U

University of
Stavanger

Faculty of Science and Technology

MASTER’S THESIS

Study program/Specialization:
Spring semester, 2021
Marine- and Offshore Technology

Open

Writer:
Jama Ali Jama Ali

Faculty supervisor:
Prof. Daniel Karunakaran

External supervisor(s):
Dr. Qiang Chen

Thesis title:

Flow Introduced Turbulence & Pulsation Assessment for Subsea Spools

Credits (ECTS): 30

Key words:

FIV Pages: 107
LoF

Flow-Induced Turbulence + enclosure: 0

Energy institute
Subsea spools
Flow induced vibrations Stavanger, 29.06.2021







Acknowledgment

First and foremost, I would like to thank my supervisor, Dr. Qiang Chen, who supported me on every
problem that occurred while writing this thesis. I appreciate his great assistance and accurate comments,
which were critical important during my work. I thank him for his motivational eagerness to help me
accomplish the thesis. It inspired me and helped me to perform at my best. This thesis would have never

been accomplishment without his dedicated involvement and his encouragement.

Secondly, I would send a special thanks to my other supervisor, Professor Daniel Karunakaran for helping
me with setting up an office space at the subsea 7. I will also be grateful for his valuable help, guidance and

follow-up during my time working on the thesis.

The last people I want to thank is my family. Without their support and love, this thesis would have been a
lot more difficult. They showed a profound interest in what I did and facilitated everything else, so I could

solely focus on the project.



Abstract

Submarine Spools are essential elements of a submerged structures. Subsea technology is a widely
specialised field with new developments, the production of oil and gas is becoming possible at increasingly

deeper water depths and harsher environment.

A high level of reliability and safety is therefore required for subsea structures to deter failures which

possible can cause adverse crisis but also ensure secure and steady production of hydrocarbons.

A tie-in spool is a short section of pipe that connects and transports production fluid between subsea
components. Spools can run between a pipeline and a manifold/template or wellhead, or even between two
pipelines, and are often connected to different types of structures at either end. A spool primarily serves two

purposes. (Yong & Qiang, 2014)

1. Ensures the connections between subsea systems and pipelines and compensating for the
misalignment from installations.

2. It also reduces or mitigates axial expansion of flowlines. Therefore, to prevent expansion propagation
to an adjacent system, Spools with curves are situated to contain and prevent high loads being

transferred to an adjacent structure.

Loads imposed on the spool connecting hubs due to misalignments during tie-in as well as the pipe expansion
normally set the limitations for the spool design. However, the O&G industry start to be aware of the fact that

Flow induced vibrations (FIV), may be another limitation for spool design.

FIV for subsea structures is a contemporary topic in the industry. It is an industry trend to put valves/piping
on spools which has a potential to trigger the VIV. The main objective of this thesis is to perform some
screening checks for typical spool arrangements with piping/valves and perform some sensitivity cases for
FIV. The first step is identification of potential excitation mechanism which are based on geometry of the
spool arrangement. When the excitation mechanism is determined and an initial screening check is done to
calculate the likelihood of failure, the LOF number. Detailed analysis using finite element method will be

described for situations when the LoF number are above a certain threshold.



Contents

Vol 4 o 1TY] 1=To F=d 3 s T=Y o AR 3
LY o153 1 - [ T OSSR P PR URTOPPTOPPOI 4
LIST OF TDIES ...ttt ettt et e e st esa bt e st e e b ee e s bt e e b et e e h b e e s bee e s be e e beeeanteesreeesareena 7
LISt Of ADDI@VIATIONS. ...ttt et e st e s b e e e s ab e s bt e e sab e e s be e e ab e e s abe e e sabeesabeeeneeesreeeneeas 9
(0 0 F=T o1 o =T ol PR 10
N0 R a1 o Yo [0 o1 o o RO T T PP U USSP PPTOPRRRPRRRPRRORON 10
R Y ole Yo =i g o oY o JT=Tor 1Y/ YRR 11
1.3 STrUCLUIE OF the THESIS «..eeeieeiee ettt et e st e s bt e e s bt e et eeesabeesabeeesabeesabeesneeesneeennneas 12
ChAPLEr 2 LItEratUre MBVIEW ...uiiiiceiiiee it s sttt e eette e e ettt e e e ettt e e s sbte e e s sbeeeeesabteeesaasteeeeasseaeeesastaeessastaeesaastaeeesnssneessnssenessnns 14
2.1 Basics Flow-Induced Vibration Physics and ANalysis.........ccccuiiiiiiiiiiieciiiee ettt e et e e s naeee s 14
2.0.1 FIOW-INAUCEA VIDIAtioN ...coueiiiiiieeiiecie ettt ettt sttt sttt e b e be e s me e et e et e e nbeesbeesaeesanesane 16
2 I Y [0 Yo 11 =T o] o 12 ot SR 16
2.1.4 Phenomenon and KEY ParamelerS......cuuuiiiiciiieeieciieeeseciieeeeseiiteessetteeessebeeeeesabtaeessasteeeessstaeessassasesssssesessssseeesanns 16
2.1.4 Natural frequeNCIEs aNd MOGES .....ccoiiuiiiiiiiiiee et e e s et e e e e e ebte e e e ssbtaeeessateeessasteeessassneeeanns 17

2.1 EXCITAtioN MECHANISIM ..ottt b e b e s bt sae e st e et e e st e e s bt e saeesabesabeebeebeenseesneas 18
2.2.1 Flow-Induced TUIBUIENCE (FIT) uuriiieieiieee ettt ettt e et e e e et e e e e et e e e e ette e e e ebtaeeesantasaesstasassnntanaeanns 18
2.2.2 Flow-Induced Pulsations (FIP) IN DEAA LEES......cccueeeiuiiiiiieeieeeeiteectee ettt et e estre e s te e s tae e sba e esaae e s teessaeesareeennns 19
2.2.3 Rough Bore Flexible Risers Carrying DIy Gas ......ccveeiecieeeiiciieeeiiieeeeesiieeeesstteeesssveeesesvsaeesssntaeesssssesesssssesessnns 24
2.2.4 High-Frequency Acoustic EXCItation (HFAE)........c..coi ittt ettt e e e et e e e eatee e e e eate e e e sntaeaesntneeeenns 24
2.2.5 Surge Associated With Fast ACHING VAIVES .......ooouiiii ettt ettt e ettt e e e tte e e e e sate e e e sntaea s sntaeaeeans 24
2.2.6 CaVvitation @nd FIASHING ...cc.eviiieceee et e e e et e e e e e bt e e e e e bte e e e ebtaeeesaateeeesantaeaesantaeeeanns 25
2.2.7 Vortex Shedding Around Thermowells or Other Intrusive Elements.........ccccvveeeciiiiiiciiee e cecieee e 26
2.2.8 Mechanical Excitation from Reciprocating/Positive Displacement Pumps and Compressors ...........cueu..... 28
Chapter 3. Methodology: SCre@NING ASSESSIMENT .....ccccuuiieiiiiieeeeciieeeeecieeeeectteeeeeetteeeeeebteeeeeastaeeesastasassastaseesassseessassesansnns 29
3.1 Detailed Fatigue Life ASSESSIMENT.......ciii i iiie ettt ettt e et e et e e e et e e e e eabeeeeeasbaeesassaeesesteseeensbeeeeannseneeennsens 33
3.2 FLOW-INDUCED TURBULENCE.........coitiittirtertiettereesteesiee sttt sttt et e e s sane st s st e st e s meesbe e sane et e enreesneesanesanesane 34
I R LY YW o ) 71 4 o o PR 34
A 1= =T o VT YL ¥ = 1Y 36
3.2.3 Determination of the liquid viscosity COeffiCcient (FVF)......ccueiiiiciiie ettt e e et 37
3.2.4 Determining sUPPOIt ArranNGEMENT......uuuueeiui e nnann 38
3.2.5 Calculation of likelinood Of fAIlUIE (LOF) ....ccoieeeiuriieeiee ettt ettt eee e e e e e e e eeeaabrareeeeeeeessssssaseeeeessnsnnnns 41

3.3 PULSATION: FLOW-INDUCED EXCITATION ...c..etiottitieteenieenitenite et et et et esite st sr st esseesmeesmeesaneeeeenseesreesanesanesane 42

I 0 G =Y ) 0 =) oL = ¥ o T 42



3.3.2 Calculation of likelinood Of fAIlUIE (LOF) ....uuvveeiiiiiiiiiiieeeee ettt eeeeibrae e e e e e eeeessbaeeeeeeeeseennnns 43

(0 T o X B ST U 4 UPRPPRRN 44
4.1 Flow-Induced Turbulence (FIT) Calculation fOr Case L......ccuiiiireiiieeiie ettt e stre e ste e e srre e srre e s sraeesaaeeens 44
4.2 Flow-Induced Turbulence (FIT) Calculation fOr CASE 2 .......uuveeiiiiiiiiiiiiiieieee et eeeeerreee e e e e eeeeabrereeeeeeeennans 47
Bl D11 11 U=To T =1 ] USSR 50

4.3.1 Developing structural finite element MOUEIS .......c.uviii et e e e eare e e e s raeee s 50
VI B AN = To 10 o To =Y VA ol o T L1 4 e o - USRS 50
4.3.3 Prediction of HarmoNiC RESPONSE .....cciicuiiiiieiiieecciiee e ecttee ettt e s et e e s stee e e s stae e e ssasaeeessasaeeessnsaeeesansseeesasseeean 51
e B A Yo o) o = L (U oYU 1= o ol ST 51
4.3.5 Prediction of overall RMS and maxXimum rE@SPONSE ........ueeeeiiieieeiiieeeeciteeeeeireeeesaaeeeessseeesessseesesseeesasseeens 52
e W R D 0 g F- =Ll ot | (ol U1 = d o ISR 53

O o E- Y AT g R [T do N [T Yo 1= - of- 1Y TSRS 54
Y =Y o Y1 Y7 A AN T 1Y £ LSRR 55
A.5.1 GAS TINES 1ottt ettt e h e s a ettt e b e e bt e bt e e h et e a et et e e be e e b e e eheeeabe e be e bee bt e aneeeneeenteeteen 56
4.5.1.1 Varying Wall tNICKNESS ....ccccuiiee ettt ettt e e e et e e e et e e e e ttaeeesassaeeeesasaeeesanssaeesanseeeesansaneens 77
B.5.2 Ol TIN@S .ttt ettt ettt ettt ettt e sttt e st e e bt e e s bt e s beeesubee s bee e e st e e s beeesabeesabee e bbeeebeeeeabee e beeennbee s baeenareena 78

(0 T o1 =TT BT E ol U 11 o o PSR 101
Chapter 6 Conclusion and RECOMMENAATIONS .........ccicciiiiiiiiiie ettt e e e et e e e etre e e ssateeessasseeessasaaeesansaeeeeanneneens 103

RO EIEINCES ..o 105



List of figures

Figure 1: Multiple excitation MEChaniSM... ... i e s e e s s e e e s ssbee e s esabeeessnnrees 14
Figure 2: Flow induced turbulence at a bend (Gharaibah, Barri, & Tungen, 2016) .......c.cceevereiieeecieeceeesee e svee e 18
Figure 3: Frequency range dUE L0 FIP ... .uiii ittt ee e e et e e e st e e e e et e e e s e aabae e e e staeeeennbeeeeenssaeeeennseeeeennrens 19
Figure 4: Vortices at dead leg (Gharaibah, Barri, & TUNZEN, 2016) .....cueeeiuieeeiiiieiiee ettt ae e s ree e sareeeans 21
Figure 5: ACOUSTIC PUISALION [EVEIS ......eiiieiieeeciiee ettt e e e s e e et e e e s s abe e e s snbeeeeesbeeesesabeeessnnsens 22
Figure 6: The source strength from ansys acoustic (Gharaibah, Barri, & Tungen, 2016) ........ccccceeevrieeeeicrieeeeeciiee e 23
Figure 7: Sudden stop Of FlUid MOTION.......c..iiiiiiie e e e e e e e s e abe e e e e abe e e e enbaeeeennbeeeeennrens 25
Figure 8: The boundary layer separation and vortex shedding due to thermowells.........ccccoeviieiiiriieiiiniee e, 27
Figure 9: The boundary layer separation and vortex shedding due to thermowells............ccoeeiiiiiiieiieiiiee e, 28
Figure 10: Process of calculating LoF for FIT (Swindell, Hidden integrity threat looms in subsea pipework vibrations,

