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Topics

« Why condition monitoring
e Sensor |locations and data management

e Signal analysis: -Acceleration (CHS, cylinder, bearings)
-Velocity (frame)
-Proximity (piston rod)
-Dyn. pressure (compression chamber)
-Piston rod load
-Temperatures (valve, gas and bearings)

 API 618 recommendation
o Early failure vs. safety protection
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T Training Workshop: September 23/24 2015 1
Egm EFRC Condition Monitoring



Why condition monitoring?

Challenge: Increase machinery uptime with constant maintenance
budget

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

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

Task: 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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Total fallures by component

35% Quantitative survey 2010 - 2015 of damage events
30% listed in PROGNOST-HelpDesk data base
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Sensor types and locations

Crosshead Piston rod Cylinder
vibration position vibration

» Speed / phase reference o
* Process data Dynamic indicated

cylinder pressure
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Data management

Data acquisition

Trend values (Analyses)

Minute Hour
average

average
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Saved
snapshot

On-line signals

Present
situation
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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 - 2500 m/s?
M1000 Druck St.1 DS Press. head end P 10047 -2,207 - 97,79 bara
B M1000 Druck St.1KS Press. crank end P 10046 -1,438 - 98,56 bar a
M1000 RD Stufel Rod position X 10044 0-2250 pm
M1000 Saugdruck St.1 Suction pressure P 10049 0-40,00 bara
M1000 Enddruck St.1 Discharge pressure P 10056 0-100,0 bara
M1000 HydroCOM St.1 HydroCOM regulation PV 10049B 50 %

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

[L50,0
m/s?

Safety Limit
Short term /
— Average & min/max ™~ 2nd Warning threshold

over a minute
—  Early Failure Detection / /

Long term /

—  Hourly average |
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— Available up to lifetime of the : Al
system

62,50

5,00
112,50
0
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
Machint Measuring Po Data name TAG-Name¢ Segmen Value Unit Status Min - Max TrendID
. Machin(V CHS RMS values via 36 Seg. .. 10de 1111 SIR 15 0-2500 m/s? 0x0 23,74-90,37 62

Machine: Machine 1 Trend 9 hours, CHS - 36
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Trend
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01.01.2000 01.01.2000 01.01.2000 01.01.2000 01.01.2000 01.01.2000 01.01.2000
04:13:00 04:40:00 05:00:00 05:20:00 05:40:00 06:00:00 06:16:00
Machine Measuring Point Data name TAG-Name Segment Value Unit Status Min - Max TrendID
- Machine 1 CHS 1 RMS values via 36 Seg. .. 10 degrees 1111 SIR 11 2 0-2500 m/s? 0x0 2,204 -24,50 59
Machine 1 CHS 1 RMS values via 36 Seg. .. 10 degrees 1111 SIR11 6 0-2500 m/s? 0x0 3,645-16,36 63
Bl vachine1  CHs1 RMS values via 36 Seg. .. 10 degrees 1111SIR 11 8 0-2500 m/s?  O0xO0 3730-1746 65
Machine 1 CHS 1 RMS values via 36 Seg. .. 10 degrees 1111 SIR11 27 0-2500 m/s? 0x0 3,137-12,46 84
Il vachine1  CHs1 RMS values via 36 Seg. .. 10 degrees 1111 SIR 11 28 0-2500 m/s?  0x0 3,730-2340 85
- Machine 1 CHS 1 RMS values via 36 Seg. .. 10 degrees 1111 SIR 11 35 0-2500 m/s? 0x0 3,306 - 55,36 92
Machine 1 CHS 1 RMS values via 36 Seg. .. 10 degrees 1111 SIR 11 36 0-2500 m/s? 0x0 2,458 -29,50 93
Machine: V2 Trend 2 hours 3 minutes, CHS 1 - 36
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3D-waterfall trend

T - T
0 16 32 48 64 80 mig?

1012012 071640

Amplitude

20013012 120600

2T 01012165320

e®

‘ 24012092 0Z:3000

1 1\/CHS 1D-RMS values via 26 Seg. . 10 degrees (180.00) mis®
. 2 Trigger- Rotation speed201,3 (0-300 0) 1imin

Maximum Value 60-C-1002 1st Stage, 24.01.2012 02:30:00 10 02.02.201202:02:25  Line distance: 1295 minutes
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Alarming

e Warning
Early failure detection based on thresholds

 Alarm & Automatic Shutdown
Safety based on limits

 Unsafe Message
System failure self detection / plausibility check

In addition HMI interface for ...

