UNIVERSITY OF STRATHCLYDE

DEPARTMENT OF MECHANICAL & AEROSPACE ENGINEERING

WEIR ADVANCED RESEARCH CENTRE

Investigation and Model Development of
Pressure Relief Valve Leak Tightness

Supervisors
Author

Ali Ahmed ANWAR

Dr. William DEMPSTER

Professor David NASH

A thesis presented in fulfilment of the requirements for the degree

of Doctor of Philosophy

January, 2019



Abstract

Controlling and assessing the leak tightness of a Pressure Relief Valve (PRV) has been a chal-
lenge since the original design of the product. With more stringent demands from the nu-
clear power industry for leakproof PRV’s, closer to the set-pressure, there has been a drive
by both industry and academia for a better design method for many known metal-to-metal
contacting seal/surface problems. This thesis attempts to understand the surface metrol-
ogy characteristics which facilitate leakage, from which a numerical modelling tool is devel-
oped. Drawn from industry experience, it is found that the main surface finish contribut-
ing factor to leakage is form, rather than roughness. Industry experience combined with
metrology measurements allowed investigating the effects of poli-lapping and improving
the surface form for a new disc. This led to reducing the leakage rate proving, this to be
the key influencing parameter on leakage. A numerical modelling tool is created taking into
consideration the surface form, waviness and roughness. The numerical approach requires
efficient coupling of a non-linear structural Finite Element Analysis (FEA) with a Computa-
tional Fluid Dynamic (CFD) solver. This allows the examination of the relationship between
deformation of the contacting surfaces, based on the applied spring force, and the result-
ing micro-flow of gas through any available gaps and the overall leakage to be found. The
API527 Seat Tightness methodology is followed to allow leakage rates to be measured and
the computational model to be validated at a set-pressure of 0.5 MPa. It was found that the
API1527 standard falls short of being able to quantify leakage, rather it is understood to be an
indicator of leakage. The FEA numerical model builds upon the current literature by using
the sum surface technique, which is partially validated in this thesis. The CFD model is ver-

ified and validated using equations and experimental results found in the literature. There



is confidence in the leakage results calculated via the CFD model up to 10 MPa, after which
no equations or experimental data exist in the literature which can be used for validation
purposes against the CFD results. It is found by reducing the seat length to 0.5 mm and
applying a force equivalent to 18.6 MPa, the contact between the metal surfaces reduced
to 99.5% roughness contact. Another technique developed called the Surface Compliance
Technique (SCT) showed that by applying 2.2x the spring force for a set-pressure of 18.6
MPa, the gap spacing due to the form and waviness is plastically deformed, closing the gap
spacing. A secondary factor known as valve swivel was also investigated finding that it has
no effect on leakage. Also from the roughness numerical CFD model, the permeability co-
efficient is found. In addition, the numerical approach can potentially be applied to other
metal-to-metal contacting surface components, such as flanges with metal gaskets, to help

eliminate leakage.

ii



Declaration

This thesis is the result of the author’s original research. It has been composed by the au-
thor and has not been previously submitted for examination which has led to the award of

a degree.

The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by the University of Strathclyde Regulation 3.50. Due acknowl-
edgement must always be made of the use of any material contained in, or derived from,

this thesis.
Signed:

Date:

iii



Acknowledgements

In the name of Allah, the Most Gracious and the Most Merciful.
Alhamdulillah, all praise is to Allah for the strengths He has bestowed upon me and His
blessings in completing this thesis.

Firstly,  would like to thank my supervisor Dr Willam Dempster (Bill) who has continu-
ally assisted and encouraged me to excel in understanding this topic. Bill's invaluable help
of constructive comments and suggestions throughout the project have contributed to the
success of this research.

A special thanks to my co-supervisor Professor David Nash who encouraged me with his
invaluable support, advice and teaching me to work smarter (not harder). Not forgetting the
many cups of teas as well. David, a friend and mentor, originally introduced me to this PhD,
and for this I thank him dearly, and the new opportunities it has given me.

Yevgen Gorash receives a special thanks for all of his support and help with this project,
especially with all my distracting questions.

I must also take this time to acknowledge the initial support and help I received from Dr
Robert Hamilton, who also put a lot of his faith and belief in me.

When I first started this PhD, David Cunningham, who sadly passed away in October
2016, had a great deal of faith in me to excel in this topic. Thank you David.

The WEIR group deserve a big thanks for their support in this project and particularly:
Alan Bickley, Stéphane Carrier, Fabrice Courdavault and Alan Stewart.

One of the main reasons why this thesis has come about is due to my Mum. A very
strong minded and kind lady, she worked day and night, and with whatever little she had,

she always made sure that myself and my siblings received a good education. Thank you

iv



Mum.

A special thanks must go to my wife, Sadia, who listened to me endlessly talk about this
project. However, her endless encouragement, love and support has meant I have managed
to complete this project.

Finally, I would like to thank some people from various organisations who have helped
me during this project in gaining access to the Alicona Interferometry devices: Liza Hall
(AFRC), Rong Su and Wahyudin Syam (University of Nottingham) and Brian Kyte (Director
of Alicona)

I would also like to thank the Mechanical and Aerospace Department at the University
and the IMECHE for awarding me a conference grant allowing me to participate in the ASME

PVP 2017 conference.



Contents

Abstract

Declaration

Acknowledgements

1 Introduction

1.1
1.2
1.3
1.4
1.5

Reported Issues of Set-Pressure Drift and what arethecauses . . . . .. .. ...
Motivation . . . . . . . . . e e e e
Goal and thesis objectives . . . . . .. ... ... .. . L L o
Outlineofthesis . . . . . .. ... ..
Background Information. . . . .. ... ... o o Lo
1.5.1 Sarasin-RSBDP3Valve . . . ... ... ... ... ... ... ... .. ...
1.5.2 Contributing factorstosealing . . . . . ... ... .. ... .........

1.5.3 PhySics . . . . . o o e

2 Literature Review

2.1
2.2
2.3
2.4
2.5
2.6
2.7

Introduction . . . . .. ...
Leakage: fluid flow assumptions . . . . ... ... .. ... .. ..
Representation of surface roughness at micro-scale . . . . . ... ... ......
Structural mechanics of rough surfaces and its effect on fluid flow path . . . . .
Macro scale deformation and its effect in fluid flowpath . . . . . ... ... ...
Experimental leakage ratemethods . . . . ... ... ... ... ... .. ...

PRV secondary influences relatingtoleakage . . . . . ... ... ... .......

iii

iv



2.8 DISCUSSION . . . . . . . e e e e 26

29 Conclusion . . . . ... .. 27
2.10 Research Direction . . . . ... .. ... ... ... . . 28
Surface Finish Metrology 30
3.1 Introduction . . ... ... ... ... .. 30
3.2 Understanding surface finish quality and measurement techniques . . . . . . . 31
3.2.1 Metrology Characteristics . . . . ... ... .. ... ............. 32
3.2.2 Manufacturing Technique - Poli-Lapping . . . . . . ... ... .. ..... 35
3.2.3 Measurement techniques . . . . ... .. ... ... . .. . ... 35
3.3 Surface Qualityof DiscandSeat . ... ... ... ... .. ... ... .. .... 39
3.3.1 Surface Form indication - Engineer'sBlue .. ................ 39
3.3.2 Surface Roughness measurement - Mitutoyo Surftest SV-2000 . . . . . . 44

3.3.3 Form, Waviness and Roughness measurement - Alicona InfiniteFocus

(Optical Interferometry) . . . . . . .. .. . . 44

3.3.4 Discussion of surface form results of seatsand discs . . . . ... ... .. 48

3.4 Investigation of lapping procedure-DiscD . .. ... ... ... ... ...... 48
341 RootCause. ... ....... ... .. 50

3.5 Leakage TestofSeatandDisc . . . ... ... ... ... .. ... ... .. .... 53
3.,5.1 Methodology . ... ... ... .. .. .. 53
352 Results . ... ... . e 58
3.5.3 Discussion ofleakagetestresults . . . . .. .. ... ... .. .. . ..., 59

3.6 Discussion - Surface finish quality and itslink to leakage . . . . . . ... ... .. 59
3.6.1 Gaskets . . .. ... 59
3.6.2 WEIRIn-houseresearch . .. ... ........ ... ... ... ...... 60
3.6.3 Demystification of Roughness and its effect on leakage . . ... ... .. 61