2001) oottt ettt e et e e e e ee et ee ettt e e e s e e e eee s e e eeee s e e e e eeeeeeeeeeeeee et ee et r et e s et e s eseeeereeeeeeae 35
Figure 11: Dynamic viscosity for various substances with varying temperature..........cccccoveeieiieeicciee e 37
Figure 12: Relationship between span length, diameter, and support arrangement. ........cccccccveeeeecieeeeccieeeeciiee e 38
Figure 13: Screening Method fOr PUISALION ........uuiiiiiiiiicee ettt e rre e s e e e e sab e e s e sabee e e ennrees 43

List of tables

Table 1: Mechanism category and likelihood classification (excerpt from El guideline) (Swindell, Hidden integrity

threat looms in subsea pPipeWOrk vVibrations, 2011) ........ccciieiiiieiiie ettt rtee e se e etee e sre e e bre e st e e ebeeeateesnbaeensneas 30
Table 2:Action to be taken based on LoF( excerpt from El guidelines) (Swindell & Hill, Guidelines for the avoidance of

vibration-induced fatigue failure in subsea systems, 2018) ........cccciiieeiiiiieeiiiee e ecie e e e e tre e e e ae e e e eebre e e e areeeeeareeas 32
Table 3: Input parameters for flow induced VIbrations ...........c.ueei i 34
Table 4: Determining pv2 (Swindell, Hidden integrity threat looms in subsea pipework vibrations, 2011) .................. 36
B Lo] TR T U] o o To g - [ o= Ya V{10 0 1=T o Y £ PP 39
Table 6: Method Of CAlCUIAtING FV ......eiiieeee e e e s e e e st e e e e s bt ee e e sabeeesesbeeesesreeesenasees 40
Table 7:INput fOr PUISATION EXCITATION ......c.viii et e e et e e e et e e e e e tb e e e eeabeeesenabaeeeenbeeesensseneeennsens 42
B o1 [l Y oo Yol W F= 1= | 0[] (=] £ PP 44
Table 9: Typical spool parameters and fluid PropPerties ........oucvueiiiiiiei i e e e bee e s e eares 56
Table 10: Sensitivity table @XPlanation ..........oouiiiiiiiiee e e e e e et e e e e b e e e e eab e e e s eabae e e e nbeeeeennreeeeennrees 57
Table 11: Output values, DO=60.3 @Nd T=8.7 ......oeiiiiiiieeeciiee ettt e et e e e s te e e e e abe e e e esabeeeeeabaeeeeabaeaeesteeesennseeesennsens 58
Table 12: LoF values, Do=60.3, t= 8.7 aNd Lepan= 4M ..eeeiiiiiiiieiiiieeeiiieeeesiteeeesire e s e seree e sseraeeesnbaeessssaeesessseeessssseessenasens 58
Table 13: LoF values, Do=60.3 mm, t= 8.7 Mm and LSPan=5-6M ......ccccciiiiiiiiiiiieeiiiieeeciiiee e eseee e srre e s evee e e sareee s e 59
Table 14: Output values, Do=168.3 MM anNd t=11.0 MM ....oiiiiiiiiieiiieee e e et e e e et e e e s eabae e e enbeeeeennseeeeenasens 59
Table 15: LoF values, Do=168.3 mm, t= 11 mm and LSPan=4-5M.......ccccciiiiiiiiiieiiiiieeeciiieeeesiree e erree s esbree s esevaee s eeares 60
Table 16: LoF values, Do=168.3 mm, t= 11 MM and LSPan= 6-7M ......cccccviiiiiiiieieeiiiieeeeireeeeesreeesenereeesesnreeesessneeesenasens 60
Table 17: LoF values, Do=168.3 mm, t= 11 MM and LSPan= 8........ceeriiiiiiiiiiiiieee e e eeeiiirre e e e e e eescnrreee e e e e s esssnnseareeeeeesesnnnns 61
Table 18: Output values, D0=219.1 MM and t=12.7 MM ....oiiiiiiiiieiiiiee e sre e e e sree e s eabae e e sabeeesesbeeesenasees 61
Table 19: LoF values, Do=219.1 mm, t=12.7 MM and LSPan= 6-8........cccccutriiiiriiiiiiiieeecirieeecsreee e enrree e esvree s eaaaeesenanees 62
Table 20: LoF values, Do=219.1 mm, t=12.7 mm and LSpan=9-10 M........cccceeereiiiiriiiiiieeee e eeccireee e e e e e e sennreere e e e e e eeennns 62
Table 21:0Output values, Do=273.1 mm and t=14.3 MM, 8aS liN€.....c..ceeiiiiiieiiiiee e e s e 63
Table 22: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan=6-7m, 8aS liN€ ........cccceeeiiririeiiiiee et 63

Table 23: LoF values, Do=273.1 mm, t=14.3 mm and Lspan=8m, 8as liN€.........coecciririreiri i 64


file:///C:/Users/Jama/Desktop/master%20thesis%20neste%20finish.docx%23_Toc75864098
file:///C:/Users/Jama/Desktop/master%20thesis%20neste%20finish.docx%23_Toc75864103
file:///C:/Users/Jama/Desktop/master%20thesis%20neste%20finish.docx%23_Toc75864103
file:///C:/Users/Jama/Desktop/master%20thesis%20neste%20finish.docx%23_Toc75864106

Table 24: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan=9m, gas liN€.......ccccccrrriiiiririeriiee et 64
Table 25: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan=10m, gas liN€.......cccccuerirriririeniiiee e 65
Table 26: Output values, D0=323.9 MM and t=15.9 MM ..ottt e sree e s e e s e sabee e s esbeeesenarees 66
Table 27: LoF values, Do=323.9 mm, t= 15.9 mm and Lspan=6-7 m, gas liN€.......ccccceeeiiririiniiiie et 67
Table 28: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan=8-10m, as liN€ .........cceeecurrreieiiieeecciee e 67
Table 29: LoF values, Do=273.1 mm, t=14.3 mm and Lspan=11-13m, gas liN€ .......cccveeereiriieiiiiiieeee e 68
Table 30: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 14 m, gas liN€.......ccccccerrriririeniiieeeeiee e 68
Table 31: Output values, Do=406.4 MM aNd 1=19.1 MM ....ooiiiiiiiiiiiiiec e e e e e e erre e s erabae e e eabreeeesnreeesenarens 69
Table 32: LoF values, Do=406.4 mm, t=19.1 mm and Lspan=6-8 M, as liN€ .........cccurreeiiiiiiiiiiiiieeee e e 70
Table 33: LoF values, Do=406.4 mm, t=19.1 mm and Lspan=9-11m, gas liN€ ........cccvreeriiiiieciiiieeeee e e 70
Table 34: LoF values, Do=406.4 mm, t=19.1 mm and Lspan=12-13m, gas liN€ .......ccccccrrrirriiiieieciee et 71
Table 35: LoF values, Do=406.4 mm, t=19.1 mm and Lspan=14m, 8as liN€.........ccccvrrrrriiieiieiiiiiieeee e 71
Table 36: Output values, Do=508 MM and t=20.6 MM .......coiiiiiiiiiiiiieeeeiiee e esree e esree e e s e e e sbee e s ssabeeeesssbeeesessseeesenasens 72
Table 37: LoF values, Do= 508 mm, t= 20.6 mm and Lspan=8-9m, gas liN€ ........ccccurrriiiiiieeeciee e 73
Table 38: LoF values, Do= 508 mm, t=20.6 mm and Lspan=10-13m, gas liN€.......ccccouvrreriiiiiiiiiiieeeee e eeectreeee e 73
Table 39: LoF values, Do=406.4 mm, t=19.1 mm and Lspan=14m, 8aS liN€........cccccirrrreriiiiiiiiiiieeee e 74
Table 40: Output values, Do=609.6 MM aNd 1=25.4 MM .....oiiiiiiiiiiiiieee e ere e e eree e e e sareeeseeabeeeeeenbeeesessseeesennsens 75
Table 41: LoF values, Do= 609.6 mm, t=25.4 mm and Lspan=8-9m, gas liN€ ........ccccivrreeriieiiiiiiiieeeee e ecectreeee e e 76
Table 42: LoF values, Do= 609.6 mm, t=25.4 mm and Lspan=10-14 M, gas liN€ .......cccvveeriiiiiiiiirieeeee e, 76
Table 43: Lof values for different wall thickness, t.......coooiiiiiiiiiiiii 77
Table 44: LoF values, Do=60.3, t= 8.7 and Lspan=4m, Oil [IN@........ceeeiiiiiiiiiiiiiei ettt eeectrare e e e e e e 79
Table 45: LoF values, Do=60.3, t= 8.7 and Lspan=5-6 M, Oil liN@.........cooriiririiiiiiiiciieeee et e e 80
Table 46: LoF values, Do=168.3 mm, t= 11 mm and Lspan= 4-5m, 0il iN@.........cccoecriiiiiiiiicecee e 81
Table 47: Table 46: LoF values, Do= 168.3 mm, t= 11 mm and Lspan=6-7m, 0il iNe ..........cccccveriiiiiiiciiee e, 82
Table 48: LoF values, Do=168.3 mm, t= 11 mm and Lspan= 8m, Oil liN€ ........cceeeiiiiriiiiiiieee e 83
Table 49: LoF values, Do= 219 mm, t= 12.7 mm and Lspan= 6-8m, 0il iN€..........ccecririiiiiii e 84
Table 50: LoF values, Do= 219 mm, t= 12.7 mm and Lspan= 9-10m, 0il iN€..........ccccueririiiiiiecee e 85
Table 51: LoF values, Do=273.1 mm, t=14.3 mm and Lspan=6 m, Oil N .........ccoviririiiiiiieee e 86
Table 52: LoF values, Do=273.1 mm, t=14.3 mm and Lspan=7-9m, 0il liN€.........cccevrriiriiiieiee e 87
Table 53: LoF values, Do=273.1 mm, t=14.3 mm and Lspan=10m, 0il i@ .........ccccrirriiiiiii e 88
Table 54: LoF values, Do=323.9 mm, t= 15.9 mm and Lspan=6-7 m, 0il liN€......cccccveerrririiiiriiiei e 89
Table 55: LoF values, Do=323.9 mm, t=15.9 mm and Lspan=8-10m, 0il liN@.......ccccceereiririieiiiei e 90
Table 56: LoF values, Do=323.9 mm, t= 15.9 mm and Lspan=11-13m, 0il iN€......c..ceceeeriiiriiiie e 91
Table 57: LoF values, Do=323.9 mm, t= 15.9 mm and Lspan= 14 m, 0il iN€ .......cccecutriiiiiiiiiiiee e 92
Table 58: LoF values, Do=496.4 mm, t= 19.1 mm and Lspan= 6-8m, Oil liN€........cccccuerrrririiiiiiiee e 93
Table 59: LoF values, Do=496.4 mm, t=19.1 mm and Lspan=9-11m, 0il iN€.......ccccerriiririieiiiei e 94
Table 60: LoF values, Do=496.4 mm, t=19.1 mm and Lspan=12-14 m, Oil IN€......cccceeeeiririiriiiii e 95
Table 61: LoF values, Do= 508 mm, t=20.6 mm and Lspan= 8-9m, 0il liN€.........cceeevuriiiiiiiii e 96
Table 62: LoF values, Do= 508 mm, t=20.6 mm and Lspan=10-13 m, 0il liN€.......cccccrririiriiiiicceee e 97
Table 63: LoF values, Do= 508 mm, t=20.6 mm and Lspan=14m, 0il liN€ ......cc.eeevriiiiiiiiii e 98
Table 64: LoF values, Do=609.6mm, t=25.4 mm and Lspan=14m, 0il iN€ ........ccoevririiiiiiiecee e 99
Table 65: LoF values, Do= 609 mm, t=25.4 mm and Lspan= 14 m, Oil N .......ccooreiiiiiiii e 100



List of Abbreviations

FIV Flow induced vibrations

FIT Flow Induced turbulence
LoF Likelihood of failure

0&G Oil and Gas

El Energy institute

FIP Flow-Induced Pulsations
HFAE High-Frequency Acoustic Excitation
VIV Vortex induced vibrations
PSD power spectral density
PFD process flow chart (PFD),
ROV Remote operated vehicle
SBC Small bore connection

N Number of cycles

oD Outer diameter

RMS Root mean square




Chapter 1

1.1 Introduction

Integrity is a worrying issue for oil and gas industry since assets grow old and are considered more and more

into the design phase of new subsea systems to ensure the reliability of those structures.