- detailed diagnostic analysis
- data recall for archiving
- tool for measuring loop maintenance

e x' B
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Sensor locations

Crosshead Piston rod
vibration position

Cylinder
vibration

t_. G -EIL' .
LS

@
« Speed / phase reference Dynamic indicated
e Process data cylinder pressure
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Crosshead vibration

With acceleration sensors...
 mechanical damages

« clearance in the reciprocating
drive train

* loose crosshead-piston rod

connection s
...can be detected In early stages Lr —
. ,&;___n____ ’ _ . } . ’
: zmma
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Crosshead vibration
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Case 1: Loose elastic rod
coupling (Hyper)

B T L
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Machine heasuring Foint Cata name TAG-Hame Walue Unit i S ] Pressure nul
= o

B so-c 100z st St W CHS 1D 20/01/2012 12:100:01 SOV T 10543 -Z00.0 - 3000 mis® =2 " Support
I s0-c100Z st St “W CHS 1D Z1/0152012 12:00:00 S0 T 10343 -FO0.0 - 2000 mis® TR P

T . . .
Online 31/01/2012 12:00:00, 50-C-1002 1st Stage - Crank 2 - W CHS 10, 20032 1/min " Fixing Pin
" Cresshead f Distance piece
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Case 2: Loose piston nut

Big inspection
found loose nut

Training Workshop: TOC 36 gy, 15
Condition Monitoring

B EFRC



Case 2: Loos

e piston nut
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Piston rod position

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

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

e Oil or condensate accumulation
In the compression chamber

« Condition of the piston rod : :
(incipient fracture) N

« Rider ring wear monitoring

Training Workshop:
Condition Monitoring
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Piston rod position

e Single piston rod position = Average per revolution
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Rider ring wear

Origin value

A Piston rod position \
Rider ring wear

« The actual wear will be compared to a reference point of time

 The analysis is based on rod, piston and cylinder dimensions and the applied
intercept theorem

« After each replacement of the piston rider rings a new reference point of time is
necessary (zero adjustment)

i EFRC ™ condition Monitoring



Case 3. Rider ring wear

2274

pum

3rd Warning threshold
Possible information
through DCS-system

2025

Manual machine
Shutdown after 3 days
violation

1800 ‘\\\\“

1575 P N

1350 /
1125 /

900

675

01.01.2000 02.01.2000 03.01.2000 04.01.2000
12:00:00 12:00:00 12:00:00
Machine  Measuring Point Data name TAG-Name Segment
Machine 1 RD Stufe 1 Rider ring wear  X1.111 1

Training Workshop:
Condition Monitoring

3'd Warning Thresholds

2"d Warning Thresholds

05.01.20
12:00:0

Value Unit
0 - 2250 pm
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ase 4: Rider ring wear
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00:00:00 1&1000 20:20:00 0L:20:00 05:40:0C 08:50:00 000300
Machine Measuring Point Data name TAG-Name |Segment Value Unit  Status
GV-201B Kolbed/ Zstf Vs Rider ring wear A 2988 1 5419 pm Rotation speed under mnirmum value

Machine: GV-201B Trend 457 days 1 hour, K-Stange: Einzelwert & Tragringverschleif  Curson29.01.2014 13:15.01
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Cylinder vibration

With acceleration sensors...
e valve impacts

* broken valve plate
* loose valve cage

» leakages

...can be detected

Training Workshop: September 23/24 2015 22
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Case 5. Poppet valve failure (Hyper)

50 [*}

Condition Monitoring
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Cylinder vibration measurement

Pressure HE

DV
SV

Vibration até

CE
HE

DV HE

gre = Discéharge pres:%ure\;\

Pressure CE
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the cylinder:

"
----- d
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Suction pressuge
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Measuring Point
V Cyl1St.1ZYL
P Cyl1 St1HE
PCyl1St1CE
PCyl1St1CA
P Cyl1St1CA

Those impacts always take place at the same time / °CA

HE = head end CE = crank end

D0:00, Machine 1 - Cyl.1 Stage|

DV= discharge valve; SV=suction valve

Training Workshop:
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Case 6: Vibrations at a cylinder

B . -
0.0 36 72 108 144 180 ris®

Valve B o

23.01.2005 12:00:00

25.01.2005 03:00:00

" 21.01.2005 12:00:00

18.01.2005 02:00:00

What is the root
cause?