3.7 Conclusion . . . . ... 61
Valve Leak Tightness Tool 63
4.1 Introduction . . . . . . . . .. e 63
4.2 ToolMethodology . . . . . . . . . . 64

vii



4.2.1 Metrology . . . . . . 64

422 CAD . . . e 67
4.2.3 FEA . . . e e e 72
4.24 Overallcontact CADmodels . .. ... .... .. .. ... ......... 75
425 CFDmodel. . ... ... . . 78
4.3 Quantitative Validation of Summing technique material equivalence . . . . .. 82
4.3.1 Model, Method and assumptions . . ... .. ... .. ........... 82
4.3.2 ResultsandDiscussion. . . . ... .. ... ... ... 83
4.3.3 Overall . .. ... 84
4.4 Verification of microflow leakage through a channel using a CFD solver . . . . . 84
4.4.1 Simulation conditionsandmethod . .. ... ... ... .......... 86
4.4.2 ResultsandDiscussion. . . . .. ... ... ... . o 87
4.4.3 Overall . ... 91
4.5 Validation using case study - 0.5MPa Set Pressure leakagetest. . . . . ... ... 92
4.5.1 Resultsanddiscussion . . . ... ... ... ... ... ... . .. 92
4.6 SUMMATY . . . . . ..o e 112
4.6.1 VLT ToolMethodology . . . ... ... ... ... .. .. . .. .. ..... 112
4.6.2 Quantitative Validation of Summing technique .. ... .......... 113
4.6.3 Verification of microflow leakage through a channel using a CFD solver . 113
4.6.4 SARASIN P3 PRV experimental leakage for Pge;, . . . . . . ... ... ... 114
Investigation of geometry effects 116
5.1 Introduction . . . . . .. ... .. e 116
5.2 Design investigation—PRV SeatLength . . . ... ... ... ... ... ..... 116
5.2.1 Results and Discussion - 0.5 MPa and 5 MPaleakage . . ... ....... 117
5.2.2 Results and Discussion - FEA results for Set Pressures of 10 MPa, 15 MPa
and18.6 MPa . . . . ... . ... 120
5.2.3 Industrial in-house set-pressure setup guidance of a Sarasin P3 PRV . . . 122
5.3 Surface Compliance Technique (SCT) . . . .. ... ... ... .. ... ...... 123
5.3.1 Methodology . ... ... ... .. .. .. 123
532 Result .. ... ... 123

viii



5.4 OtherTool capabilities . . . . .. ... ... ... ... ... ... 124
5.5 SUMMATY . . . . vt e e e e 125
5.5.1 SeatLength optimization . ......... .. ... ... ... .. .... 125
5.5.2 Surface Compliance Technique . . . . . ... ... ... ........... 125
PRV Secondary factor and VLT Tool enhancement 126
6.1 Introduction . . . . ... ... .. .. 126
6.2 ValveSwivel . . . . . . . . 126
6.2.1 Analysis Methodology . . . ... .. .. ... .. .. ... .. . ... 128
6.3 PRV Tool enhancement - Roughness model Permeability coefficient calculation 134
6.3.1 Methodology and Permeability coefficient calculation . . ... ... ... 135
6.4 SUMMATY . . . . . . . o o e e e 139
Conclusions and Recommendations 141
7.0.1 LiteratureReview . . . . . . .. . . ... e 141
7.0.2 Surface Finish Metrology . . ... ... .. ... ... ... .. .. .... 141
7.0.3 Valve Leak Tightness Tool . . .. .. ... ... ... ... .. ... ..... 142
7.0.4 Investigation of geometryeffects . . . . . ... ... ... ..o oL 144
7.0.5 PRV Artifact and VTL Tool enhancement . . . ... ... ... ....... 145
7.1 Recommendations . .. ... ... ... ... ... 145
Appendix A 155
A1l Seatcontactconfiguration. . .. .. ... ... ... ... e 156
A2 FEAmodellingand APDLscript . . ... .. ... .. ... .. .. .. ... 159
A.3 APDLscript rppp retrievalandapply . . . .. .. ... ... o L L. 161
A3.1 APDLrestartbug . . ... .. .. . ... .. 162
A4 Materialmodel . .. ... ... . 162
A5 Resultsanddiscussion . . . ... ... ... ... e 164
A6 Conclusion . . . ... ... e 166
Appendix B 168
B.1 FEA Form and Waviness MeshingStudy . . . . . ... ................ 168

ix



B.1.1 Resultsand DiScusSion . . . . . . . . . . . v v v i i i it et 169

B.2 FEARoughness MeshingStudy . . . .. ... ..... ... .. ... .. .. .... 170
B.2.1 ResultsandDiscussion. . . ... .. ... ... ... ... ..., 170

B.3 Deformed Roughness FEA model - APDL Script . . . ... ............. 172
B.4 CFD Global-to-local technique - VerificationStudy . . . . ... ... .. ..... 177
B.4.1 Models and boundary conditions . . .. ... ... ............. 177

B4.2 Result..... ... ... .. e 178

C Appendix C 180
C.1 SwivelSolver-UDF . . . . . ... . 180
C.2 Permeability Coefficient - Furtherdetails . . . . ... ... ... .. .. .. .... 182



List of Abbreviations

AFRC Advanced Forming Research Centre
API  American Petroleum Institute
ASME American Society of Mechanical Engineers
BPVC Boiler Pressure Vessel Code

CAD Computer Aided Design

CFD Computational Fluid Dynamics
DSMC Direct Simulation Monte Carlo

FEA  Finite Element Analysis

FPP  Fluid Pressure Penetration

FSI Fluid-Structure Interaction

FVM Finite Volume Method

JAEA Japan’s Atomic Energy Agency

NASA The National Aeronautics and Space Administration



NRC Nuclear Regulatory Commission

PDE Partial Differential Equations

POPRV Pilot Operated Pressure Relief Valve

PRV  Pressure Relief Valve

PVP  Pressure Vessel and Piping

SCT  Surface Compliance Technique

SOPRV Spring Operated PRV

VLT  Valve Leak Tightness

Nomenclature

1/a  Permeability coefficient

9 Molecular diffusion coefficient

An Porous media thickness

1 Mass flow rate

v Volumetric flow rate

€ Strain

04 The ratio of specific heats
A Mean free path of molecule

xii



Oq

Eq

Viscosity

Ratio of a circle’s circumference to its diameter

Stress

Accommodation coefficient

Yield Stress

Poisson’s Ratio

Young’s Modulus

Equivalent Young’s Modulus

Fspring Spring Force

H

ho

Ki’ll

Le

Lo

Average Waviness

Effective gap height

Local gap height

Knudsen Number

Knudsen Number at exit

Gap seal length

Characteristic Length

Local gap length

Xiii



Mmm

Py

Py

Re

Vi

Wa

Fq

Fsm

Mass

Molecular mass

Pressure

Pressure at inlet

Pressure at exit

Gas constant

Average Roughness

Reynolds Number

Separation distance between peaks/valleys

Momentum sink term

Temperature

Velocity

Average Waviness

Mass fraction

Diffusivity coefficient

Average Form amplitude

Average Form spacing

Xiv



Transmissivity coefficient

Boltzmanns constant

Volumetric flow rate

Average Roughness spacing

Average Waviness spacing

XV



List of Figures

1.1

1.2

1.3

1.4
1.5

2.1
2.2

2.3

24

2.5

2.6

3.1

Gap spacing with fluid flowing from internal to external zones between two
arbitrary metallic surfacecontacts. . . . . . . .. ... ... L oL
Pie chart of ORNL reasons for PRV and POPRYV failure in US nuclear power
stations[Staunton and Cox, 1995] . . . . . . . . . .. e
WEIR-Sarasin P-series PRV schematic diagram with cross section . .. ... ..
Contributing factors to sealingforaPRV . . ... .. ... ... ... .. ....

Stress-strail CUIVE . . . . . o . v e e e e e e e e e e e e e e e e e e e

Rough contact slope limitation where hy « [y [Vallet et al, 2009] . ... ... ..
Ilustration of (a) sum surface technique, which is used to generate (b) equiv-
alent rough surface, after O’Callaghan and Probert [1987] . . ... ... ... ..
lustration of (a) sum surface technique of surfaces represented as triangle

waveforms, used to generate (b) equivalent rough surface based on Eq. 2.8

(a) Real surface represented as (b) Fractal surface for a sand blasted surface
[Vallet etal, 2009] . . . . . . . . o e e e e e
Schematic illustration of the crest and valley sinusoidal fluctuations used by
(a) Geoffroy and Prat [2004] and (b) Pérez-Rafolsetal [2016] . .. ... ... ..
Recognition algorithm diagram of leak path identification where 0 is no gap
and 3 is the fluid flow path: (a) contacting state and (b) leaking path, after

[Man etal, 2014] . . . . . . . .

Sarasin PRV P9 contact surfaces: (a) Disc bottom view; and (b) Seat top view . .