Whereas most of subsea facilities’ integrity issues are dealt with during the design stage, flow induced
vibrations is more of a forgotten problem or pushed further down the agenda. Nevertheless, the failure of this

kind is considered dangerous, and the outcome is a complex and costly repair.

Many things have been accomplished in the subsea arena to address and ensure the mitigation of Vortex
induced vibrations from environmental loading on unsupported pipe spans and risers. Vibration caused by
internal flow such as process excitation received less attention. However, problems have come to light
recently on some manifolds and jumpers, in part associated with increasing flow rates, leading to failures of

piping, instruments, and valves.

FIV is considered a complicated phenomenon activated by numerous sources that engage with each other,
the piping systems and with the flow itself. Moreover, the appliance is more complex by feedback from the
structure back onto the sources. Several aspects like piping alignment, the flow speed, and liquid

components affects the severity of FIV.

The greatest challenge when it comes to vibration induced fatigues on subsea systems is the treat being a
hidden one and there is no indication topsides of vibration of subsea structures. The only possible exception
is flow-induced pulsation from a riser, sometimes known as the "singing riser" phenomenon, which may be
heard topsides. For a top side piping system, the vibrations are visible for crew working at that facility and
they can deal with the treat accordingly. However, by the increased use of ROV in the industry, it will be
good opportunities to utilize ROV to visualize FIV.

Although the likelihood of vibrations induced fatigue is consider small and rare, the impact and overall risk

for the subsea spools and systems is deemed to be significant.

Increased production rates with higher pressure and temperature along with the trend of the development of
complex and sophisticated subsea processing are the new norm in the industry, resulting in the possibility of

FIV on subsea structures. Hence, there is a good reason for the subsea community to assess the existing State



of the art for FIV assessment and highlight the present constraints and enhancements required. (Swindell,

Hidden integrity threat looms in subsea pipework vibrations, 2011)

1.2 Scope and objectives

The thesis will conduct certain screening checks for spool alignment built on the methods outlined in
GUIDELINES FOR THE AVOIDANCE OF VIBRATION-INDUCED FATIGUE. The guideline outlines
numerous screening strategies to rank and identify vulnerable components in subsea structures by using a

likelihood of failure score.

The screening is focused on basic fluid-process data and pipework geometric parameters, and it quickly

assesses the advantages and disadvantages of any simple design changes.

In occasions where the anticipated LoF stays high, it can be essential to undertake more detailed analysis, to

establish the dynamic stress levels by using finite element methods.

There will also be done some sensitivity analysis on the spools to see how FIV and be mitigated or the
occurrence of FIV to be reduced. The main focus of this sensitivity analysis is to assess the change that
stiffening the pipes through the addition of supports, change of chosen diameter, reduction of free spans will

have on the LOF score.

The thesis will conduct certain Screening checks for spool alignment built on the methods outlined in

There will also be done some sensitivity analysis on the spools to see how FIV and be mitigated or the

occurrence of FIV to be reduced.



1.3 Structure of the Thesis

The subject that the master's thesis is based on a subject that has not been very focused on either in education
or in industry. The available literature on Flow induced vibrations on subsea equipment’s is limited,
although the oil and gas industry are now beginning to realize the effect it can have on the integrity of their
assets. That is why this thesis is structured accordingly with the lack of available literature in mind as the

need for a comprehensive literature review before any analytical work can commence is important.

At the beginning of each chapter there will be a small introduction that will describe the content of that

chapters.

T

Chapter 1 - This chapter introduces:

e Introduction

e Scope and objectives

Because of the limited literature on FIV on subsea components, there has been a desire to create a document
that addresses this. Therefore, relevant information on FIV gained through the literature study, have been

presented at chapter 2. All the various excitation mechanism will be described in this chapter.

In Chapter 3 The Methodology used for this thesis will be covered. The methodology used are screening
assessment based on “guidelines for the avoidance of vibrations induced fatigue failure in subsea systems”
by Energy institute (EI). The excitation mechanism that will be covered in this chapter will only be the Flow

induced turbulence and flow induced pressure pulsations.



As a part of the thesis, two LoF values have been calculated for Flow-Induced Turbulence (FIT). One were
the assessment check was passed and one that didn’t pass the assessment check. How to perform detailed
analysis will then be demonstrated. Pulsation will also be done before the chapter is concluded with a

comprehensive sensitivity analysis.

This part will consist of two important chapters. The findings of the thesis are discussed here. Furthermore,

there will be some concluding words and recommendations for future work.



Chapter 2 Literature review

This chapter describes in detail the phenomena of Flow induced vibrations and the various excitation mechanism. All
are described in detail, however the most critical for subsea industry are the flow induced turbulence and pulsations
due to dead leg. Mechanical Excitation from Reciprocating/Positive Displacement Pumps and Compressors can pose
greater challenge in the future when more of the processing structures are moved to subsea.

2.1 Basics Flow-Induced Vibration Physics and Analysis

Various sources are responsible for flow-induced vibration (FIV) in piping systems. These can be together

with fluid-structure interactions. The various sources of FIV are shown in figure 1 below.
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Figure 1: Multiple excitation mechanism (Nakamura, et al., 2013)




Many problems in industrial plants occur as a result of vibrations and noise caused by fluid flow. These
hinder the smooth processes in a plant and some instances increase the cost of maintenance and repair thus
affecting productivity and causing losses. Flow-related vibrations are categorically considered to be ‘flow-
induced vibrations’ (FIV). On the other hand, flow-induced vibration and noise’ (FIVN) is applied if noise is
present in the phenomena. Flow unsteadiness has been documented to cause variation in the fluid force
acting on an obstacle which in turn causes vibration of the obstacle. For instance, in reciprocating fluid
machines, the piping connected oscillating flow causes an excitation force in the piping which results in
vibration. However, vortex shedding behind obstacles and other issues can cause vibration problems even
for steady flow conditions. An example is the symmetric vortex shedding that caused a vibration problem in
the fast-breeder reactor at Monju in Japan where the drag direction vibration of the thermocouple well is
evident behind the well. Such a form of self-excited FIV takes place even in steady flow resulting in
difficulties in identifying the underlying mechanism rendering it the most complex problem to address

during design or troubleshooting stages. (Nakamura, et al., 2013)

Common problems and failures are often associated with fluid-structure interactions within the internal fluid
flows. Because the excitation generated by these turbulent flows are sometimes in significant levels, they
result in similar levels in piping and associated structure vibrations. Various forms of flow instabilities,
cavitation effects transient pulses, and strong vibration often are generated by valves, piping systems, and
other devices. Such significant problems that have been documented include cavitation-induced vibrations,

turbulence-induced vibrations, fluid hammer, and other vortex shedding problems.

In essence, the analysis of flow-induced vibration of piping entails the connection of piping structural
vibration and fluid dynamics. The issue is complex, stimulating, and not straightforward. Such is of immense
significance in the piping systems particularly when the flow-induced vibration can result in extreme

vibration, fatigue, operational problems, and even failure. (Nakamura, et al., 2013)



2.1.1 Flow-induced vibration

For several decades, flow indicated vibration in piping systems has remained a documented phenomenon.
Known as turbulence-induced vibration in some instances, small-bore piping connections are some systems
that are often affected by such phenomenon. However, various types of flow-induced vibration can be

described as unique and independent phenomena resulting from certain mechanism including:

e An abrupt change in fluid properties or conditions when a valve is opened, cavitation, and
changes in pressure resulting in the variation of fluid conditions. For instance, pressure-

reducing devices are known to produce such changes.

e Also, fluctuating flow past obstacles in the flow such as piping fitting, tees, thermowell as

well as other intrusions.

2.1.3 Simplified physics

Friction is generated from the interaction of the fluid particles and the roughness of the inside of the piping
wall. As a result, the velocity of flow is reduced, and the pressure declines significantly. These roughness in
the inside of the piping walls which can be described as little valleys and ridges are responsible for the
reduction in the velocity of the flowing fluid since they act against the motion of the fluid particles. The
particles interacting with the surface of the wall are significantly affected. At the microscopic level, one can
consider these valleys and ridges to be acting against the fluid particle motion which results in three-
dimensional excitation forces and causing the piping vibration in the process. In piping, such simplified

physics explains the development of flow-induced vibration.

2.1.4 Phenomenon and key parameters

FIV is essentially a low-frequency phenomenon resulting from turbulence and high flow velocity at piping
branch connections or bends which excite low-frequency winding modes in the system. FIV is a

characteristic of flow velocity. (Gharaibah, Barri, & Tungen, 2016)

The primary element includes the dynamic pressure which is a factor of density multiplied by the square of
velocity (pv2). Such a vibration usually occurs from the turbulence in the mixture within separation layers
and pulsating pressure at piping bends, tees, reducers among others. The resultant low-frequency vibration

(30Hz or below) is caused by the shaking forces at such discontinuities and beam modes which can be



visible in piping shaking. Piping with a low natural frequency, small diameters, flare, or vent system are
mostly affected by this phenomenon. Elements including the range of piping flexibility. wall thickness,

piping diameter, and dynamic pressure (pv?) are used to evaluate the possibility of FIV in modern screening.

2.1.4 Natural frequencies and modes

Natural frequencies are those frequencies that result from the vibration of the piping system at any certain
level. These vibrations have a defined and unique shape referred to as a mode shape which is assumed by the
replica dynamic deformation vibrating at a similar frequency. The distribution of mass and stiffness in the
piping system influences natural frequencies and modes. However, elements such as material properties,
piping diameter, wall thickness, fluid density location of valves, and piping supports affect the distribution.
Zero motion (node) and maximum motion (anti-nodes) are the locations of the mode shape. Moreover, the
connection between excitation pattern and frequency to the systems natural frequencies influences the
response of the piping to an excitation applied. A significant amount of system stress and displacement
usually results from a dynamic excitation carrying a similar frequency to that of systems natural frequencies,
a phenomenon referred to as resonance, which also tends to cause high vibration even failure. In the piping
work, vibration can result in high cycle fatigue of key apparatus including small-bore connections or main
piping welds suffering from a failure. The natural frequencies is used when detailed analysis is required after

the initial screening check.



2.1 Excitation mechanism

2.2.1 Flow-Induced Turbulence (FIT)

Critical flow discontinuities in the piping system generate turbulent energy usually 30Hz or lower.
Excitation is higher for low frequencies. These discontinuities can be tees or reducers, metered bends or

partially closed valves, and a short radius.

Turbulent flows are found in a majority of piping systems although discontinuities such as tees and bends
harbor high turbulent kinetic energy as shown in figure 2 below. As a result, pressure oscillations distribute
the turbulent kinetic energy in wide broadband with the lower frequencies (100Hz or below) having the
largest share of kinetic energy. As energy is transferred to the wall, it excites vibration in low frequency

which can manifest in the form of visible pipe motion or even motion in pipe support.

In a bid to improve heat and mass transfer, the majority of plant process designs take into consideration high
levels of turbulent flow, however, the variation in pressure fields resulting from turbulent flow still generate
FIV in such plants. Probabilistic methods are ideal for analyzing turbulence-induced vibration because it is a
random process with experimental data useful in formulating power spectral density (PSD) plots. Moreover,
the random response of components affected by turbulence can be assessed by standard methods of

probabilistic structural dynamics. (Gharaibah, Barri, & Tungen, 2016)
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Figure 2: Flow induced turbulence at a bend (Gharaibah, Barri, & Tungen, 2016)



2.2.2 Flow-Induced Pulsations (FIP) In Dead Legs

In high-velocity gas systems, pulsations are often created bypassing the flow in the mouth of the branch
connection with a “deadleg” or zero flow through the interaction between acoustic resonances and vortices
as shown in figure 4 in next page. Vortices result from passing the flow on the mouth of the dead leg on a
frequency based on equation 1 while acoustic resonances amplify them defined by Equation 2. A

coincidence in the two frequencies results in a FIP.