TOE 15.01.2005 00:00:00 Cylinder 1 15.01.2005 00:00:00 t0 01.02.2005 00:00:00

Training Workshop: September 23/24 2015
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Case 7: Sticking poppet

Dynamic pressure: ik |
Late DV closing / R
f/ \%\:\xﬂ\

40 ,’ i W e 8 1000
N Cylinder Vibration: f AN
T e : !

- /H|gh impact DV closing / =
- \ 700

o W i e R e TR gt
N
\ 500
\
210 \\
<0 \ // 300
A0 \\ / s
&0 ur\—:‘“‘*\:‘;i\_fh—ﬁ;_—/f i 100
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ase 7. Sticking poppet
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With pressure probes or strain
rings .
« Condition of the valves -4

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

« Efficiency / losses T
- Monitoring of the control = e
devices: Ve
— Suction valve unloaders [

— Clearance pocket
unloaders

»

Training Workshop:
Condition Monitoring
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Pressure cycle - pt diagram

55,0
bar a
525 O
utput
»
N >
51,0 S N e
/ g LS N e N,
M
495 /
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48,0
f
46,5 ‘
/
45,0 i
435 /
42,0
40,5
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34,5
33,0 /
315 pe
J‘
30,0 /
o
/'
285 A
S
A
Pad
27,0 ——
25,5
0 10 20 30 40 50 60 70 80
Machine Measuring Point Data name
Machine 1 Cyl. 1, CE Press. crank end
Machine 1 SP Cyl.1 Process Data Standard Analysis
Machine 1 DP Cyl.1 Process Data Standard Analysis
Machine 1 Cyl.1,CE Break through suction pressure
Break through discharge pressure

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

0k . Training Workshop:
E EFRC Condition Monitoring

90
ms

100

TAG-Name
PR-1111
PR-1111T
PR-1111T
PR-1111
PR-1111

110

Re-expansion

Suction

v

- o
i g

[P SN
OSPERP SISV A

140 150 160 170 180

Value Unit

-87,85 - 109,0 bar a

0-110,3 bara
0-110,3 bara
0-150,0 ° CA
200,0 - 350,0 ° CA
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Pressure cycle - pV diagram

55,0

BDC

bara ToC
Output
51,0 <
- — —
~— N T e T T \
495 \«" el e <
48,0 ‘\\ \
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\
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\
285 : H
Suction
>
27,0 . <
N T e T =
255 o
0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0 11,0
Piston volume [Liter]
Machine Measuring Point Data name TAG-Name
Machine 1 Cyl. 1, CE p-V-Diagram PR-1111
Machine 1 SP Cyl.1 Process Data Standard Analysis PR-1111T
Machine 1 DP Cyl.1 Process Data Standard Analysis PR-1111T
Machine 1 Cyl.1,CE Break through suction pressure PR-1111
Machine 1 Cyl.1,CE Break through discharge pressure PR-1111

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

Training Workshop:
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13,0 14,0 15,0 16,0 17,0 18,0 19,0
Value Unit
-87,77 - 109,0 bar a
0-110,3 bara
0-110,3 bar a
0-150,0 ° CA

200,0-350,0 ° CA

September 23/24 2015
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pV characteristic values

Discharge Loss
Energy

— Discharge Volume Ereak Through

Discharge Pressure

Discharge
Fressure

| N
Folytropic Exponent 1,

Expansion Line /

Fe-Expansion of 10%

Re-
expansion

Folytropic Exponent 2,
Compression Line

Compression

Folytropi¢ Exponent 1,
Compresgion Line

Folytropic Exponent 2,

Expansion Line il
Ereak Through Suction
Suction Pressure S Pressure

Suction Intake Wolume

Suction Loss Energy
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Exercise: Detection of leakages

,Longer“ to discharge pressure ~Shorter“ to discharge pressure
—> Suction valves or packing (crank end) | | - Discharge valves

s

TDC BDC

Discharge pressure

“Suction pressure

,Longer* to suction pressure
—>Discharge valve

~shorter” to suction pressure

—> Suction valve or packing (crank end)
Training vvorksnop: September 23/24 2015 32
Condition Monitoring