XVi



3.2 Mitutoyo 10mm slip guuage scanned using Alicona Infinitefocus at 50x objec-
tive with imperfections highlighted . . . .. ... .. ... ... ... ... ....
3.3 (a) Surface form, (b) waviness and (c) roughness depicted on two contacting
surfaces separated byagapsizeofh . . . . . ... ... . L oL,
3.4 Example of height and width of elements of texture for roughness or waviness
BSI[2010] . . . . . o e e e
3.5 LAMPLAN 8700 poli-lappingmachine . . . . . .. ... ... ... ... ......
3.6 Cut-through of engine cylinder head with airflow pushing down the valve, re-
vealing the contact surfaces of thevalveandhead. . ... ... .. ... .....
3.7 Typical amplitude-wavelength range plots for AFM, optical and contact stylus
metrology instruments . . . . ... .. .. Lo
3.8 AliconalnfiniteFocus . . . . .. .. ... .. L L
3.9 Mitutoyo Surftest (SV-2000) with stylus capable of moving linearly . . . . . . ..
3.10 Engineering blue spread on Mitutoyo Granite surface plate (Grade 1) using a
Moore and Wright Straight Edge (no.314) . . . .. .. ... ... ... .. .....
3.11 Engineer’s Blue results of disc’s A, BandC . .. ...................
3.12 Engineer’s Blue results of seat's A, BandC . ... ... ... ... ........
3.13 Average surface form measurement of discs A, B and C using Alicona Infinite-
Focus at 20X objective magnification . . . ... ... ... ... .. ... .....
3.14 Average surface form measurement of seats A, B and C using Alicona Infinite-
Focus at 20X objective magnification . . ... .. .. ... ... ... ... ...,
3.15 Schematic of poli-lapping machine with (a) pressure plate fitted and (b) an
arbitrary mass used which is susceptible to movement on top of the disc . . . .
3.16 Average surface form measurement of Seat D using Alicona Infinitefocus at
20X objective magnification . . . . ... ... L Lo Lo
3.17 Average surface profile measurement of Seat D using Alicona Infinitefocus at
20X objective magnification with measurement area of disc highlighted in red .

3.18 Modified Sarasin P-series PRV with spacer to accommodate force transducer

xvii

50

52

. 54



3.19 Leakage test of (a)Sarasin P-series PRV experimental rig with (b) digital spring
force, inlet/outlet pressure and temperature gauges, and (c) 7.9mm outside
diameter pipe tube connected tooutletof PRV. . . . . ... ... ... ... ...

3.20 Schematic piping diagram of Sarasin P3 PRV experimentset-up ... ... ...

3.21 Leakage rate found based on API527 . . .. ... ... ... .. .. .. .. .. ..

4.1 Valve leak tightness methodology flow diagram . . . ... ... ..........
4.2 Average surface form measurement (a) disc and (b) seat scanned using the
Alicona InfiniteFocus at 20X objective . . . . . . ... .. ... ... ... .. ...
4.3 100 pm by 100 um actual scan of disc using the Alicona InfiniteFocus at 50X
objective magnification . . ... .. .. ... ...
4.4 Simple geometry of pyramids representing waviness based on W, and Wg,,, . .

4.5 Geometric model of i symmetric valve seat with form and waviness incorpo-

4.6 50X scale of (a)Original Scan and (b)Filtered scanin meshlab . . . . . ... ...
4.7 100 um by 100 pm actual scan of disc converted into CAD format . ... .. ..
4.8 Reference line 1 of original 100 um by 100 ym scan (Figure 4.3) compared to
filtered CAD modelofscan . . .. ... ... ... ... .. ... .
4.9 FE model of % symmetric valve seat with boundary conditions . . ... ... ..
4.10 Roughness FE model with boundary conditions . . . . .. ... ... ... ....
4.11 Spring force application with respect to load step for 90% of the Pg,; loading . .
4.12 G - Overall contact gap at P;j; 90% of Ps.; = 0.5 MPa and H — CFD model of
Form & Wavinessmodel . . . ... ... ... ... ... ... ... ... ...
4.13 Macro model and sub-model deformed CAD spacing output flowchart . . . . .
4.14 Deformed Form and Waviness model extraction flowchart. . . . ... ... ...
4.15 (a) Scaled deformed model from FEA, (b) Void space filled in from position of
flat rigid surface, (c) Void space only with magnification of closed contact, and
(d) Closed contact region modified to facilitate meshing for CFD solver . . . . .
4.16 Global-to-local model to find local leakage attributed to roughness . . . .. ..
4.17 90% of Setp = 0.5 MPa (a) CFD Mesh, (b) CFD mesh full contact zone and (c)

Enhancedviewofcornermesh . . . . . ... . ... .. ... ... ... . ...



4.18 Equivalent material - FE model 1 and 2 with boundary conditions . . . . .. .. 83

4.19 Equivalent material and surface - FE model 3 and 4 with boundary conditions . 84

4.20 Y-axis deformation ofcornernode . . . . . . ... ... ... ... 85
4.21 Z-axis deformation of cornernode . . . . . . . . .. ... ... e 85
4.22 Sketch of channel used for CFD analysis” . . . ... ... .............. 86

4.23 Mesh of inner buffer region where h=1um (this is mirrored at the outer buffer

TEGION) . . . . e e e e e e e 88
4.24 Graph of Pressure profile versus length forh=1pym . ... ... ... ... .. ... 89
4.25 Mach Number versus channel length (last 0.1mm) forh=1ym. . ... ... ... 90

4.26 Graph showing the effect of Py change from 1MPa-18.6MPa versus the mass

flow rate for achannelofh=1pum . .......... ... .. ... ........ 91
4.27 Graph showing the effect of Py change from 1 MPa-18.6 MPa versus the mass

flow rate fora channelofh=5pum. . . . .. ... ... ... ... ... .. ... 92
4.28 Graph showing the effect of changing L./h from 1250-250 versus the percentage

difference of the mass flow rate between the Arkilic et al analytical Eqn. (2.5)

and the CFD solver (ANSYS) . . . . . . . . o e e 93
4.29 Von-Mises stress plot of form & waviness model in MPa for Pg.; =0.5MPa ... 94

4.30 Y-direction deformation plot of form & waviness model in um for Pg.; = 0.5 MPa 95

4.31 Gap spacing of form & waviness model in ym for Pg,; =0.5MPa . . .. ... .. 96
4.32 Von-Mises stress plot of roughness model in MPa for Pg,; =0.5MPa . . . . . .. 97
4.33 Elastic and Plastic strain plot of roughness model for Ps; =0.5MPa . . . . . .. 99
4.34 Gap spacing of roughness model for Pgo; =05MPa . . . . ... .......... 100
4.35 Pressure profile through form and waviness gap for Pgo; =0.5MPa . . . . .. .. 101

4.36 Knudsen number through form and waviness gap for 90% of Ps.; =0.5 MPa . . 102

4.37 (a) Mach Number through form and waviness gap (b) Scaled projection side

VIBW . o o e 103
4.38 Pressure Profile through roughnessgap . . . .. ... ... ... .......... 104
4.39 Velocity streamlines through roughnessgap . . ... ... ... ... ....... 106
4.40 Knudsen number through roughnessgap . . . . . ... ... ..... ... .... 107
4.41 Mach number through roughnessgap . . . . .. ... ... ... ......... 108



4.42 Leakage results of Form & Waviness of Sarasin PRVP3 . .. ... ... ... ... 109

4.43 Leakage results of Roughnessfor 100 pm . . . ... ... .. ... ......... 110
4.44 Circumferential arc length of roughness contact associated area . . . . ... .. 111
4.45 Bubble count versus flow rate experimentsetup . . . . . .. ... .. ... .... 112
4.46 Bubble count versus mass flow rate experiment results with best line fit. . . . . 113

4.47 Leakage results of Valve leak tightness FEA-CAD model, analytical Eqn. (2.5)

and PRV experimentalresults . . . . . ... ... ... ... . L. 114

5.1 Seatlength optimisation of PRV for a Pgey =0.5MPaand5MPa . . . . .. .. .. 117
5.2 Y-direction deformation for (a) 90% of Pg.; = 0.5 MPa and (b) 90% of Ps.; =

5MPa, foraseatlengthof 1.25mm . .. ... .... ... .. ... ...... 118
5.3 Overall gap spacing for a (a) Pse; = 0.5 MPa and (b) Ps.; = 5 MPa, for a seat

length of 1.25 mm, with associated surface texture gap spacing . . . . . ... .. 118
5.4 Percentage of Gap spacing associated with form and waviness for a Py, =

0.5 MPaand 5 MPa, for all seatlengths . . ... ... ... ............. 119
5.5 Set Pressure required to increase gap spacing associated with surface roughness121
5.6 Gap spacing for a seat length of (a) 1.25mm and (b) 0.5 mm at 90% of P, =

18.6 MPa . . . . . e e 122

5.7 Results of loading at 53284N of Form & Waviness FEA model: (a) Gap spacing

and (b)Plasticstrain . . . . . .. .. ... 124
6.1 Spring natural’ vertical misalignment . . . . .. ... ... ... .. .. .. .. .. 127
6.2 Clearances between components in SARASINP3PRV . . ... .......... 128