The source of FIP can be difficult to identify in the field because the systems often have many dead legs.
However, field measurements can be essential to determine the length of the dead leg and a starting point to
investigate the source of FIP. The difference in frequency head-to-head harmonics and various FIP peaks can
indicate the length of the dead leg. For instance, in figure 3 below, 95.9 Hz and 113.4 Hz are points of
occurrence, and based on equation below one can determine the length of the dead leg. Taking sound speed
to be 396 m/s [1300ft/s] s] in the gas medium, from second equation below the length of the deadleg will be
11.3 m [37.1 ft]. (Harper, 2016)
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From this point, one can look for likely sources of FIP including using the identified solutions to FIV

problems listed below.

1. Altering the length of the dead leg, for instance, shortening
il. Ignoring typical gas flow rates.
1il. Permit certain flow through dead leg.
iv. Prevent generation of vortices by adding spoilers to dead leg’s mouth.
V. Reduce vibrations by providing additional support and bracing.

Figure 4 below shows how vortices are generated from flow past closed side branches and causing shear
layer instability. The creation and destruction of vortices at different frequencies create tonal fluctuation of
pressure. A frequency usually in the range of 500-1000 Hz (8) is dependent on the velocity of the fluid.
However, any coincidence between this frequency and the natural piping system frequency would result in
the generation of pressure pulsations at high levels. Moreover, severe vibration and cyclic stress may occur if

the frequency is the same as mechanical eigenfrequency.



Figure 4: Vortices at dead leg (Gharaibah, Barri, & Tungen, 2016)

ANSYS acoustic is one of the tools useful in determining the acoustic pulsations and related forces in dead
legs of piping systems since it allows for 3D pulsation evaluation through multiple sources and various
piping structures. In this manner, one can calculate the acoustic frequency levels and related forces resulting
from standing wave effects. Although various sources can be used, predicting their interaction is difficult
since it depends on the phase shift and the distance between sources. The former is usually unknown.

(Gharaibah, Barri, & Tungen, 2016)



The 3D capabilities are essential for higher frequencies where the pressure waves are not only flexural
modes. Although it does not happen for dead leg pulsating, it is essential for devices such as choke valves
that reduce pressure and their High-Frequency Acoustic Excitation. Figure 5 shows the use of ANSYS
Acoustic where the source strength is 7 percent of the kinetic energy flow. In the analysis, CFD together
with various flow directions past a closed branch were utilized. Also, a Strouhal number equal to 0.4 was

typically used as the source frequency which is common practice. (Gharaibah, Barri, & Tungen, 2016)

The system's total acoustic response is determined from the superposition of the individual source’s acoustic
response. Induced shaking forces, resultant acoustic pressure can be determined from the difference in
pressure between the opposing bends which can be Mechanical Response Analysis (MRA) input. In figure 5,
acoustic pulsation levels in piping lines are determined from the acoustic model for a similar structure as in

Figure 6. (Gharaibah, Barri, & Tungen, 2016)
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Figure 5: Acoustic pulsation levels
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2.2.3 Rough Bore Flexible Risers Carrying Dry Gas

Similar to pulsation generated in dead legs, the corrugated inner surfaces also produce vortices in flexible
piping particularly in pipes carrying dry gas where its velocity is greater than the start velocity. Various
elements influencing onset velocity include carcass geometry and speed of sound. Ongoing studies posit

smoother surfaces could minimize the problem. (Gharaibah, Barri, & Tungen, 2016)

2.2.4 High-Frequency Acoustic Excitation (HFAE)

Pressure reducing devices including orifice plates and choke valves create HFAE. Turbulent mixing. fluid
impingement on the pipe wall and choked flow shockwaves are responsible for noise in the locality of these
devices. Typically, the frequency would be between 500 Hz and 2000 Hz and they usually create high-
frequency flexural vibration modes resulting in dynamic stress at tees, welds, or other weak sections.

(Gharaibah, Barri, & Tungen, 2016)

2.2.5 Surge Associated with Fast Acting Valves

Pipe transporting fluid can face or pressure surges due to variations in the velocity of flow, for instance,
where there are a rapid valve opening and closing. A rapid increase in pressure results from a sudden closure
of the valve when the fluid is in motion because of upstream compression of the valve. However,
downstream the pressure will decline rapidly and cause the fluid column to separate temporarily and likely
flow back towards the valve where the pressure gradient is sufficient. It could result in damage to the pipe
and the valve. Pressure surges often occur due to power failure which causes operating pumps to suddenly
stop. Because pressure and velocity changes are not limited to trouble point, it continues downstream and

upstream the pressure wave propagation.

The conditions of the boundary influence the extent to which waves are replicated at points of non-steady
flow such as valves leading to versal of amplitude or phase. The superposition of the waves arriving at a
certain point and time determines their observed location and time. Moreover, the variations of pressure and

resulting high pressure usually create a system with high loads.

The minimum pressure level is the vapor pressure and cannot go lower. Any situation that results in

elongated time creates a cavitation zone which ensures liquid column separation and flows separation. Their



change in velocity direction causes the columns to reverse and collide resulting in pressure surge as
illustrated in Water hammer, the sudden collapse of vapor-filled cavities. The sudden pressure rise often
dwarfs the original increase. In sudden valve closure, a surge in pressure traveling in the opposite direction
of the fluid flow is created due to the sudden stop of fluid motion as shown in figure 7. Huge dynamic forces

often arise from the transient pressure fluctuation in the piping system. (Ksb, u.d.)

Figure 7: Sudden stop of fluid motion

2.2.6 Cavitation and Flashing

Cavitation happens through an abrupt drop in liquid pressure generating suddenly collapsing bubbles and
resulting in huge local pressure fluctuations. Also, liquid changes its state to vapor if its pressure decreases
below the vapor pressure of a liquid (Flashing). Turbulent forces result from the instability of the process.

(Gharaibah, Barri, & Tungen, 2016)

Why flashing occurs in piping systems and industrial processes?

Any liquid that encounters a restriction such as a port valve must maintain a constant volumetric flow rate
by accelerating its velocity. However, any decline in pressure within the restricted area to below the vapor
pressure of the liquid, the liquid vaporizes through the “vena contracta” process. Moreover, flashing occurs
if the pressure remains below the vapor pressure of fluid downstream whereas the vapor phase will occur at
the outlet. Such a situation causes erosive damage to valve components even when abrasive solids are absent

in the liquid. (piping, 2018)



Cavitation

Where the upstream pressure is higher than the vapor pressure of the fluid, and below the downstream
pressure, the result is the formation of vapor bubbles which suddenly collapse as pressure increases. The
process is often energetic and can damage piping and valve components. Moreover, the collapse of the
bubble generates fluid “micro-jets” that impinge valve surfaces at high speeds and shockwaves of 100,000
psi could be generated. The process of cavitation takes place in liquid systems affected by variation in
pressure. Near the liquid's vapor pressure, the bubbles collapse suddenly to create microjets and localized
shock waves. When these affect the adjacent valve, pump, or pipe surfaces they create severe erosive

damage, and wall thickness reduces as a result.

Besides, high levels of vibration and noise are created from cavitation which occurs across various
frequencies. Extreme vibration leads to lose bolting, damage to supporting structures, and destruction of
piping process equipment. Also, the noise is unhealthy for people and their surroundings. Control valves
have a pressure-reducing feature that also makes them vulnerable to cavitation. However, minimizing these
negative effects may involve combining material selection, valve selection, and system design. Flashing
noise and vibration are often minimal in comparison to cavitation, however, extreme vibration generated in
the process results in high-velocity flow. Erosion-resistant materials, reduction of velocity, and design

strategies are ways of minimizing the flashing damage. (piping, 2018)

2.2.7 Vortex Shedding Around Thermowells or Other Intrusive Elements

Fluid flows product aerodynamic and hydrostatic forces around objects inserted into any moving fluid. In
some situations, a wake is created when a fluid flows around the cylindrical thermowell. Vortices rotating in
the opposite direction results from the wake and then they shed in a process referred to as Karman vortex
street. The process results in a periodic drag and periodic lift force. The force is normal to the direction of
the flow whereas the drag is in line with the flow and causes the shaking of the thermowell. Wake’s
frequency determines the vortex-induced vibrations (VIV)’ frequency while it is influenced by the fluid’s

velocity and the diameter of the thermowell.

Small velocity increase often results in stronger forces because induced forces surge with the square of the
velocity in comparison to linearly increase of shedding frequency in relation to fluid velocity. Thermowell
goes into resonance when its natural frequency is similar to shedding frequency a process that increases the

force of vibrations. Mechanical failures often occur sooner when bluffy bodies are exposed to vibrations, in



the case of the thermowell, the failure is the base where it is facing the most stress. The bending stress is so
high that failure often occurs at its base. As shown in figure 8 and figure 9, the boundary layer separation
and vortex shedding occur at the downstream surface in Thermowells. The vortices generate variation in

pressure on the surface of the body it comes into contact and where the frequency coincides with the

structural eigenfrequency of that object, vibration resulting from a high level of dynamic stress is likely.

(DeLancey, 2018)

Figure 8: The boundary layer separation and vortex shedding due to thermowells



Figure 9: The boundary layer separation and vortex shedding due to thermowells

2.2.8 Mechanical Excitation from Reciprocating/Positive Displacement Pumps and Compressors

In linked piping systems, vibrations often result from rotating or reciprocating processes. Little is known
about rotating/reciprocating equipment in subsea although a gas compressor at Gullfaks field multiphase
became the pioneer in 2015 at subsea in Norway. Future problems with vibration are likely and thus the need
to address the issue sufficiently. (Gharaibah, Barri, & Tungen, 2016) Fatigue failure, leaks, downtimes, and
explosions are some of the major issues associated with vibrations in reciprocating machinery and piping
systems in petrochemical plants. The vibration typically happens when machinery’s natural frequency is
excited by the pulsation energy at various harmonics making the problem common. Lateral vibration modes
and structural modes are usually affected by fatigue failures. Also, the safety and reliability of the system is
often influenced by compressor/pump vibrations, for instance, bearing and crankshaft failures are common

where there is an extreme dynamic misalignment of the compressor. (Wachel & Tison)



Chapter 3. Methodology: Screening Assessment

This chapter details the methodology that were utilised for this thesis. The methodology is a screening assessment
based on the “guidelines for the avoidance of vibration induced fatigue failure in subsea systems”. This guideline is

provided by the Energy institute, a chartered professional membership body for the energy industry.

The screening consists primarily of evaluating the causes of vibrational impulses that may occur following the
flow of fluid. The actual response of a subsea system depends on the location of the sources, the matching
mode damping of natural frequencies, and the mobility of pipes and other system components. Vulnerability

to fatigue failure depends on the presence and location of vulnerable components (welding, etc.). (Swindell &

Hill, Guidelines for the avoidance of vibration-induced fatigue failure in subsea systems, 2018)

The main goal in assessing the impact of flow-induced vibrations on the design of an underwater structure is
to identify design issues related to FIV. The first step is to define possible drive mechanisms based on the

process flow chart (PFD), process design and all possible process routing systems. For application, each of

these mechanisms must be considered:

1.

Flow-induced turbulence due to pipeline gas and liquid flow

Flow induced pulsation from gas lines with closed branches

Flow induced pulsation (FLIP) from rough bore flexible jumpers/gas that carries dry gas
High frequency acoustic excitation from pressure reducing devices on gas lines.
Momentum changes or surges due to fast acting valves.

Flashing and cavitation both for liquid and multiphase lines

Vortex shedding around thermowells on liquid and gas lines

Mechanical excitation for liquid and gas lines



Table 1: Mechanism category and likelihood classification (excerpt from El guideline) (Swindell, Hidden integrity threat looms in subsea
pipework vibrations, 2011)
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Semi-quantitative assessment of each mainstream using method described below for flow induced turbulence
and pulsation for each identified excitation mechanism should be conducted. Many of these methods were
obtained in Technology Module 2 of the EI Guidelines for avoiding vibrations induced fatigue failure in
process pipework.

