230 4D IS0 260 270 280 230 300 310 320 330 34D GCa
Machine Measuring Point |Data name TAG-Name Value Unit Safety (Beta) MP Status Channel Status
. . RPCYLZ5t1 Peak-Peak over £ XE-08132A pm

Expert session condition monitoring 24



Rider ring wear

Origin value

/\ Piston rod position \

Rider ring wear

EUROPEAN FORUM
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« The actual wear will be compared to a reference point of time
* Analysis is based on rod piston and dimensions (applied intercept theorem
« Adjustment of reference point necessary (zero adjustment)

25



Case 4: Rider ring wear

2274
pum

2025

1800

1575

1350

1125

900

675

450
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3'Y Warning threshold Manual machine shutdown after 3
Possible information through DCS- days violation
system M/ f
(
/\_/_/_/—J o -
//f 3'd Warning Thresholds
‘ 2"d Warning Thresholds
|
B
01.01.2000 02.01.2000 03.01.2000 04.01.2000
12:00:00 12:00:00 12:00:00 12:00:00
Machine Measuring Point Data name Segment Value Unit
Machine 1 RD Stufe 1 Rider ring wear 1 0-2250 pm

26



Cylinder vibration

With acceleration sensors...

Valve impacts
Broken valve plate
Loose valve cage
Leakages

Liquids

...can be detected

EFRC

EUROPEAN FORUM
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Cylinder vibration measurement

200
para |TDC

- IPressure HE

120

110

100

BDC

DV|CE
SVHE

Vibration at the
cylinder :

EFRC

AN FORUM
ECIPROCATING
PRESSDRS

BN

90
80

70

- Pressure CE

60

75 920 105 120 135 150 165 180 195 210 225 240 255 270 285
° CA

300

Those impacts always take place at the same time / ° CA
HE = head end CE = crank end; DV= discharge valve; SV=suction valve

Online 01.01.2000 12:00:00, Machine 1 - Cyl.1 Stage 1 , 500,0 1/min
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Case 5: Sticking poppet

=FO0

TDC leoc [roc
Dynamic pressure: pow 1e2
Lie DV closing
NN Cylinder Vibration:
\ /High impact DV closing
g - “ o e oS ST G N SN

|

\

1000

Lk
Zgg, EFRC
1200 S
EUROPEAN FORUM
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Case 5: Sticking poppet

100 °CA

sd
14.11.2009 06:21:00 L

EUROPEAN FORUM
Trend over 3 weeks for RECIPROCATING
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Cyl. vibr." ™

Tosmpesabur o suckion side

%—WNMWWWWW

T suction/discharge

Tempersture discherge sde

WMWMWJMW

MMW

2890 200G 01.11.2000 05,11 2000 09,11 2000 AT 2000 14112000
OO <00 03 -A2 00 20-38 00 138400 07 00 00 100 0% 00 AT A2 00 06 205 00

BDC 18

23.10.2009 00:46:00 .ConSt' temperature Values
*Early indication on pV
*Early indication on cyl. vibr

. 3 T Disch. 1B2-Temperature dis: ide91,39 (0-160,0) Deg C
Average Value 2B-306, 23.10.2009 00:46:00 to 14.11.2009 06:21:00 . 4T Suc. 1B2-Temperature suction side39,26 (0-160.0) Deg C
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Big Data — Example of usage in Condition Diagnostics

IEEEEEEEER R R

I EREEE]

Pressure

Pattern recognition compares
signals based on known cases
and results in automatic message:

,Blocked discharge Valve issue
Cyl. XY”

EFRC

EUROPEAN FORUM
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Dynamic pressure

EUROPEAN FORUM
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With pressure probes or strain rings
« Condition of the valves

« Condition of the sealing elements such as
piston rings and stuffing boxes

» Efficiency / losses

» Pulsations

« Monitoring of the control devices:
— Suction valve unloaders
— Clearance pocket unloaders

32



Dynamic pressure - pV diagram

55,0

bar a TDC

52,5

51,0

49,5

Output discharge

A

EU
for

= EFRC

ROPEAN FORUM
RECIPROCATING

48,0

46,5

45,0

43,5

40,5

39,0

37,5

36,0

34,5

33,0

315

30,0

28,5

27,0

Re-expansion

Input suction

Compression

Cg

DMPRESSORS

255

0,0
Machine

Machine 1
Machine 1
Machine 1

Machine 1
Machine 1

10

2,0

Measuring Point
Cyl.1,CE

SP Cyl.1

DP Cyl.1
Cyl.1,CE
Cyl.1,CE

3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0 11,0
Piston volume [Liter]