6.3 Disc swivel motion assuming: (a) no disk holder swivel; (b) disk holder rotates,
but swivel via disk; and (c) the disc swivels when the disk holder rotates. . . . . 129
6.4 FEA-CFD analysis method with: (a) cut through of disc and disc holer with
solver zones and boundary conditions; (b) Force, Inlet Pressure graph versus

time; and (c) CFD and FSI region of seat disc contact with initial gap spacing



6.5

6.6

6.7

6.8

6.9

A.l

A2

A3

A4

A5
A.6

B.1
B.2
B.3
B.4
B.5

C.1

FEA mesh: (a) Side View; (b) Bottom of view of disc and disc holder; and (c)
Top of disc. CFD mesh: (d) Top view of gap spacing between seat and disc; and
(e) detailed viewof mesh. . . . . . . . . .. ... 132
Coupled FEA-CFD swivel solver compared against leakage rate found via VLT
tool and experimental results for the Sarasin PSPRV. . ... ... ......... 133

Total displacement of disc (bottom view) at (a) Full spring force and (b)90% of

Concept of seat contact configuration in the contact area of metal-to-metal

seal considering FPP (fluid pressure penetration) . . ... ... ... ... .... 157
FE model of the valve seat and disc, with a detailed model of the contact zone,
boundary conditions and loadings . . . . .. ... ... ... . L L .. 160
APDL script flowchart. Beginning at the decision, and then moving though

post-processing, pre-process and then returning to solve the problem until

the next LS. After which this loop repeats until thelastLS. . . . ... .. .. ... 161
Spring force (%) increase to account for plastic strain development across con-

tactingfaces . . . . . ... 165
Equivalent plastic strain (%) across seatlength (mm) . . . ... .......... 166
Equivalent plastic strain of seat and discat 100 cycles . ... ... ... ... .. 167
FEA model of partial valve seat with form and waviness incorporated . . . . . . 168

Average gap spacing versus the mesh body size for form & waviness FEA model 169

Average gap spacing versus the element size for roughness FEAmodel . . . .. 171
2D global (Model A) to local (Model B) model with boundary conditions . . . . 177
Top graph of temperature profile of fluid and bottom graph of Velocity profile

across channel face at 200 ym from end of 1.25 mm channel from CFD Model A178

ANSYS section 6.2.3.7.11 [ANSYS® Help,2015a] . .. ................ 182



List of Tables

1.1

3.1
3.2

3.3

3.4

4.1

4.2
4.3

6.1

Al

Material Properties of Stellite Alloy 6 [Delloro Stellite, 2008] and AISI type 316N
(L) steel at 20degC [Gorash etal, 2014] . . . . . . ... ... ... .. ... .... 12

Surface roughness of disc and seat A, B and C using Mitutoyo Surftest (SV-2000) 44
Average surface form, waviness and roughness of discs A, B and C using Ali-
cona InfiniteFocus at 20X and 50X objective magnification . ........ ... 46
Average surface form, waviness and roughness of seats A, B and C using Ali-
cona InfiniteFocus at 20X and 50X objective magnification . ... ... ... .. 47
Average Waviness, Waviness spacing and Roughness of disc D using Alicona

Infinitefocus at 50X objective magnification . . ... ... ... ... ....... 51

Average surface form deviation (flatness), Average Waviness (W), Average Wavi-
ness spacing (W) and Summing technique parameters. Measured using the
Alicona InfiniteFocus . . . . . . . .. ... L 66
Summing technique values for equivalent surface finish quality of seat . . . . . 68
Material Properties of Stellite Alloy 6 [Delloro Stellite, 2008], AISI type 316N (L)

steel at 20degC [Gorash et al, 2014]and the summing technique . ... ... .. 72
Difference in flow rates and exit average velocity of porosity models . . . . . . . 137

Material constants for Chaboche model for AISI type 316N(L) steel at 538°C
interpolated from constants at 500°C and 550°C [Hyde et al, 2010] using Eqgs
(A9)and (A.10) . . . . o o e e e e 164

xxii



A2

B.1

B.2

B.3

Material constants for Chaboche model for AISI type 316N(L) steel at 20°C
identified using the experimental stress-strain curves and R-O fittings [Gorash

etal, 2014, 2015] . . . . . . e e e e

Element size and resultant model nodes and elements generated for form &
waviness FEAmodel . . ... ... ... ...
Element size and resultant model nodes and elements generated for rough-
nessFEAmodel . . ... .. ...

Global-to-local simulationResults . . . . .. . ... ... ... .. ... .. ...,

Xxiii



Chapter 1

Introduction

Valves play various roles and functions within many industrial sectors. Such roles can range
from: starting a flow, controlling flow rate, diverting flow, preventing back flow, and relieving
pressurised fluid; ultimately having the ability to control a fluid passing through vessels and
piping. A Pressure Relief Valve (PRV) plays the latter role. It’s function is to relieve excess
pressurised fluid from a system to ensure protection of personnel, system piping and com-
ponents, and can be found in sectors such as: chemical, oil, gas, and power. It can be said
that PRV’s play one of the most important safety roles because if such a device was to leak
and subsequently not function as desired, then it could have detrimental widespread out-
comes as demonstrated by past events, such as the 2013 Pilgrim Nuclear Reactor shutdown

incident III [2013] (which is discussed later).

1.1 Reported Issues of Set-Pressure Drift and what are the causes

A particular use of PRV’s is found in nuclear power plants for the protection of both the
primary and secondary reactor coolant systems. In 2013, the reactor in Pilgrim Nuclear
Power station in Plymouth, Massachusetts, USA, had to be shut down due to 3 of the 4 Pilot
Operated PRV’s (POPRV) leaking in the primary coolant cycle. The US Nuclear Regulatory
Commission (NRC) reported that the “set-point of one PRV pilot valve tested being less than
the minimum pressure required” [111, 2013] i.e. meaning the valves would leak more than

what was certified and open at the incorrect set-pressure (pressure at which valve opens).



They declared that the PRV’s were ‘inoperable due to leakage and set-pressure drift’. Leakage
of a PRV refers to the contacting internal metal-to-metal surfaces, having a finite gap present
between them, allowing pressurised fluid to pass through as shown in Figure 1.1. Having a
Nuclear power plant such as Pilgrim in the US shutting down, which provides 5% of the
overall US electrical energy, would have had a substantial cost implication. The report does
not explicitly conclude that the reason for set-pressure drift was leakage, however this is
expected since the report is an audit for the incident and not an investigation of the cause

of set-pressure drift in this particular case.

External
Side

Figure 1.1: Gap spacing with fluid flowing from internal to external zones between two ar-
bitrary metallic surface contacts.

The Oak Ridge National Laboratory (ORNL) also released a report [Staunton and Cox,
1995] documenting that out of 964 valve component failures, 19% of valve ‘failures’ (which is
wholly associated with set-pressure drift) are due to internal leakages (metal-to-metal con-
tact leakage) as shown in Figure 1.2.

Watanabe [2008] conducted another study for Japan's Atomic Energy Agency (JAEA), re-
viewing the trend of incidents and finding the dominant causes of set-point drift of PRV’s
and POPRV’s in the United States nuclear power plants between the years 2000-2006 . In

order of likelihood, it was determined that set-pressure drift was caused by:

Galling of the valve metal-to-metal contact

Leakage through the metal-to-metal contact

¢ Steam cutting of the metal-to-metal contact

Misalignment of internal components



Other
External leakage 4%

15% ~ |
"\ e

Premature opening
23%

Failure to close
10%

Failure to open
5%
Failure to operate as
required
24%

Internal Leakage
19%

Figure 1.2: Pie chart of ORNL reasons for PRV and POPRYV failure in US nuclear power sta-
tions[Staunton and Cox, 1995]

The report goes on to suggest that the effects of galling can be countered by using a
stellite alloy as one of the mating contacting surfaces due to its high wear resistance. If this
material or a similar material with high wear resistance is adopted, it leaves leakage of PRV

being the predominant cause of set-pressure drift.

1.2 Motivation

As a PRV approaches its set-point, it is known for it to increase in leakage. From an indus-
trial perspective, the ability to seal a PRV from leakage of the pressurised fluid closer to the
set-point would increase its reliability, safety and deter set-pressure drift. Standards such as
ASME PTC 25 [ASME, 2014] do require testing for leakage, however in general there is very
little information and guidance available to design valves to reduce leakage. Rather, skilled
workshop personnel use design-by-experiment, drawing upon their own experiences to re-
duce leakage. This approach does work, however it in itself creates conjecture due to the
absence of quantification.

There is therefore an industry need to understand the causes of leakage and a more

systematic approach based on scientific methodologies required.



1.3 Goal and thesis objectives

The primary goal of this research is to predict and reduce the leakage of current ASME Class
150 to 2500 and API Class 5000 and 10000 (customised) metal-seated PRV’s using mathemat-
ical computational tools. A typical valve representing these classes is the Sarasin-RSBD™
P-series spring operated PRV which is discussed in detail in Section 1.5. The hope of this work
is to eventually facilitate the transition from design-by-experiment to design-by-analysis for
PRV leakage. By reducing the leakage of a PRV the set-pressure of a PRV can be increased,
reducing the chance of set-pressure drift occurring.

To achieve this goal, the following objectives set out are:

1. Investigate current existing theories relating to metal-to-metal static sealing and re-

late these to P-series PRV leakage

2. Develop a computational model capable of simulating and predicting the leakage of

a P-series PRV.