The screening assessment provides a Likelihood of failure (LoF) score for each excitation mechanics on
each line that are assessed. However, it is important to understand that LoF is not to be taken as an absolute
probability of failure or a measure of absolute failure. These calculations are conservative and are based on a
simplified model to ensure easy application and attention. If LoF scores are predicted to be out of the
tolerable range, then various corrective actions can be considered. Sensitivity analysis can be done and
simple changes such as unsupported span length, pipe diameter, wall thickness, fluid densities and velocities
can be incorporated into the screening assessment to determine their effect. This can be used when in the
design phase of new spool or pipework. However, it is recognised that the options for system modifications
are severely limited for an existing subsea system. Action that can be carried based on the calculated LoF

score is shown in Table 2. (Swindell, Hidden integrity threat looms in subsea pipework vibrations, 2011)



Table 2:Action to be taken based on LoF( excerpt from El guidelines) (Swindell & Hill, Guidelines for the avoidance of vibration-induced fatigue
failure in subsea systems, 2018)

Score
LoF >1,0

1,0 > LoF >
0,5

0,5> LoF >
0,3

LoF < 0,3

Action

The main line should be redesigned, re-supported or a detailed
analysis of the main line shall be conducted. A suitable safety
factor shall be applied tothe fatigue life

If a satisfactory fatigue life cannot be demonstrated, further
redesign andre-analysis or detailed vibration analysis shall be
undertaken

Small bore connections on the main line shall be assessed

The main line should be redesigned, re-supported or a detailed
analysis of the main line should be conducted. A suitable
safety factor should beapplied to the fatigue life

If a satisfactory fatigue life cannot be demonstrated, vibration
monitoring of the main line may be undertaken using a fit-for-
purpose instrumentationsystem and/or ROV visual monitoring
when appropriate. The latter may offer early information for
low frequency excitation, which results in visible motion of the
piping

Small bore connections on the main line shall be assessed.

Small bore connections on the main line should be assessed

A visual survey should be undertaken to check for poor
construction and/or geometry and/or support for the main
line and/or potential vibration transmission from other
sources.

A visual survey should be undertaken to check for poor
construction and/or geometry and/or support for the main
line and/or potential vibration transmission from other
sources



3.1 Detailed Fatigue Life Assessment

In the case of a simple design review marked with a high LoF value (=0.5) at the first screening, if it does not
go down to the acceptable range, a series of detailed analyses should be performed. The detail analysis is
performed to predict dynamics response and associated dynamic stress range of the structure. These things are
determined using a software system, and the outcome of the detailed analysis is used to estimate the fatigue
life of the spool or the pipework. If the fatigue life is limited in detailed vibration analysis and the analysis is
accompanied by a lot of uncertainty, vibration monitoring can be performed instead of the new design.

For thick pipes, acoustic simulations are required to predict the condition of the gas sound in the piping system
and the magnitude of possible vibration forces.

Wherever there is anticipating of excessive pressure pulsations from flow past closed branch the necessity to
undertake an acoustic simulation in order to provide the acoustic modes of the gas within the pipework and
predict the shaking forces magnitude that will be generated.

For excessive pressure pulsation caused by flow past closed branches, acoustic simulations will provide a
range of force and phase relationships at different frequencies that can be applied directly to the structural
model. For broadband excitation including turbulent flow, two-phase or high-frequency acoustic excitation,
the transfer function of the unit applied force (dynamic response) is usually determined at each source site in
the entire frequency band. The amplitude and density of the power spectrum can be used to extend the force
response of the element by using a magnitude and power spectral density. The amplitude and density of the
power spectrum depends on the actual process conditions of the excitation mechanism. Once the dynamic
RMS stress ranges have been determined at critical locations (typically welds), it is possible to estimate the
corresponding number of cycles to failure and hence the fatigue life. The probability density function is then
used to simulate changes in the response to any stimulus caused by vibration. (Swindell & Hill, Guidelines for

the avoidance of vibration-induced fatigue failure in subsea systems, 2018)



3.2 FLOW-INDUCED TURBULENCE

3.2.1 Degree of excitation

The energy of turbulence is generated by the flow of liquid. Therefore, the scope of evaluation is limited to
the main line containing moving liquids. The minimum diameter is 10” and the flow are a single-phase gas or
liquid. The different inputs to calculate the LoF is tabulated in table 3, shown in figure 10 and described in

detailed in this sub-chapter.

3.2.1.1 Inputs

Table 3: Input parameters for flow induced vibrations

Input symbol Units Comments
External pipe diameter D, mm
Maximum Span length Lepan m Definition is described
between supports on line chapter 3.2.4.
of interest
Wall thickness of main t mm
pipe
Fluid velocity v m
S
Gas dynamic viscosity Ugas paxs Only required for gas
systems.
Fluid density p kg/m3
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Figure 10: Process of calculating LoF for FIT (Swindell & Hill, Guidelines for the avoidance of
vibration-induced fatigue failure in subsea systems, 2018)



3.2.2 Determining pv?

Calculating p * v? using the relevant equation depending on whether the fluid is single phase or

multi-phase flow. Important parameters is listed in table 4.

Table 4: Determining pv2 (Swindell & Hill, Guidelines for the avoidance of vibration-induced fatigue failure in subsea systems, 2018)

p*v?

Comments

For a single-phase flow

(actual density) * (actual velocity)?

SI units applied,
p *v? =Kg/ms?

For multi-phase flow:

(ef fective density) = (ef fective velocity)?

SI units applied,
p *xv? = Kg/ms?

Effective density

total mass flow rate

total volumetric flow rate

Actual values and not
those from standard

temperature and pressure

Effective velocity

total volumetriic flow rate

pipe internal cross sectional area

Actual values and not
those from standard

temperature and pressure

Total mass flow rate

Z(actual volumetric flow rate for each phase)

* (phase density)

Total volumetric flow

rate

Z(actual volumetric flow rate for each phase)




3.2.3 Determination of the liquid viscosity coefficient (FVF)

The size of turbulence depends in part on the viscosity of the liquid. The liquid viscosity coefficient (FVF)
takes this into account. For a liquid, the FVF is 1.0. The FVF for multiphase where the no-slip hold up is larger

than 0.01 is equal to 1. While for gases where the no slip liquid hold up is less than 0.01 the FVF is given by;

VHgas .- . . liquid volumetric flow ”
~2%_ The definition of the No-slip hold up is as follows: = ,f under actual conditions.
Vi1xe—3 mixture volumetric flow

Dynamic viscosity (p) is required to determine the FVF of the gas system. For some general process gases of
pressure under 35 barg, general values for dynamic viscosity is illustrated in figure 11. The gas dynamic
viscosity should be determined by other methods if the pressure is greater than 35 barg. (Swindell & Hill,

Guidelines for the avoidance of vibration-induced fatigue failure in subsea systems, 2018)
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Figure 11: Dynamic viscosity for various substances with varying temperature (Swindell & Hill, Guidelines for the avoidance of vibration-induced
fatigue failure in subsea systems, 2018)



3.2.4 Determining support arrangement

The span length in this guideline is defined as the distance between effective supports. It is the distance between
fixed support and/or partially fixed support. For a partially fixed support, on or two translations degrees of freedom
of the main pipe are fixed while the remaining degrees of freedom are set to be free. Likewise, for a fixed support of
main pipe, the three transitional degrees of freedom is fixed, that is pipe anchor.

There are some items that are part of pipe structures that are not considered to be pipe supports. These items
include: Shock arrestors, viscous dampers, spring hangers.

It is assumed that the structure to which the support is attached is effectively rigid. Long goal-post systems, for
example, may result in significantly less effective support in particular scenarios.

It is important to be aware of the possibility that main line supports can be difficult to inspect in some locations, like
heights, providing difficult to verify if there is good contact and the support is effective. It can be less effective if, for
example, the line has lifted from the support. The line should be assed as if a support is not present if there is a
question related to effectiveness of the support.

How to determine the support arrangement is presented in Table 5 with relevant equations. Figure 12 shows the
relationship between outside diameter, span between major supports and the resulting support arrangement.
arrangement (Swindell, Hidden integrity threat looms in subsea pipework vibrations, 2011)
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Figure 12: Relationship between span length, diameter, and support arrangement. (Swindell & Hill, Guidelines for the avoidance of vibration-
induced fatigue failure in subsea systems, 2018)



Table 5: Support arrangements

Support Span length criteria Typical fundamental
arrangement natural frequency
Stiff Lspan < —1.2346 % 107> * D2, + 0.02 * D,y + 2.0563 14-16 Hz
Medium stiff Lspan > —1.2346 % 107> * DZ,; 4 0.02 * Dgyp + 2.0563 7Hz

Lopan < —1.1886 % 107 * DZ,; + 0.025262 * Dy, + 3.3601
Medium Lspan > —1.1886 % 107> * DZ + 0.025262 * D,y + 3.3601 4Hz

Lspan < —1.5968 1075 * DZ,; + 0.033583 * Dy + 4.429
Flexible Lspan > —1.5968 * 1075 * DZ,; + 0.033583 * Dy + 4.429 1 Hz




Table 6: Method of calculating Fv, o and 8

Support Range ofoutside | Fy o B
arrangement diameter
Stiff 60 mm-762 mm . Dext B 446187 + 646 (0.11In(Dgyp) —
o*(—) % Dgye +9.17 % 107* | 1.3739
* Dext
Medium stiff 60 mm-762 mm . Doyt B 283921 + 370 0.11061In(D,.¢)
o*(—=) % Doyt —1.501
Medium 273 mm-762 . Dexe B 150412 + 209 0.08151n(D,x)
mm o*(—) % Doy —1.3269
Medium 60 mm-219 mm exp(a*(%)B) 13.1—4.75%1073 0.132 + 2.28
t * Doy +1.41 %1075 *107% % Dy
* D2, —3.72x1077
* Dezxt
Flexible 273 mm-762 . Dexe B 41.21 % Dyt 0.08151In(D,yr)
mm o*(—) +49397 —1.3842
Flexible 60 mm-219mm exp(a* (M)B) 1.32%107° + D&, 2.84 % 10™* % D,y
t —442%1073 + D,y | —4.62%1077

+12.22

« D2, — 0.164




3.2.5 Calculation of likelihood of failure (LoF)

The LoF for flow-induced turbulence is then determined by the equation.

2
* FVF

Flow induced turbulence LoF =
v

An additional check that can be performed on each control valve in the system is to assess the level of kinetic
energy of the liquid at the outlet of the bar. For single-phase fluid, the value should be no more than 480kPa.

For multiphase fluids, the value should be no more than 275 kPa.

pv?

2000

e Kinetic energy in KPa is given by
o p(:Z)is the density of the fluid

o v(%) is the velocity at which the liquid exits the valve trim.