Data name TAG-Name
p-V-Diagram PR-1111
Process Data Standard Analysis PR-1111T
Process Data Standard Analysis PR-1111T
Break through suction pressure PR-1111
Break through discharge pressure PR-1111

Online 01.01.2000 12:00:00, Machine 1 - Cylinder 1 - Cyl. 1, CE (Type:Pressure) , 500,0 1/min

12,0 130 14,0 15,0

Value

-87,77 - 109,0
0-110,3
0-110,3
0-150,0

200,0 - 350,0

Unit

bar a
bar a
bar a
° CA
° CA

16,0 17,0 18,0 19,0
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Exercise: Detection of leakages

,Longer® to discharge pressure
—> Suction valves or packing (crank end)

~Shorter” to discharge pressure
-> Discharge valves

FORUM

TDC

3

BDC

,~Shorter to suction pressure
—> Suction valve or packing (crank end)

Discharge pressure

TOT RECITNKN

ATING

COMPRESSORS

,Longer” to suction pressure
—>Discharge valve

34



Case 6: Valve failure

Good
condition

Bad
condition

<10

TOC
T B PP T e Rl e AT

150

125

10,0

— e
/_'\-\D"——H-"\/—/JW il \M%f‘ﬂa

\ Suction pressure is
reached later

Discharge pressure is
—.__reached earlier

T

H\""‘\x

EFRC

EUROPEAN FORUM
for RECIPROCATING
COMPRESSORS

Line of
compression steeper
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Piston rod load

= ***
B EFRC
. _ . EUROPEAN FORUM
Calculation = Inertia force + Gas forces
g s(t) | COMPRESSORS
2, >
A A A A A AA A A A
< > < >
I R e e
< > Piston rod load
Ik
< > < >
Y V. VvV Vv v Y V. V¥ VY V¥
compression iston compression
chamber HE P chamber CE
Inertia force - piston, rod and crosshead mass Gas force - dynamic pressure
- speed - piston area
- connecting rod ratio HE = head end

CE = crank end
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Piston rod load

EUROPEAN FORUM

anline

300 o0 e — E for RECIPROCATING
28,5 45  COMPRESSORS
270 Piston rod Load N
25,5 \ =5
240 S0
’ 1 . 1 \\ 25
225 5 Reversal Period X -
21,0 1 —
1 1 15
19.5 i i 10
1 1
18,0 ] ' =
16,5 o - ' L i . #M ]
15,0 5
135 =Lk
-15
12,0
/ 20
10,5
-25
9.0
=)
7.5
-35
6,0 40
4,5 45
3,0 50
o 15 30 45 B0 75 a0 105 120 135 150 165 180 195 210 2235 240 255 270 285 300 315 330 = KW 360
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Temperature measurements

A - Machine S, f2415°C
E - Machinel i R --_--. _',_» "-\
Common e EUROPEAN FORUM

for RECIPROCATING
. Valve COMPRESSORS
* Gas
 Packing vent or case »
) Bea” ngs ﬂ ) : h H-» -_:,.« “/ m /

114,4°C 114,5°C

i . '.-.____._.___;_.,c" Lee ! b x .
ol Tk et ezl ) Y ’I =
{?%}J = L B | (i Leckgastemperatur Stufe2
s W e L R N ="

Uncommon

Status: 2nd upper warning level

1051 ~"C 106,2 °C 105,0 °C

 Crosshead guide  wwsos swsascs siorrees

« Connecting rod bearing and crosshead pin based on wireless very expensive and
not reliable
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Standards: Experience

LN *¥ *W‘

B EFRC
==

EUROPEAN FORUM
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— Crosshead vibration —

: : Machine
— Frame vibration > > :
Protection
«<— Piston rod displacement ——
Condition
Monitoring
D Dyn. pressure
< Cylinder vibration
— Process data

Technology developments and practical experience over recent years lead to additional
recommended measurements for monitoring and diagnostics.
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Summary

..A';*“ J"

(7 EFRC
Benefits & Challenges of Condition Monitoring are: FRSORER R
 Ability is there to avoid successfully secondary damage e

« Technology is available to provide early failure recognition to increase machine
running time

« The latest system generation is providing end user information instead of data
display

 Different approach for recips, which is not comparable with those for centrifugal
machines

« Threshold and limit setting demands experiences and dedication
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