3. Identify the main sealing characteristics and its effect on leakage.

1.4 Outline of thesis

A review of the literature focusing on metal-to-metal static seals are investigated in Chapter
2 which attempts to collate and understand the leakage phenomenon, by identifying the
fluid flow assumptions, metrology surface representation and its consequent deformation
due to loading, and identification of the fluid flow path. The main factor which is identified
is that surface roughness is generally only accounted for when understanding and predict-
ing the leakage of the fluid.

From the review of the literature, limited emphasis is placed on leakage and its attribu-
tion with surface form of the whole of the contacting surfaces. This is a key finding in Chap-
ter 3. In Chapter 3 a batch of PRV sealing surfaces are measured using different metrology
techniques. The techniques used varied from a common workshop technique using Engi-

neer’s Blue, to the main and most reliable technique using an Alicona InifiniteFocus which is



a 3D interferometry micro-coordinate measurement device. The valve sealing surface con-
figurations were then assembled into a PRV and the leakage assessed following the ASME
PTC 25 standard allowing an indication of leakage to be found. A recommendation is made
to the WEIR group to modify the surface manufacturing process resulting in a reduction in
leakage of the PRV.

Using the measured surface of form, waviness and roughness, and by extending and
improving the modelling techniques found in the literature, a mathematical tool capable
of simulating the leakage phenomenon through the sealing surfaces is created called, the
Valve Leak Tightness (VLT) tool. This is a 1-way coupled Structure-Fluid interaction model
using FEA linked to a CFD solver and is described in detail in Chapter 4. The approach used

is to create two geometric models which link actual metrology measurements:

1. A macro-micrometer model of the PRV with simple geometry used to recreate the

surface form and waviness of the valve contacting surfaces.

2. A scaled micro-nanometer geometry model of an element of the actual scanned sur-

face measuring 100 um by 100 pum, representing the surface roughness.

Both the geometries are separately analysed elastic perfectly-plastically using FEA. The
subsequent deformed gap between the contacting surfaces are meshed and a CFD solver
is used to find the leakage rate. The overall leakage of the disc is found by simply adding
the leakage attributed to both models. The results are validated using experimental leakage
results of the P-series PRV found in Chapter 3.

In Chapter 5, using the VLT tool the valve is analysed to reduce the leakage using two
techniques: (1) optimizing the seat length based on set-pressure; and (2) using the Surface
Compliance Technique (SCT), which is plastically deforming the surfaces to force compli-
ance of the contact surfaces. Both techniques allow Goal 3, to be pursued with the findings
leading to an understanding of how to reduce the leakage theoretically.

The VLT tool can be considered a foundational tool upon which nuances specific to the
PRV which could cause/increase leakage (as discussed in, later in Section 1.5.2 and Chap-
ter 2) can be further modelled. One such nuance is called ‘Valve Swivel’, ie valve misalign-

ment, which is investigated and discussed in Chapter 6. This requires creating a full 2-way
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structure-fluid (FEA-CFD) computational interaction model.

In addition to the ‘Valve Swivel’ analysis, Chapter 7 also focuses on enhancing the VLT
tool by using a method to calculate the permeability coefficient.

The conclusions and recommendations follow in Chapter 8. The overall findings are
summarised and the most appropriate way to improve the tool and overall research to achieve

the goal of design-by-analysis are put forward.

1.5 Background Information

1.5.1 Sarasin-RSBD P3 Valve

In this investigation, the Sarasin-RSBD™ P-series Spring Operated PRV (SOPRV) will be
studied which is an ASME BPVC Section VIII Division 1 valve accredited for non-boiler appli-
cations. A schematic diagram of the P-series PRV and its components is shown in Figure 1.3.
This PRV can be used for a variety of fluids with pressures up to 18.6 MPa and temperatures
ranging from -20 °C to 537 °C. For this investigation, a range of pressures up to a maximum
pressure of 18.6 MPa of compressed air at 21 °C is considered. Future investigations should
focus on the effects of temperature. In terms of sealing design the valve is representative
of the majority of ASME approved PRV’s available worldwide, which utilise metal-to-metal

(seat-to-disc) contact.

PRV functionality

A PRV functions within a pressured system which is generally connected to either pres-
surised tanks or pipes. The valve is designed to release the fluid from the system to relieve
pressure, autonomously. Referring to Figure 1.3, it is designed so that when the fluid en-
ters the ‘Inlet’ chamber as the system pressure increases, the pressure in the seat chamber
increases accordingly. The ‘Spring’ compression is set using an ’Adjuster’ which results in
a force being applied to the ‘Seat’ via the ‘Disc’. The disc and seat are separate and have a
metal-to-metal contact effectively acting as the seal (as shown in the Detail in Figure 1.3).
When the inlet pressure reaches the set-pressure (i.e. the pressure required to overcome

the spring force), the disc lifts and the fluid enters into the ‘Outlet’ chamber and discharges



through the ‘Outlet’. This way the overall system pressure remains within a specified range.

Detail of
Seat-Disc contact

Adjuster

Guide shaft

Spring

Guide

Disc-holder Seat/Nozzle

N 9
[ }

- / Nozzle-ring
N
L\

Inlet
CROSS-SECTION of WEIR-SARASIN PRV (A)

@210 mm

Figure 1.3: WEIR-Sarasin P-series PRV schematic diagram with cross section

1.5.2 Contributing factors to sealing

There are a number of challenging factors which contribute to leakage of a PRV as shown in
Figure 1.4. First, the contact surfaces of the seat and disc is often irregular and complex (i.e.
as shown in the simplistic 2D example in Figure 1.1. Therefore understanding the surface
metrology allows understanding of the initial conditions of the contact, giving the overall

void space through which the fluid can pass.
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Figure 1.4: Contributing factors to sealing for a PRV

Surface chemistry may have an effect on the behaviour of the surfaces in contact. Adhe-
sion and molecular bonding between surfaces may contribute to the contact forces holding
the surfaces together. Further to this, absorption, oxidation and corrosion may change the
chemical composition of the material and its mechanical properties.

The compressed spring in the PRV will produce a force which would directly compress
the contacting surfaces, potentially causing plastic strain. Also the sporadic contact condi-
tions between rough surfaces could result in highly localised loading at a micro level. This
could lead to an altered gap/void space, altering the fluid flow and leakage rate. Therefore,
the spring force is a major contributor to leak tightness of the valve.

Coupled with the internal pressure of the fluid in the seat, the valve could undergo
macro and micro deformations. The internal pressure could create bending and shear stress
at a macro scale (on the nozzle/disc/disc-holder), which could alter the contact conditions
at a micro level. With high pressure levels, the altered contact conditions could also be
vulnerable to Fluid Pressure Penetration (FPP). FPP is the macro deformation of the valve

seat/disc/disc-holder increasing the susceptibility of fluid migration at a micro scale con-



tact condition, thus increasing leakage. As the internal pressure increases, the overall con-
tact force reduces, which would change the contact conditions (depending on the material
properties) until the spring force is overcome, forcing the valve open. Also the fluid com-
pressibility will affect the pressure distribution across the contact surfaces, influencing both
contact contribution and leakage fluid dynamics (this is discussed more in detail in the next
section).

Based on the surface finish quality and the fluid properties, micro-fluid conditions may
also have to be considered and how this affects the leakage rate. Also the thermal conditions
of the fluid will have a direct effect on the mechanical properties of the contact conditions.

Multiple opening and closing of the valve would lead to material fatigue which could
further alter the sealing capabilities of the PRV. This is not considered in this project, how-
ever thermal creep effects were initially studied. Initial studies for this research project were
undertaken focusing on understanding the pressure distribution of the fluid between ide-
alised metal-to-metal contacting surfaces and how the material deformed at elevated tem-
peratures allowing migration of the fluid based on FPP. This work has been included in Ap-
pendix A.

There are secondary factors which can cause unwanted leakage such as: debris lodged
between the contacting surfaces, or steam cutting. With the Sarasin P3 valve, there is a
known issue called ‘Valve Swivel’ which is associated with misalignment of internal parts

due to off-axis spring force.

1.5.3 Physics
Fluid Flow

If there is a pressure difference across a finite gap (such as that shown in Figure 1.1) there will
be a pressure distribution across the contacting faces as the fluid moves from one end to the
other. Previous studies by Miiller and Nau [1998] had shown that for compressible fluids, the
pressure distribution across the contacting surfaces parabolically reduces to atmospheric
pressure.

The mass transfer attributed to leakage can occur as permeation or as pneumatic flow.

Permeation is the transfer of mass through a material, with no holes large enough to permit



more than a small fraction of the fluid molecules through any one hole. The process usually
requires diffusion through a medium and may involve other phenomena, such as: disas-
sociation, absorption and migration. In the literature review, this is termed as diffusivity.
However, the fluid flow can also be associated with a permeability coefficient, which relates
the resistance in motion of fluid through a material which is of a porous nature. Darcy’s law
utilizes this coefficient, facilitating calculation of the volume flow rate based on the viscosity
of the fluid and the pressure drop over a distance, through a porous medium.