5 EFRC



Case 8: Valve failure
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Case 9: Bad suction valve

bara

0.0 10 20 30 4.0 50 6.0 70 80 2.0

Machine Measuting Foint Data name

C-205 Cyl2, head p-W.Diagram

(= Cyl3, head Suction pressure CA
£-205 Cyl.3, head Discharge prassure CA
C-305 Cyl3, head 17.03 2010 13:0001
C-305 Cyl 3, head 17.03.2010 130001
C-303 Cyl3, head 17.03 2010 13:00:01

C-305 Cyl3, head Braak thiough suction pressure
C-305 Cyl3, head Break through discharge pressure
C-305 T-5W C3, haad Tamp. suction valve, HE

C-305 T-Df £3, head Temp. discharge vahie, HE

Online 09032010 13:00:00, C-305 - p-V-Diagram , Cumor 0]-380,0, 3425 1/min

Training Workshop:
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100

1.0 12,0
Piston wvolume [Liter]
TAG-Name
PR 200 B.T
PR320 B-T
PR 380 B-T
PR3COE-T
PR 380 B-T
PR 300 B-T
PR 360 B-T
PR320 B-T
TI33142
TI331-14
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Piston rod load

o Calculation of piston rod load
= Inertia force + Gas forces HE/CE

y s(t)

A A A A A

YV ¥ ¥V ¥

X X X X X A A &

Y ¥V ¥V V ¥V V V V Vv

A A A A A

Piston rod load

YV ¥ Vv V¥

compression
chamber HE

compression
chamber CE

Inertiaforce - piston, rod and crosshead mass Gas force - dynamic pressure

- Speed
- connecting rod ratio

- piston area
HE = head end

CE =crank end 3



Piston rod load

Online

:aor'g moC EDC o i?“
28,5 45
770 kit
= | Gas Force _ o5
Piston rod Load 0
i 25

225
20

210
P HE | |
Pressure CE  Inertia Force ressure i
18,0 5
16,5 0

[

15,0 -3
13,5 it
-15

12,0
20

10,5
-25

a0
-30

7.5
35
6,0 |40
45 45
30 50

(i} 15 30 45 &0 75 90 105 120 135 150 165 180 185 210 235 240 255 270 285 300 315 330 KW 360
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Piston rod load

300 Cnline w0
ol BDC tDC Iﬂ
28,3 45
7.0 40

35
25,5 -
Piston rod Load P

25
225

20
210 = 15

Reversal Period

195 10
18,0 5
16,5 0
15,0 5
13,5 10

-15
12,0

-20
10,5

-25
9.0

30
T5

35
6,0 -
45 45
3.0 50

o 15 30 45 &0 75 a0 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 = Kw 360
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Piston rod load vs. Vibration
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Case 10 : Loose connection
during machine start-up
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Case 10: Loose connection
during machine start-up
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Case: Loose connection during
machine start-up

* Loose connection crosshead / piston rod after
restart of a overhauled compressor
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Temperatures

-Machine
Common
e Valve
e (as

e Packing vent or case
e Bearings

§ f 3683 bary 4531 °C
I ! = * o o

B oleEl A 38150arg | 4584°C
JL | T 25568

Leckgastemperatur Stufe2

Status: 2nd upper warning level

Uncommon Py
e Crosshead guide

« Connecting rod bearing and crosshead pin based on
wireless very expensive and not reliable
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Early failure vs. Safety

Condition
monitoring

+<— Crosshead vibration —

«— Frame vibration —

«— Piston rod position —

«<—  Dyn. pressure

< Cylinder vibration

— Process data

Safety
protection
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APl 670

« Shutdown parameters for APl 618 machines

Monitored Point Signal Type

_ Low Frame Lube Oll Pressure
Protective _ : :
Signals High Frame Vibration Accelerometer
High Liquid in Separator Level
. High Crosshead Vibration Accelerometer
Additional _
Signals  High Gas Discharge Temp. Temperature
High Differential Gas Stage Pressure
—. 2 £ i > :
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Summary

Benefits & Challenges of Condition Monitoring are:
» Ability Is there to avoid successfully secondary damage

 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

¥ :I II__;-.*; e ‘F . i

-
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