. (Swindell, Hidden integrity threat looms in subsea pipework vibrations, 2011)



3.3 PULSATION: FLOW-INDUCED EXCITATION

3.3.1 Extent of excitation

This form of mechanism considered in this subchapter is caused by the passage of gas at the branch with
closed pipe-end, the so-called dead leg branch of the main pipeline. It can occur in a gas system with a
vacuum ratio (volume gas flow/mixed gas volume flow under real conditions) of less than 0.95. The induced
pulse can propagate upstream and downstream of the side branch to the first large change in the main pipe
diameter. The main change is defined as a pipe diameter change of more than double (large tank or
enlargement / reduction). In addition, it is important to be aware at the excitation characters can vary under
certain operations with different flow rate. This will affect the acoustic modes changes in pressure,
temperature, and molecular weight. Therefore, the range of expected operation conditions should be
considered as part of the evaluation. (Swindell, Hidden integrity threat looms in subsea pipework vibrations,

2011)

Table 7: Input for pulsation excitation

Input Symbol Units

Speed of sound in gas C m
s

Internal diameter of dine mm

branch

Internal diameter of main Din: mm

line

Length of side branch Lyranch m

Reynolds Number R,

Gas density |4 m
s

Gas density p kg

m3




3.3.2 Calculation of likelihood of failure (LoF)

The screening analysis is shown in the figure 13. Firstly, the relationship between d,;; and internal diameter
D; of the dead leg branch is evaluated. If the dead leg branch have an internal diameter that is larger than d ;¢

then it passes the check, with no further and detailed analysis required. The expression for d,;; is as follows:

400
dere = (= pv)

0.5

However, if it doesn’t pass the first check, then it should be evaluated further as described in figure 13. The
evaluation method is to assign main line LoF score for each side branch of the main line. After calculating the
LoF of all side branches coming out of the main line, the highest LoF point is used as the representative LoF

score for the main line. This screening methodology is used if the geometry of the side branches are not

400 )"
. . . d,, = 1000
complicated. That is, the side branch (pj
!
itself does not part single line from e themantne
i
the main pipe to the edge of the Does the deadleg branch havean | No | ZE8 0T 0 S
S LOF =0,2
. . . yYes
Closed plpe' A typlcal example 1S a Is the Reynolds Number of the flow Yes
past the side branch > 1,6 x 107?
safety pipe separating two or more HNO
) ] d 0,316 ) -0,083 -0,065
safety valves for oil supply. In this s=0420(3 ) ) e

case, a detailed analysis must be

performed to accurately determine

the acoustic frequency (i.e. Fs) for

the side branch. It is recommended to

Pulsation: Flow induced
excitation (side branch)

perform a more efficient analysis for
LOF = 0,29

eaCh ﬂanking Side branch Wlth a Pulsation: Flow induced

excitation (side branch)

Figure 13: Screening Method for Pulsation

LoF > 1.0 score (Swindell & Hill,

Guidelines for the avoidance of vibration-induced fatigue failure in subsea systems, 2018)



Chapter 4 Results

This chapter will deal with the calculation of LoF for the two mechanisms that are most common and important for
O&G industry. These mechanism are the turbulent and pulsation assessment. Firstly, a LoF calculation for turbulence
that passes the check will be performed, secondly a LoF calculation that doesn’t pass the check will be performed.
How the detailed analysis is performed is also discussed for cases that don’t pass the screening check . Lastly a
calculation will be performed for a pulsation case; a detailed analysis is not the scope for this master thesis for the
pulsation mechanism.

4.1 Flow-Induced Turbulence (FIT) Calculation for case 1

When calculating the LoF for a spool or pipe section, the parts of pipe-sections with bends or geometry

change are analysed.

Table 8: Spool parameters

Outer diameter D = 219 mm

Wall thickness of the pipe t = 143 mm

. Lepan = 6mM
Maximum span length between supports on

line

Effective fluid velocity v=3m/s
Effective fluid density p = 150 kg/m"3
LMVratio 0.001

Gas dynamic viscosity only used Hgas = 1.3 105 pa=xs




Calculation

p *v? =1.35%103Pa

From the El guidelines the input parameters should be made dimensionless.

mm mm
p = 2192 — 219 t= 14370 — 143
mm mm
3%
4m -
Lypan =— =4 V= % =3
a
15059 Hgas = 1.3+ 1075502 = 131075
p=— =150 pa
m3

Fy, = Fluid viscosity factor is equal to 1 if the LVM ratio is less than 0.01.

Span length upper limits:

Lyifr = 5-845

~5 2 ]
Lyigp :=—1.234610° *D” + 0.02D + 2.0566:

Ledsifg = —1. 1886107 >-D° + 0.025262D + 3.360! Emedstify = 8322

L odium= —1.5968x 107 >-D% + 0.033583D + 4.42¢ | Lmedium = 11018




Classification of support arrangement:

o Stiffif Lepan < L.stiff

o  Mediumstiff if Lgpan > Lstirf and Lspan < Lmeastiff
* Medium if Lspan > Lmedstiff and Lspan < Lmedium

o Flexible otherwise

Support = Lgpan > Lgtify and Lepan < Lmeastirf = 6 > 5.845 and 6 < 8.322 = medium stif f

(44

e 446187 + 646 xD +9.17 * 10™* = D3 if support is Stiff

o 283921+ 370 * D if support is medium stif f

e 150412 + 209 * D if support is medium and D = 246

e 131-475%10"3% D+ 1.41 107>« D? if support is medium and D < 246
e 41.21+D + 49397 if support is flexible and D > 246

e 132%107°%D?—4.42%x1073 %D + 12.22

a = 283921+ 370 * D = 283921 + 370 * 219 = 364951

B

e 0.01In(D) — 1.3739 if support is stif f

e 0.11061in(D) — 1.501 if support is medium stif f

e 0.08151In(D)- 1.3269 if support is medium and D > 246

e —0.132+2.28%10"* %D —3.72 %1077 * D?if support is Medium and D < 246
e 0.0815In(D) - 1.3842 if support is Flexible and D >= 246

e 284%107* %D —4.62%10"7 « D? — 0.164 if support is flexible and D < 246

B =0.11061In(D) — 1.501 = 0.11061In(219) — 1.501 = —0.905

Fy

B
o ax (g) if supportis stiff or medium stiff or D < 246

B
o e%x (2) if support is medium or flexible and D < 246

291
14.3

—-0.905
Fy = 364951 x ( ) =30882.5




* v2 150 * 32
* FVF =

_ -3
F, 308825 " 0.0014 =4.98 x 10

LoF:'D

4.2 Flow-Induced Turbulence (FIT) Calculation for case 2

D = 273 mm Outer diameter

t= 143mm Wall thickness of the pipe

Lspan = 9m Maximum span length between supports on
line

v=8m/s Effective fluid velocity

p = 460 kg/m3 Effective fluid density

LMVratio = 0.05 LMVratio

Hgas = 1.3 % 10> pa * s Gas dynamic viscosity only used




Calculation

p *v?

= 1.35 % 103Pa

From the El guidelines the input parameters should be made dimensionless.

mm
D = 219—— =219
mm

mm
t= 143——=143
mm

3%
4m =S
Lspan = — = 4 v=%=3
ax*xs
150 %9 Hgas = 1.3+ 107552 = 131075
p = m pa*s
kg
m3

e otherwise FVF = ”_3
10

Span length upper limits:

F, = Fluid viscosity factoris equal to 1if the LVM ratio is greater than 0.01

~5 2 )
Lyipe == —1.234610 °-D” + 0.02D + 2.0566

LStiff = 6597

Lijedstiff := —1-1886 10 5-D2 + 0.025262D + 3.360]

Lineastirr = 9.37

L edium'= —1-5968x 10 3.0% + 0.033583D + 4.42¢

Loegium = 12.409




Classification of support arrangement:

Support = = Lgpan > Lgtipr and Lgpan < Lieastisr = 9 > 6.597 and 9 < 9.37 = Medium stiff

a = 283921 + 370 x D = 283921 + 370 * 273.1 = 384968

B =0.11061in(D) — 1.501 = 0.11061In(273.1) — 1.501 = —0.88049

273.1 -0.88049
Fy = 384968 * ( T3 3 ) = 28676

v *
* FVF = ———+ 1 = 1.026




4.3 Detailed analysis

4.3.1 Developing structural finite element models

Fatigue content requires more detailed evaluation to predict the dynamic stress range associated with the pipe
response of the piping system and to estimate the fatigue life. It involves developing structural finite element
models and using them to determine responses to different types of excitation.

Appropriate SN data is used to estimate the number of cycle failure time for a specific stress range. Fatigue
life is determined by the frequency characteristics of the vibration response. Other methods in the frequency
domain are also possible, one of which is described in Pontaza (2016). This is primarily related to the imposed
boundary conditions and pipe rack modelling methods. (Swindell, Hidden integrity threat looms in subsea

pipework vibrations, 2011)

4.3.2 Boundary conditions

The most important elements in generation of structure finite element model is in relation to boundary
conditions that are imposed on the modelled and how the pipe supports are modelled. In general, hub
connections can be assumed to impose completely fixed boundary conditions on the pipe. Pipe supports
(especially long columns and beams made supports) need to be fully modelled so that accurate stiffness is
included in the simulation. Added mass should also be included so the effect of the external water loading is

included. (Swindell, Hidden integrity threat looms in subsea pipework vibrations, 2011)



4.3.3 Prediction of Harmonic Response

Finite element model is applied with excitation forces that has known amplitudes, phases, and frequencies to
determine the harmonic response (stress range) for each site of interest. The main assumption used to predict
the harmonic response is the damping value used. If the uncertainty inherent in the prediction process allows
the excitation frequency to be accurately predicted, then this frequency applies to all configuration modes
within + 10% of the excitation frequency (perfect assumption can be made). If not, it should be expanded to +
20%. (Swindell & Hill, Guidelines for the avoidance of vibration-induced fatigue failure in subsea systems,

2018)

4.3.4 Two phase turbulence

When dealing with two phase flow a method developed by Rivering and Pettigrew (2007) can be used. The method is
based on series of laboratory scale test where they used a two-phase mixture which contained air and water. 25

%,50 % 75 % and 95 % were the four gas volumetric ratios the test were performed at.

This yields a set of non-dimensionalized force power spectrum densities for two-phase excitation caused by
a bend flow. The set of non-dimensionalized are then scaled by using the actual liquid density,
homogenous void fraction, the interfacial surface tension (also called the weber number), the superficial
velocity of the mixture and internal pipe diameter to obtain the Absolut power spectral density of the

excitation.



4.3.5 Prediction of overall RMS and maximum response

The response of a structure to random excitation (such as flow turbulence or 'steady state' two-phase flow) can be
characterised in the frequency domain using the following expression:

A structure response to random excitations like steady state two phase flow or flow turbulence may be described in
the frequency domain by using this formula:

2
S(f)response,l = |H(f) 1,2| * S(f)excitation,z

S(f)response, = Where S(f) response,1 is the power spectral density (PSD) of the response at location 1 when a force
power spectral density, S(f)excitation,2 » IS applied at location 2 on the structure.

|H(f)1,2|2= Frequency response function that relates S(f)esponse,1 aNd S(f excitation,2 - It characterises as a
function of frequency the response in location 1, when there is a unit force applied at location 2. When the
excitation is in multiple locations like multiple bends in piping systems, the power spectral density can be described
using this expression:

2
S(f)response,l = |H(f)12| * S(f)excitation,z + |H(f)13| * (f)excitation,S + |H(f)14| * (f)excitationA + -



4.3.6 Damage calculation

When calculation damage for a spool or a pipe section, knowledge of the probability density function of the
distribution of the stress range is required. This will enable the engineer to obtain an estimate of the
number stress cycles that the pipe will experience a particular amplitude, zero up to maximum stress
range, over the time it is exposed to the excitation. Rayleigh distribution is used when the response is
narrow band which means the response is at single frequency. This is however not the case for most
practical cases, since the response is not narrow band leading to conservative results. For a situation like
this, Dirlick probability density function can be used with the benefits of giving fewer conservative results.
This probability density function is calculating by taking the moments of the predicted stress PSD at every
location of interest, then combine them to obtain a probability density function for each location on the

model. The expected number of peaks per second, E(P), is also calculated.

The expected damage E[D] in time T can then be calculated by summing the damage for each set of stress

ranges between zero and the maximum stress range:

O E(P) * T % P(S)) * 4
E(D)—Z T

N= Number of cycles to failure S= Stress range, obtained from relevant S-N curve

By setting E(D)= 1, and solving for T, the fatigue life for the spool or the pipe section can be obtained. If this satisfies
the lifetime intended for the spool or the pipe system, then this is good, and the spool or pipe system will not fail
due to FIV.



4.4 Pulsation due to dead leg case

Table 9: Pulsation case input

D = 273 mm Outer diameter

t= 143 mm Wall thickness of the pipe

Lspan = 9IM Maximum span length between supports on

line
60.3mm Outer diameter branch pipe
8 mm Wall thickness of the branch pipe
v=4m/s Effective fluid velocity
p = 150 kg/m"3 Effective fluid density

Calculations

p*v? =1.35+103Pa

44.3

_ Dmain—2%tmain _ 2731-2+143 _ _ D-2+t _ 60.3-2:8 _
Dine = mm - mm =244.5 dine = mm = mm

d = —400 °? = —400 h = 230.239
mt—(n*p*vz) _(n*150*42) B '

Since the d;;; is less than the d ¢, it passes the assessment check, and there is no need for further and detailed
analysis.