A pneumatic flow usually occurs due to a mass flow through finite holes and in general
can be placed into 2 different categories: continuum flow; and molecular flow (in the inter-
mediate or transitional regime or a mix of both). The majority of the research conducted
in the past has assumed continuum flow mechanics with laminar flow conditions and cal-
culation of the leakage has been based on Poiseuille flow [Burmeister et al, 1967] or Fanno
flow. Further to this, the Poiseuille flow equation has usually the gap spacing geometric
terms described as a constant. Further details about this are provided in Chapter 2. There
are limitations to using continuum-based quantities, such as fluid density, temperature and
velocity. Therefore, it is important to understand the limitations of the continuum-based
fluid flow conditions. To do so, the mean free path (1) of the gas molecule is defined as a
ratio against a characteristic length (L), known as the Knudsen Number (K7) as shown in

Equation 1.1,

(1.1)

h
S
Tl >

The flow regime of gases, based solely on the magnitude of the Knudsen number, is as

follows:

* Kn < 0.01 (continuum regime), the fluid can be accurately modelled using the Navier-

Stokes equations with conventional no-slip boundary conditions.

* 0.01 < Kn < 0.1 (slip-flow regime), the fluid can be accurately modelled using the
Navier-Stokes equations, provided tangential slip-velocity boundary conditions are

implemented.
* 0.1 < Kn < 10 (transition flow regime), continuum and thermodynamic equilibrium
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assumptions begin to break down and the fluid can no longer be described using the
Navier-Stokes equations. This type of flow is commonly modelled using Burnett equa-

tions or Direct Simulation Monte Carlo (DSMC).

e Kn > 10 (free molecular flow), intermolecular collisions become negligible and colli-

sions between molecules and solid surfaces dominate.

The majority of the work conducted in this project assumes that the flow is in the continuum
and slip flow regime. In Chapter 4 it is found that some of the fluid does fall into the tran-
sition regime and discussed further. For further information about rarefied gas flow refer to

[Karniadakis et al, 2006].

Structural Mechanics

A key factor to the mass transfer is controlled largely by the gap dimensions. For this project
the contacting surfaces range form a macro to a micro level, which requires precise scientific
measurement (this is covered in greater detail in Chapter 3).

At a macro scale the loading from the spring will produce material degradation in an
elastic (Hooke’s Law E = o/¢) or elastic-plastic manner. This project will assume an elastic
perfectly-plastic manner of surface deformation. This means that when the material’s yield
strength (o) is reached there is no work hardening (as shown in Figure 1.5) or loss of load
for yielded sections.

N
Elastic range . Plastic deformation
“—> <«

| )

o

\/

Yield
Stress — |- 7 — N
(o)) |

—— Elastic-Plastic
| — ~ Elastic perfectly-Plastic

Figure 1.5: Stress-strain curve

The Sarasin P-series PRV'’s seat is made of AISI 316N(L) while the disc is made of Stellite
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Alloy 6. The material properties are displayed in the Table 1.1.

Youngs Modulus | Poisson’s Ratio | Yield Stress (0.2%)
E (GPa) v oy (MPa)
Stellite Alloy 6 237 0.29 750
AISI type
194 2 272
316N (L) Steel 9 0.27 /

Table 1.1: Material Properties of Stellite Alloy 6 [Delloro Stellite, 2008] and AISI type 316N
(L) steel at 20degC [Gorash et al, 2014]

The micro contact coupled with the applied loading from the spring, could result in the
polycrystalline surface straining, however this is not considered currently in this project.
Rather, the assumption is made that the polycrystalline structure will act in an elastic perfectly-

plastic manner.

Fluid-Structure interaction

With a gap spacing present at the micro surface resolution between the 2 surfaces, the fluid
will pass through this spacing (i.e. Figure 1.1) . In doing so, the fluid will exert a pressure on
the contacting surfaces which will vary from the inlet to the outlet of the gap. To account for
the fluid pressure acting on the structure either a 1-way or 2-way Fluid-Structure Interaction
(FSI) would require establishment.

A 1-way FSI would be best utilised if the applied pressure distribution across the gap
is known and the consequential movement of the valve. A 2-way FSI would be required
if either the applied pressure distribution across the gap is unknown or if the consequent
movement of the valve is unknown.

In this investigation, 1-way FSI is utilized in Chapter 4 and 5. Based on the work con-
ducted by Miiller and Nau [1998], it has been shown that the fluid type, the pressure distri-
bution across the contacting surfaces is reduced to atmospheric pressure. From these the-
ories, an equation relating the Spring Force (Fspring), with the pressure distribution across
the contacting faces and the fluid type is formulated in Appendix A, Equation 4.2. More de-
tailed information about the pressure distribution across the contacting faces can be found
in Appendix A, Section A.1.

In Chapter 6, a 2-way FSI is setup to investigate the effects of leakage due to valve swivel.
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FEA and CFD Solvers

To solve the structural and fluid mathematical problems in this thesis, Finite Element Anal-
ysis (FEA) and Computational Fluid Dynamic (CFD) solvers are used. FEA uses the Finite
Element Method (FEM), where FEA solves: structural; thermal; and vibrational problems.
While CFD uses Finite Volume Method (FVM) solving: fluid; and thermal problems.

In engineering analysis and design, FEM is used to solve physical problems. The physi-
cal problem usually involves a CAD model of the component’s of structural or fluid section,
which is discretized into finite elements (FEA) or finite volumes (CFD). The idealization of
the physical problem to a mathematical model requires certain assumptions that together
lead to Partial Differential Equations (PDE) governing the mathematical model. The math-
ematical model is generally solved in the form of Galerkin method for the FEA model and
the Navier-Stokes Equations for the CFD model. For more information about FEA and CFD

solver, refer to [Bathe, 1996] and [Anderson et al, 2013] respectively.

Choice of FEA and CFD program The finite element method can be either developed as
a custom program or by using a commercial finite element program. There are advantages
and disadvantages of using both approaches. Commercial codes are used extensively in in-
dustry, since programs such as ANSYS®, ABAQUS™ and COMSOL Multiphysics® are able
to model many problems with a wide variety of physics environments.

ANSYS® Workbench version 17.1 is used for this work since this thesis is linked directly

to an industry need and it would allow an easy transition to other users of commercial codes.
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Chapter 2

Literature Review

2.1 Introduction

This section identifies the current understanding and technical knowledge of leak tightness
of metal-to-metal contact PRV’s. Within a PRV the seat and disc would be in contact and
would retain the fluid. Research in this field, in direct relation to valves, is scarce. However,
inspiration can be drawn from relevant fields, such as: metal-to-metal contact and gasket
seals. When these contacting surfaces come into parallel contact with each other, a finite
gap or path is present which is dictated by the surface profile and finish, such as: form,
waviness, roughness, flatness, etc. Subsequently, if there is a difference in pressure across
the seal, the fluid can flow along the path and exit the valve. NASA conducted a survey in
1965 looking at the current status of “Advanced Valve Technology” [May, 1965]. The purpose
of the survey was to understand the shortfalls of commercially available valves for aerospace
applications at the time, identifying leakage as being one of the problem areas. In the survey,
it was stated, that the minimum leakage rate possible which can be obtained for one time
seal applications is “less that 108 atmospheric cc/sec of helium”. Manufacturers of SOPRV’s
claim leak-tight valves up to the set pressure which technically is not valid for metal-to-
metal seal valves. This is discussed further in Chapter 3.

In this chapter, the existing knowledge on leakage is categorised into a number of sec-
tions: fluid flow assumptions, surface roughness representation at a micro-scale, structural

mechanic assumptions of rough surfaces and its effect on fluid flow path, macro surface de-
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formation and its effect on leakage, experimental leakage rate methods and PRV secondary
influences relating to leakage.

Previous work suggests that the fluid flow regime is either viscous laminar flow, molec-
ular flow, in the intermediate or transitional regime, or a mixture of both. Assuming the
non-contact area through the gap to be a finite length and the fluid to be incompressible,
Poiseuille flow equations are utilised either for a circular cross section [Burmeister et al,
1967] or parallel plates. More recent work shows the development of fluid flow due to diffu-
sion based on the gap spacing between the contacting surfaces using Fick’s Law for incom-
pressible isothermal fluids. The flow rate characteristics which determines the gap height
for both Poiseuille flow and diffusion are generally accounted for through two characteris-
tics: transmissivity, K, and diffusivity, D, [BHR Group Ltd., 2000; Geoffroy and Prat, 2004;
Ledoux et al, 2011; Mitchell and Rowe, 1969; Vallet et al, 2009].

To describe the path the fluid would take, the surface profile must be characterised. The
true area of actual contact between two parallel faces is only a small fraction of the nominal
area due to the surface finish quality. Methods to characterise the surface have been created
by many authors, for example: the use of simplistic geometry; MOTIF procedure; self-affine
fractal analysis; and actual scans of the surface [Thompson, 2007b]. Recently this has been
adopted into leak tightness studies to determine its effect on the surface profile [Gagne-
pain and Roques-Carmes, 1986; Ganti and Bhushan, 1995; Pérez-Rafols et al, 2016; Robbe-
Valloire and Prat, 2008; Robbe-Valloire et al, 2001] allowing calculation of leakage rates.

The magnitude of deformation of the contact surfaces is dependent upon the load ap-
plied and the effective surface material characteristics of the two materials. The effective
material characteristic is calculated using the Sum Surface technique (also known as the
Summing technique, which is a method of summating two contact surface profiles into a
single profile with an effective material property calculated based on the two materials. Tak-
ing this into consideration, the flow path will change depending on the load and the mate-
rial deformation. Attempts have been made to analytically and computationally describe
the surface roughness deformation in an: elastic (using Hertz theory by O’Callaghan and
Probert [1987]) and elastic perfectly-plastic (refer to [Tsukizoe and Hisakado, 1965], [Man

et al, 2014], [Geoffroy and Prat, 2004]) manner allowing understanding of the effect on the
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gap height or surface finish.

To verify the leakage rate experimentally British [BSI, 2013], ASME [ASME, 2014] and
API [API, 2014], standards can be used. All of these standards refer to using an air bubble
count test. Recent experimental work on gasket leakage by Haruyama et al [2013] has shown
promising methods of detecting and quantifying leakage using a helium leak detector.

More specific research into PRV leakage other than surface finish has been conducted by
Ritchie [1989] which examines the effect of misalignment of the valve and its effect on pres-
sure drop. Ritchie has shown that for a misalignment angle of up to 1.255° the set pressure
of the valve remains at 90%.

Computationally, to model a whole seat and disc of a PRV with the surface roughness
and waviness would be possible, but intensive and other techniques such as multi-scale

modelling [Jackson and Streator, 2006; Thompson, 2007b] could be considered instead.

2.2 Leakage: fluid flow assumptions

Depending on the service characteristics the fluid type and characteristics such as pressure,
temperature and contaminants will vary. Generally high performance valves will encounter
compressible and incompressible Newtonian fluids operating with temperatures of —268°C
to 538°C and pressurises up to 440 bar. Assuming the valve has not opened and the seat and
disc is in contact, only the surface deformations at a micro scale create an aperture field
through which the fluid can escape.

In previous studies on gaskets, valves and metal surface contacts, the fluid flux has been
assumed to be laminar and either; viscous incompressible and equated using Poiseuille law
Q, (volumetric flow rate) per unit width in Eq. (2.1); or diffusive, equated using Fick’s law g,

(volumetric flow rate) per unit width in Eq. (2.2), as shown below:

K
qy = _ﬁ Vp 2.1
qa=-2DVc 2.2)

where p is the viscosity, p is the fluid pressure, & is the molecular diffusion coefficient and c
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is the mass fraction of the species. K and D are respectively the transmissivity and diffusivity
values. These allow the flow rate characteristics to be described at the scale of the surface.

Based on a parallel gap with a height of h these terms can be described as:

h3
K= 'R (2.3)
D=nh, (2.4)

The majority of authors have adopted a parallel gap [Geoffroy and Prat, 2004; Ledoux
et al, 2011; Mitchell and Rowe, 1969; Vallet et al, 2009] in their approaches rather than a
circular cross section [Burmeister et al, 1967]. This generalisation assumes an average gap
height separation between two contact surfaces. Also, this is only applicable to asperities
with locally small slopes, where hy < [y or a < 10° [Vallet et al, 2009] as shown in Fig. 2.1.
The connection between the transmissivity K and diffusivity D has been theoretically anal-
ysed by Geoffroy and Prat [2004] and they conclude that the dependence of the fluid transi-
tion in either the K or D form is defined by both the gap size and applied load. The subtle
caveat with this theory is that a uniform gap height — calculated based on either surface
form, waviness, or roughness (these different surface finish characteristics will be discussed
in more detail in Chapter 3) is required. Also the majority of authors consider transmissivity

K to be the predominant parameter to represent the leakage.
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Figure 2.1: Rough contact slope limitation where hy < [ [Vallet et al, 2009]

The flow regime could also be in the transition or slip flow regime. This can be verified
by calculating the Knudsen number and has been accounted for by Arkilic et al [1997] in an

analytical model which is an extension of the Poiseuille Law for fluid flux through a parallel
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gap written as:

e — 10 [p2_pr,1p27%
24LWuRT |0 71! 04

KniPy(Py—Py)|, (2.5)

where p is the accommodation coefficient, R is the gas constant, T is the temperature and
Kn; is the Knudsen number at the outlet. The second more subtle assumption here is that
the Knudsen number is based on the outlet not the inlet. This equation was originally for-
mulated for subsonic flows.

There has been a further modification of this equation to account for choked mass flow

rates at the exit of the microchannel by Chong [2006]:

h3p? -
2 @-p) 04 16 | kT ) 26

m= 1+12 —
24LURT u  Poh 5\ 2nmy,

where 7 = 3.14. This equation is questionable since for choked conditions for a gas, com-
pressibility would have to be considered while Chong’s equation does not. This is discussed
further in Chapter 4, Section 4.4.

The original form of Eq. (2.5) was proposed by Arkilic et al [1997] who also defined the

pressure distribution across the gap to be:

P Py |(Ps P
P _ (6Kn1+—0) — 1= -1 +12Kn1(—0—1)
P, P, p? P,

(%) }E —6Kny, @.7)

which has shown to have very good agreement with experimental results for subsonic flows.

2.3 Representation of surface roughness at micro-scale

The micro-scale geometry of a surface often consists of a random profile of asperities. How-
ever, there are methods available which make it possible to represent the random surface
roughness and waviness of a model at a micro-scale level. These can be in the form of
generic surfaces such as a sinusoidal waves [Geoffroy and Prat, 2004; Pérez-Rafols et al,
2016] or vibrational Eigen modes [Ledoux et al, 2011] or wedges [Mitchell and Rowe, 1969].

There are also analytical methods based on the actual surface available such as the sum

18



surface [Robbe-Valloire et al, 2001], MOTIF procedure [Robbe-Valloire and Prat, 2008] and
fractal analysis [Gagnepain and Roques-Carmes, 1986; Ganti and Bhushan, 1995; Vallet et al,
2009] which all have their benefits and limitations. The benefits and limitations are dis-
cussed below and their effect on the gap size.

The sum surface technique allows the direct analysis of two contacting surfaces. This
technique is used by many authors [O’Callaghan and Probert, 1987] and based upon a the-
ory created by Tsukizoe and Hisakado [1965] who state it can be assumed that: “the con-
tact between two rough surfaces can be regarded as the equivalent to the contact between
an imaginary rough surface having an appropriate effective topography and a perfectly flat
surface”; and “the contacting asperities deform in an ideal plastic manner so that, providing
no interference from neighbouring asperities occur and that work hardening does not take
place”, as that shown in Fig. 2.2.

Surface 1 Equivalent rough surface

%

Surface 2 (harder than Surface 1) Imaginary flat surface of infinite hardness

Figure 2.2: Tllustration of (a) sum surface technique, which is used to generate (b) equivalent
rough surface, after O’Callaghan and Probert [1987]

Essentially the flat surface is assumed rigid perfectly-plastic surface. These are accepted
and applied assumptions in the work of Ledoux et al [2011]; Mitchell and Rowe [1969];
Robbe-Valloire et al [2001]. The main limitation with the sum surface technique is that
the actual surface has to be measured physically. These physical measurements are then

transformed into a ‘sum surface’ using Eq. (2.8-2.9) below:

R,=Ru+ Ry (2.8)

1
Rsm = E (Rsml + Rsmz) (2.9)
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Where: R, refers to the average amplitude of the peaks and valleys for the roughness; R,
refers to the average separation distance between the peaks/valleys of the roughness; and
the subscripts I and 2 for the two surfaces in question. These terms are explained in more
detail in Chapter 3. The representation of the surface is generally in a 2D format and an “ef-
fective” gap size, h, has to be calculated and is generally based on average values as demon-
strated by Mitchell and Rowe [1969] . Knowing the average amplitude and spacing it is possi-
ble to create a sinusoidal or triangle wave form representing the roughness (see Figure 2.3).
The above equations can also be used for summing the waviness (W, W;,,) and form (F,,,
Fem).