4.5 Sensitivity Analysis

Sensitivity analysis model is utilizing for modelling analyses to evaluate the influence of various
independent variables on particular dependent variables in some situations. Essentially, it can be useful

across various industries.

The approach is essentially applied in the evaluation of the Black Box Process like calculating the LoF

where several inputs have an opaque function.

In a sensitivity analysis, the input and output are evaluated thoroughly, and identify the movement of the
variables as well as the influence of the target variable on the input. Thus, sensitivity analysis is critical for
future design of spools, but it can be used on already existing spools and pipes to check if they have un-
acceptable values and if they need further analysis or monitoring. Through an analysis of various variables
and their likely outcomes, important conclusions can be made about the selection of geometry and layout of

the spools.

KEY TAKEAWAYS

o The sensitivity analysis explains how an input variable like diameter, span length, velocity, density

influences the LoF for various set (span) assumptions.

e It is a method that can be utilized to predict if a spool in design phase will have high LoF for a given
input parameters. This will make it easier for an engineer to continue with the chosen parameters or if

something needs to change.

e Historical data can be used for already build spools and pipe-system to check whether they are at risk

for FIV.



4.5.1 Gas lines

The sensitivity analysis will be divided into two parts, one for gas lines and oil and multiphase lines. The table below,
table 10 shows typical spools parameters and fluid property that will be used in the sensitivity analysis. The
sensitivity analysis will be comprehensive since all the components will varied to get clearer on what effect they have
on the LoF. The lines for gas will be started with. The sensitivity analysis is made of two tables. The first outlines the
parameters like

e Pipe Diameter, OD.
Wall thickness, t
Support arrangement
a, B, F,

The second table is discussed in detail in the next page. It describes what the different rows and columns contains.

Table 10: Typical spool parameters and fluid properties

Spool size | Pipe OD Typical wall Free span Typical fluid property
inInches | (mm) thickness (mm) Length at
Goose Neck
(m)
2 60.3 8.7 4-6 Oil line or multiple phase Gas line
6 168.3 11.0 4-8 Density Velocity(m/s) | Density | Velocity
(kg/m?) (Kg/m?) | (m/s)
8 219.1 12.7 6-10
10 273.1 14.3 6-10
12 323.9 15.9 6-14
60-800 1-10 50-300 | 5-40
16 406.4 19.1 6-14
20 508 20.6 8-14
24 609.6 25.4 8-14




Table 11: Sensitivity table explanation

P,V

4

el

Contains spool parameters like the outer diameter of the spool, the wall thickness, and the spool length.
This row shows the velocities that are used in this analysis.
This column contains the different densities used in this analysis.
These values are the calculated values for LoF. Depending on their value, they will have different colours.
Furthermore, the value of the LoF will require actions in the design phase of a spool. The colours and the
actions are as follows:
° -; The Small-Bore Connection (SBC) LOF Assessment should be performed in addition to the
previous actions. When LoF < 0.5
e Yellow; A detailed analysis should be performed in addition to the previous actions. When 0.5 <
LoF £1
° -; The line shall be re-designed or and monitoring of the main line shall be undertaken, in addition
to the previous actions. Lof = 1 (Swindell & Hill, Guidelines for the avoidance of vibration-induced
fatigue failure in subsea systems, 2018)




Table 12: Output values, Do=60.3 mm and t=8.7 mm

D, = 60.3mm
t=8.7mm
Lspan Support a B F,
arrangement
4 Medium stiff 3.062 -1.048 40292
*10°
5 Medium 12.865 -0.12 27056
6 Medium 12.865 -0.12 27056
Table 13: LoF values, Do= 60.3 mm, t= 8.7 mm and Lspan=4m, gas line
D, =60.3 mm
t=87mm
Lsp,m =4m
LoF:
P,V 5 10 15 20 25 30 35 40
50
100
150
200
250

300




Table 14: LoF values, Do= 60.3 mm, t= 8.7 mm and Lspan= 5-6m, gas line

D, =60.3mm

t=8.7mm

Lepan =5 — 6m

LoF:

50

100

150

200

250

300

Table 15: Output values, Do=168.3 mm and t=11.0 mm

D, =168.3 mm
t=11.0mm
Lspan Support a B E,
arrangement

4 stiff 5.593 -0.861 53361
* 105

5 Stiff 5.593 -0.861 53361
* 10°

6 Medium Stiff 3.462 -0.934 27084
* 105

7 Medium Stiff 3.462 -0.934 27084
* 105

8 Medium 12.7 -0.104 14168




Table 16: LoF values, Do= 168.3 mm, t= 11 mm and Lspan= 4-5 m, gas line

D, =168.3 mm

t=11.0 mm

Lopan =4 —5m

LoF:

Table 17: LoF values, Do= 168.3 mm, t= 11 mm and Lspan= 6-7m, gas line

D, =168.3 mm

t=11.0 mm

Lpan = 6 — 7m

LoF:

P,V 5 10 15 20 25 30 35 40
50

100

150

200

250

300




Table 18: LoF values, Do=168.3 mm, t=11 mm and Lspan= 8, gas line

D, =168.3 mm

t=11.0mm
Lspan = 8m
LoF:
P,V 10 15 20 25 30 35 40

50

100

150

200

250

300

0.503 0.724 0.986
0.754

Table 19: Output values, Do=219.1 mm and t=12.7 mm

77 1448 1971 2575
0.805

D, =2191mm

t=127mm
Lspan Support a B F,
arrangement
6 Medium stiff 3.65* 10° | -0.905 27736
7 Medium stiff 3.65 =10 | -0.905 27736
8 Medium Stiff 3.65 =10 | -0.905 27736
9 Medium 12.736 | -0.1 14507
10 Medium 12.736 | -0.1 14507




Table 20: LoF values, Do=219.1 mm, t=12.7 mm and Lspan= 6-8, gas line

D, =219.1mm

t=12.7mm

Lopan =6 —8m

LoF:

Table 21: LoF values, Do=219.1 mm, t=12.7 m and Lspan=9-10 m, gas line

D,=219.1mm

t=12.7mm

Lipan=9—10m

LoF:

P,V 5 10 15 20
50

100

150

200

250

300

30

35

40




Table 22:0utput values, Do=273.1 mm and t=14.3 mm, gas line

D, =273.1mm
t =143 mm
Lspan Support o B F,
arrangement
6 Stiff 6.413 -0.813 58307
*105
7 Medium stiff 3.85* 10° | -0.881 28671x
8 Medium Stiff 3.85*10° | -0.881 28671
9 Medium Stiff 3.85* 10° | -0.881 28671
10 Medium 2.075 -0.87 15956
*10°

Table 23: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 6-7 m, gas line

D,=273.1mm

t=14.3

Lopan=6—7m

LoF:




Table 24: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 8 m, gas line

D, =273.1 mm

t=14.3mm

Lspan = 8m

LoF:

Table 25: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 9 m, gas line

D,=273.1mm

t=14.3

Lsp,m =9m

LoF:

0.6213 0.8946
0.7455




Table 26: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 10 m, gas line

0o =273.1mm

t=14.3

Lopan = 10m

LoF:

50

100




Table 27: Output values, Do=323.9 mm and t=15.9 mm

D, = 323.9mm

t=159mm
Lspan Support B F,
arrangement

6 Stiff 6.866 -0.796 62360
*10°

7 Stiff 6.866 -0.796 62360
*10°

8 Medium Stiff 4.038 -0.862 30073
* 105

9 Medium Stiff 4,038 -0.862 30073
* 105

10 Medium stiff 4,038 -0.862 30073
*10°

11 Medium 2.181 -0.856 16536
* 105

12 Medium 2.181 -0.856 16536
* 105

13 Medium 2.181 -0.856 16536
* 105

14 Flexible 6.274 -0.913 4002
* 10%




Table 28: LoF values, Do=323.9 mm, t= 15.9 mm and Lspan= 6-7 m, gas line

D, =323.9mm

t=15.9mm

Lspan = 6 and 7m

LoF:

Table 29: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 8-10 m, gas line

D, =323.9mm

t=15.9mm

Lspan = 8 — 10m

LoF:




Table 30: LoF values, Do=273.1 mm, t=14.3 mm and Lspan= 11-13 m, gas line

D, =323.9mm

t=15.9mm

Lopan = 11— 13m

LoF:
P,V 5 10 15 20 25 30 35 40
50
100
150
200
250
300

Table 31: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 14 m, gas line

D, =323.9mm

t=15.9mm

Lspan = 14m

LoF:

P,V 5 10 15 20 25 30 35 40

50

100

150

200

250

300




Table 32: Output values, Do=406.4 mm and t=19.1 mm

D, = 406.4mm
t=19.1mm
Lspan Support arrangement | a B E,
6 Stiff 7.703 « 10% | -0.773 72434
7 Stiff 7.703 « 10% | -0.773 72434
8 Medium Stiff 7.703 = 10° | -0.773 72434
9 Medium Stiff 4.343 %105 | -0.837 33640
10 Medium stiff 4.343 %105 | -0.837 33640
11 Medium Stiff 4.343 %105 | -0.837 33640
12 Medium 2.353 % 10° | -0.837 18190
13 Medium 2.353 %10 | -0.837 18190
14 Medium 2.353 % 10° | -0.837 18190




Table 33: LoF values, Do= 406.4 mm, t= 19.1 mm and Lspan= 6-8 m, gas line

D, =406.4mm

t=19.1mm

Lspan = 6 — 8m

LoF:

Table 34: LoF values, Do= 406.4 mm, t= 19.1 mm and Lspan= 9-11 m, gas line

D, =406.4mm

t=19.1mm

Lopan = 9 — 11m

LoF:

0.6227

0.6100 0.8303




Table 35: LoF values, Do= 406.4 mm, t= 19.1 mm and Lspan= 12-13 m, gas line

D, = 406.4mm

t=19.1mm

Lopan = 12— 13m

LoF:

P,V 5 10 15 20
50

100

150

200

25

250

300

Table 36: LoF values, Do= 406.4 mm, t= 19.1 mm and Lspan= 14 m, gas line

30

35

40

D, =406.4mm

t=19.1mm
Lipan = 14m
LoF:
p,Vv 5 10 15 20 25 30 35 40

50

100

150

200

250

300




Table 37: Output values, Do=508 mm and t=20.6 mm

D, = 508mm
t =20.6mm
Lspan Support B F,
arrangement
8 Stiff 8.946 -0.751 80618
* 105
9 Stiff 8.946 -0.751 80618
*10°
10 Medium Stiff 4,719 -0.812 34967
* 105
11 Medium Stiff 4.719 -0.812 34967
*10°
12 Medium stiff 4,719 -0.812 34967
* 105
13 Medium Stiff 4,719 -0.812 34967
x10°
14 Medium 2.566 -0.819 18579
* 105




Table 38: LoF values, Do= 508 mm, t= 20.6 mm and Lspan= 8-9 m, gas line

D, =508mm

t =20.6mm

Lspan = 8 —9m

LoF:

Table 39: LoF values, Do= 508 mm, t=20.6 mm and Lspan= 10-13 m, gas line

D, =508mm

t=20.6mm

Lspan = 10 — 13m

LoF:




Table 40: LoF values, Do= 406.4 mm, t=19.1 mm and Lspan= 14 m, gas line

D, =508mm

t=20.6mm

Lspan = 14

LoF:

p,V 5 10 15 20
50

100

150

200

250

300

25

30

35

40




Table 41: Output values, Do=609.6 mm and t=25.4 mm

D, = 609.6mm
t=254mm
Lspan Support B F,
arrangement
8 Stiff 1.047 -0.733 102093
*10°
9 Stiff 1.047 -0.733 102093
*10°
10 Medium Stiff 5.094 -0.792 41148
* 105
11 Medium Stiff 5.094 -0.792 41148
* 105
12 Medium stiff 5.094 -0.792 41148
* 105
13 Medium Stiff 5.094 -0.792 41148
*10°
14 Medium Stiff 5.094 -0.792 41148
* 105




Table 42: LoF values, Do= 609.6 mm, t=25.4 mm and Lspan= 8-9 m, gas line

D, = 609.6mm

t=25.4mm

Lspan = 8 —9m

LoF:

P,V 5 10 15 20

Table 43: LoF values, Do= 609.6 mm, t= 25.4 mm and Lspan= 10-14 m, gas line

25 30 35 40

D, = 609.6mm

t=25.4mm

Lopan = 10 — 14 m

LoF:

P,V 5 10 15 20
50

100

150

200

250

300

25 30 35 40




4.5.1.1 Varying wall thickness

When designing a spool, the Outer diameter is often of standards diameters with little room for changing. The wall
thickness on the other hand can be fabricated more freely, hence the importance of the influence wall thickness has
on LoF is important to study. From the Table below it shows that larger wall thickness yields a decrease in LoF value.

Table 44: LoF values for different wall thickness, t

D, =273.1mm

Lopan =6—7m

kg m
p= 100W and v = 5?

t F, LoF
7.15mm 33191
10mm 43598
14.3mm 58307
20mm 76587

28.6 102431




D, = 60.3mm
t=8.7mm
Lspan Support a B F,
arrangement
4 Medium stiff 3.062 -1.048 40292
*10°
5 Medium 12.865 -0.12 27056
6 Medium 12.865 -0.12 27056

4.5.2 OQil lines or multiphase line
453

This section deals with pipe sections that are used to transport oil. The main differences from gas lines are ;

e Velocities: The velocity are lower than the gas
e Density: Higher density values compared to gases
e The Fluid viscosity, FVF, is equal to 1 for oil lines.

The table below is identical to the one in gas lines, and the rest of these tables are also identical so they will be
omitted from the rest of the sensitivity analyses.

Table 12: Output values, Do=60.3 mm and t=8.7

D, = 60.3mm
t=87mm
Lspan Support a B F,
arrangement
4 Medium stiff 3.062 | -1.048 40292
* 105
5 Medium 12.865 -0.12 27056
6 Medium 12.865 -0.12 27056




Table 45: LoF values, Do= 60.3, t= 8.7 and Lspan= 4m, oil line

D, = 60.3 mm

t=8.7mm

Lspan =4

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760




Table 46: LoF values, Do= 60.3, t= 8.7 and Lspan= 5-6 m, oil line

D, =60.3 mm

t=8.7mm

Lspan =5and 6

LoF:

p,Vv 1
60
110
160
210
260
310
360
410
460
510
560
610
660
710

760

5

10




Table 47: LoF values, Do= 168.3 mm, t= 11 mm and Lspan= 4-5m, oil line

D, =168.3 mm

t=11.0 mm

Lepan =4 and 5

LoF:




Table 48: Table 46: LoF values, Do= 168.3 mm, t= 11 mm and Lspan= 6-7 m, oil line

D, =168.3 mm

t=11.0 mm

Lpan=6-7m

LoF:




Table 49: LoF values, Do= 168.3 mm, t=11 mm and Lspan= 8m, oil line

D, =168.3 mm

t=11.0 mm

Lspan = 8m

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760

10




Table 50: LoF values, Do= 219 mm, t=12.7 mm and Lspan= 6-8m, oil line

D, =219 mm

t=12.7mm

Lspan = 6 — 8m

LoF:




Table 51: LoF values, Do= 219 mm, t=12.7 mm and Lspan= 9-10m, oil line

D, =219 mm

t=12.7mm

Lopan =9 —10m

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760

10




Table 52: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 6 m, oil line

D, =273.1mm

t=14.3mm

Lepan = 6

LoF:




Table 53: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan= 7-9 m, oil line

D, =273.1mm

t =14.3mm

Lopan =7 —9m

LoF:




Table 54: LoF values, Do=273.1 mm, t= 14.3 mm and Lspan=10 m, oil line

D, =273.1mm

t=14.3mm

Lepan = 10m

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760

10




Table 55: LoF values, Do=323.9 mm, t=15.9 mm and Lspan= 6-7 m, oil line

D, =323.9mm

t =15.9mm

Lpan = 6 — 7m

LoF:




Table 56: LoF values, Do=323.9 mm, t=15.9 mm and Lspan= 8-10 m, oil line

D, =323.9mm

t =15.9mm

Lopan =8—10m

LoF:




Table 57: LoF values, Do= 323.9 mm, t=15.9 mm and Lspan= 11-13 m, oil line

D, =323.9mm

t =15.9mm

Lopan =11-13m

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760

0.619

0.622 0.813

10




Table 58: LoF values, Do=323.9 mm, t=15.9 mm and Lspan= 14 m, oil line

D, =323.9mm

t =15.9mm

Lopan = 14m

LoF:

P,V 1 2 3 4 5 6 7 8 9 10

60 0.53973 0.734633 0.95952

110 ‘ 0.687156 | 0.989505
160 ‘ 0.63968 0.9995
‘ 0.83958

210

260 0.584708
310 0.697151
360 0.809595

410 0.922039
460
510

560

0.55972
610 0.609695

660

0.65967
710 0.709645
760 0.75962




Table 59: LoF values, Do= 496.4 mm, t= 19.1 mm and Lspan= 6-8m, oil line

D, = 406.4 mm

t=19.1mm

Lipan=6—8m

LoF:




Table 60: LoF values, Do=496.4 mm, t=19.1 mm and Lspan= 9-11 m, oil line

D, =406.4 mm

t=19.1mm

Lepan = 9m — 11m

LoF:




Table 61: LoF values, Do=496.4 mm, t=19.1 mm and Lspan= 12-14 m, oil line

D, = 406.4 mm

t=19.1mm

Lepan = 12m — 14m

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760




Table 62: LoF values, Do= 508 mm, t= 20.6 mm and Lspan= 8-9m, oil line

D, = 508mm

t =20.6mm

Lepan = 8m —9m

LoF:




Table 63: LoF values, Do= 508 mm, t= 20.6 mm and Lspan= 10-13 m, oil line

D, =508mm

t=20.6mm

Lspan =10 — 13m

LoF:




Table 64: LoF values, Do= 508 mm, t= 20.6 mm and Lspan= 14 m, oil line

D, = 508mm

t=20.6mm

Lopan = 14m

LoF:

P,V

60

110

160

210

260

310

360

410

460

510

560

610

660

710

760




Table 65: LoF values, Do= 609.6mm, t=25.4 mm and Lspan= 14 m, oil line

D, = 609.6mm

t=25.4mm

Lspan = 8 — 9m

LoF:




Table 66: LoF values, Do= 609 mm, t= 25.4 mm and Lspan= 14 m, oil line

D, = 609.6mm

t=25.4mm

Lspan = 10 — 14m

LoF:




Chapter S Discussion

The thesis conducted a Screening checks for a generic spool alignment using the methodology outlined in
the EI guidelines by Calculating LoF values. There were also done some sensitivity analysis on the spools to

see how parameters influenced the LoF due to FIV.

Whereas most of subsea facilities’ integrity issues are dealt with during the design stage, flow induced
vibrations is more of a forgotten problem or pushed further down the agenda. Nevertheless, the failure of this

kind is considered dangerous, and the outcome is a complex and costly repair.

Specific benefits of introducing a FIV assessment in design phase would include:

. Enhanced integrity of the piping system.

. Safety improvements.

. Eliminate incidents of hydrocarbon release.

. Enhanced reliability and availability of assets.

. Meeting the existing legislation as well as guidelines for best practices in the industry.

. An enhanced design approach for installing new systems.

. Reduced incidents of shutdowns and lowered cost of maintenance.

. Allows for installations beyond existing conditions of operations and those in an existing plant.

Where the piping system is vulnerable to flow-induced vibration various approaches can be used to lessen or
eradicate the problem. The main objective is to eradicate the vibration of various piping natural frequencies
and the flow-induced excitation frequency match. One approach is through an increase of the piping
diameter which has a negative effect on the weight and the system cost. Moreover, a configuration of the
piping system is an alternative solution. By using shorter span, the system will be stiffer, and the LoF value
will be low. This is essentially ideal since it eliminates the need for operational parameter changes including
those involving the piping systems and the cost of the system. For example, in topside system using a three-
support system in place of two can mitigate or at least reduce the problem. On the other hand, having all U-
bolts piping supports where necessary as well as clamps having full circumferential bands creates a rigid
system while increasing the natural frequency of the modes across the system. (Harper, 2016) The reason for

doing these thing like shortening the span, increasing the diameter, and adding additional support is to get



the natural frequency increased beyond the excitation frequency. Additional support like the one used in top
side systems are quite challenge and are often not feasible. Nevertheless, one should be careful when using
these approaches to allow for certain flexibility critical for permitting thermal movements in any piping.
Less flexibility in a stiff piping system may provide high natural frequency and reduce the likelihood of
flow-induced vibration although such may increase thermal stresses and reaction loads beyond stipulated

limits.

Besides, another approach to reducing flow-induced vibration is to increase the piping wall thickness
essentially in a small-bore piping system. From the sensitivity analysis it shows that an increase in wall
thickness will decrease the LoF values. (Swindell & Hill, Guidelines for the avoidance of vibration-induced

fatigue failure in subsea systems, 2018)



Chapter 6 Conclusion and Recommendations

FIV for subsea production systems (SPS) development has gained significance in design and piping system
and components in the recent past because it increases production flow rates, the need for low weight and
size, and the enacting of the subsea processing installation. Nonetheless, the science behind the approach is
not entirely clear and certain gaps require research to streamline this method. This thesis offers an outline of
the FIV prediction and analysis approaches including screening and illustrating the likely sources of acoustic
and vibratory noise within the SPS and evaluating the likely excitation frequency range and source strengths
essential to envisage the mechanical response related to flow-induced excitation. Screening methods are
demonstrated for two mechanism using the EI Guidelines for avoiding vibration-induced fatigue failure in
subsea systems. Sensitive analysis was also done for FIT were multiple inputs were evaluated to see how
they influenced LoF Score. For the O&G industry screening methods used are, however, costly, time-
consuming, and conservative in most instances in verifying risk and providing design changes to lessen the
risk. Thus, the likelihood of influencing the budget and schedule of the project is high. In most instances, the
mechanical response evaluations suggest that screening can overate the level of risk. Presently, clear FIV
standards for subsea installations are unavailable and various standards from other industries are often
applied. (Swindell & Hill, Guidelines for the avoidance of vibration-induced fatigue failure in subsea

systems, 2018)
Summary of the major limitations

. The screening and assessment approaches are conservative. This is evident in the guidelines where a

safety factor of 10 is recommended.
. There are currently no standards for subsea and validation of methodologies.
. Lack of industry practical analysis models in the current academic arena.

Moreover, the high cost associated with the engineering analysis it is often ideal to conduct these evaluations
earlier. Though, the preliminary design must be finalized first before the detailed analysis is conducted.

Thus, a better approach is needed to alleviate the exposure to FIV of the piping systems. What I have done

Cooperation in the field involving academia, solution providers, and oil companies can offer a clear
foundation for the FIV assessments in the future. It will create a sense of a shared vision for solutions

providers and organizations that cost-effectively provide products without facing integrity issues. During



challenges, solution providers would seek to help operators cut costs, reduce risk and enhance investment

certainty. In future developments the FIV can be a challenge because of potential HPHT environments

resulting from high flow velocities and models of prediction would need to be developed to mirror future

developments in HPHT. (Gharaibah, Barri, & Tungen, 2016)

Presently, topside screening methodology can be utilized although detailed evaluation approaches are

necessary. Topside experience can be useful for limiting vibration during design and before deployment

conduct key measurements including impact testing where ideal.

Various recommendations should be considered in developing FIV prediction approaches, they include;

Having improved dynamic forces prediction for various pipe sizes from slug and multiphase
to model the mechanical response and eventually the weariness. Results of experiments can
be utilized to authenticate CFD models directly.

0&G companies should invest in research to better understand the issue of FIV. This is
especially important when more and more field are gas field which has higher FIV potential

due to higher speed.

Seek correction element for multiphase FIT having various testing approaches for example in
single-phase speed of flow and different bend configurations. For example, Norton and Bull's

design can be used for comparison.

Having ideal monitoring systems may eliminate the problem in the short run, however, such
an approach is costly for installations in the subsea and limit the increase of scientific
knowledge concerning the phenomenon. For vibration dampers such is true because they have
been used for topside but not in the subsea. The use of ROV for monitoring can be more ideal

solutions than fitting the spools and subsea structure with costly monitoring devices.
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