Surface 1 (Ra =9 pm & Rsm = 230um) ]
Equivalent rough surface

WW\@ (Ra =14 um & Rsm = 325um)
Y = W\M
W Air

Imaginary flat surface of infinite hardness

Surface 2 (Ra =5 pm & Rsm =420 pym)
(harder than Surface 1)

Figure 2.3: Illustration of (a) sum surface technique of surfaces represented as triangle wave-
forms, used to generate (b) equivalent rough surface based on Eq. 2.8 and Eq. 2.9

More recently, the surface roughness of both lapped and sand blasted surfaces has been
represented as self-affine fractal surfaces contacting a rigid-perfectly plastic flat surface
[Vallet et al, 2009]. By using fractal analysis the self-affine fractal surface is based on two
parameters and is created using a power law (as shown in Fig. 2.4). Using this technique
the surface roughness can be modelled in 3D, representing the whole aperture field. Val-
let et al [2009] show good agreement when comparing the fractal surface representation to
the “real” surfaces. This shows that for lapped surfaces self-affine fractal surfaces can be
used to generically replicate surface roughness. The main limitation of this method is that
the mathematics is intensive. The problem is solved using an iterative scheme based on
the conjugate gradient technique using MATLAB, imposing a high numerical cost. By mod-
elling the whole gap spacing field all possible fluid flow paths can be represented and more

accurate gap sizes through the valley and peaks can be calculated.
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Figure 2.4: (a) Real surface represented as (b) Fractal surface for a sand blasted surface [Val-
let et al, 2009]

2.4 Structural mechanics of rough surfaces and its effect on fluid

flow path

When two surfaces meet each with their own unique roughness come into contact, the ac-
tual contact area is much less than the nominal area. The magnitude of the contact area is
dependent on the load applied. So, the accurate deformation of the surface finish quality
is of great importance since the voids between the surface asperities is the gap size (2D) or
asperity field (3D) through which the fluid will flow. Also a small change at a micro scale will
reverberate in a larger change over a macro scale. The Sum Surface theory by Tsukizoe and
Hisakado [1965] essentially assumes the flat surface is rigid and the summed surface is elas-
tic perfectly-plastic and these are accepted and applied assumptions in references Geoffroy
and Prat [2004]; Mitchell and Rowe [1969] and Robbe-Valloire et al [2001]. The elasticity of

the sum surface is calculated using Eq. 2.10:

2 2
l—v1 N l—v2

2.10
£ 5 (2.10)

1
2

Eq

where E, is the joint modulus or equivalent modulus of both materials; E is the Young's
Modulus; v is the Poisson’s Ratio; and subscripts 1 and 2 refer to the two contacting materi-

als.
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Using slip line field theory, Mitchell and Rowe [1969] have incorporated the effects of
the perfectly-plastic isotropic structural response of two-dimensional wedges to represent
the surface roughness in contact with a rigid-perfectly-plastic flat surface which is based on
the theory discussed above. The slip line theory’s main limitation is that it is used to model
plastic deformation in plain strain only for a solid represented as a rigid perfectly-plastic
flat surface [University of Cambridge, 2004]. It is shown that for all contact pressures there
is a specific deformed wedge angle found and crucially there is a point at which a maximum
leakage rate for specific seat lengths is observed.

Assuming a simplistic, but effective sinusoidal shape geometry to represent the surface
roughness in contact with a flat surface, Geoffroy and Prat [2004] and Pérez-Rafols et al
[2016] have shown that as the load on a gasket is increased, the incompressible fluid flows
radially via a circumferential spiral path consisting of valleys, as shown in Fig. 2.5. It is also
shown that there is a very small region over which the transition from circumferential to
radial (or vice-versa) occurs and the diffusive and viscous flows are mixed. It is concluded
that the radial leakage (which is related to the transmissivity) is important since it is very
sensitive to the gap size. Overall this paper shows that simplistic modelling of the geome-
tries is applicable if the surface can be represented as such. However, the theory presented
by Geoffroy and Prat [2004]; Pérez-Rafols et al [2016] is only valid for surfaces which depict

a predominantly sinusoidal ring shape contacting a flat face as shown in Fig. 2.5.

circumferential

radial

Figure 2.5: Schematic illustration of the crest and valley sinusoidal fluctuations used by (a)
Geoffroy and Prat [2004] and (b) Pérez-Rafols et al [2016]

Another analytical technique which accounts for elastic deformation is the Hertz theory

(O’Callaghan and Probert [1987] and Johnson [1985]). The Hertz elastic deformation theory
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is only applicable for surfaces with purely spherical aperture contacting shapes. It is em-
ployed by Man et al [2014] for two 3D random rough surfaces in contacanwar:16at. As the
two rough surfaces come into contact and deform due to the loading applied, the leakage
path through the aperture field is dictated by the largest gap from one end of the specimen
to the other and is calculated using a “recognition algorithm” (see Fig. 2.6 for details). This
fluid flow path recognition is a simplistic, but effective theory to allow one to understand if

the micro-contact under specific loads will either leak or not for a material.

leaking =15
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Figure 2.6: Recognition algorithm diagram of leak path identification where 0 is no gap and
3 is the fluid flow path: (a) contacting state and (b) leaking path, after [Man et al, 2014]

Analysis of gaskets and how accounting for only surface roughness is discussed in more

depth in Chapter 3, Section 3.6.1.

2.5 Macro scale deformation and its effect in fluid flow path

Using the FE-code ANSYS, Gorash et al [2014, 2015] have shown that at a macro-scale the
contact length of the seat and disc of a PRV is reduced and is further modified due to cyclic
opening and closing of the valve. Gorash et al [2014, 2015] assumed the contact force to
be normal to the face of the seat and the disc modelled as 2D. They assumed that for a gas
and liquid the fluid flow pressure acting on the seat and disc is parabolic and linear respec-
tively. Using an algorithm known as Fluid Pressure Penetration (FPP)!, they have shown that
once the spring load and the internal set-pressure is applied, the contact edges of the disc

become plastic for a monotonic material response. When the spring force is cyclically ap-

1EPP is an algorithm within ANSYS FEA, APDL which gives the user the ability to assess sealing capability
of materials based on contact status. The algorithm works by assigning a fluid pressure starting position and a
path which the fluid can migrate through. As the contact status changes, the fluid pressure migrates forward
which in turn applies a pressure on the contacting surface, until the fluid penetrates fully through.
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plied (opening and closing the valve continuously), the plasticity in the seat moves towards
the middle of the disc. This changes the contact status, allowing the fluid to penetrate fur-
ther. A more detailed explanation can be found in Appendix A. Also in Appendix A work of
Gorash et al [2015] is extended by: creating a macro which automates the FPP using ANSYS
Parametric Design Language (APDL); assessing the material response for an elevated tem-
perature of 538 °C; and calculating by what degree the spring force requires readjustment to

maintain the set-pressure for elevated temperatures.

2.6 Experimental leakage rate methods

One of the earliest collections of advanced studies addressing testing and analysis of PRV
performance was compiled by Singh and Bernstein [1983]. The book covers the topics of
test facilities design, safety valve experiments, analysis of PRV performance, and loads on
discharge piping. The state-of-art approach to calculate the leakage rate of a PRV is based
on recent international standards, e.g. API [2014]; ASME [2014]; BSI [2013]. This method
requires the PRV to be set to 90% of its set-pressure using a gas. The outlet of the PRV is
closed off with a pipe attached to direct the leakage gas into a smaller vessel of water. The
bubbles formed can be counted and used to determine leakage rate. The leakage has to be
less than a specified amount for it to be used in-service. However, this method is more of an
indicator of leakage rather than a measurement of fluid flow as is discussed in Chapter 4.

Based on the average surface roughness, there have been attempts to relate this to the
leakage rate through a gasket. Haruyama et al [2013] created an experiment which quanti-
fied the leakage rate of helium through a bolted flange with a new gasket placed between.
They concluded that the leakage rate is highest for rough surfaces of R,=3.5um when a low
load force is applied. When a maximum of 400 MPa of force is applied on the flange then
leakage rate is the least and is similar for all R,’s being 1.5, 2.5 and 3.5um. However, the
material properties of the gasket and the flange are not known and so links between the
material deformation and leakage is difficult to comment on.

Another method used by Marie and Lasseux [2007] allows quantification of leakage flow

of solvents at a micro or nano-scale through a rough metal contact for viscous fluid flow for
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contact pressures up to 3 MPa. Using the leakage results and Eq. 2.1, they have reverse cal-
culated the transmissivity properties from which the effective gap size has been estimated.
The main limitation with their technique was the sample size. The sample size used in their
experiment had a cross sectional contact area of 38 mm?. Also the contacting sapphire sur-

face was assumed ‘flat’ and no information is provided of how flat’ this surface was.

2.7 PRV secondary influences relating to leakage

Now that an understanding of the work currently completed on micro deformation and its
effect on leakage has been analysed it is important to consider factors which are unique to
a PRV and related to leakage.

WEIR Sarasin-RSBD colleagues have suggested some potential issues which they believe
could cause leakage or exasperate it. Depending on the design of the valve, one issue which
has been highlighted is that the clearances in the guide and disk holder (see Fig. 1.3) can
cause leakage due to an off-set force as a result of the natural buckle of a spring. Also, it has
been postulated that the ability of the disk to rotate within the disk-holder could also cause
an increase in leakage, also known as ‘valve swivel'. This rotation/displacement of the disc
relative to the seat could cause the valve to leak and subsequently cause the set-pressure to
decrease.

Ritchie [1989] examined this issue of disk rotation and created an analytical model to
understand the reduction of seat pressure due to the misalignment angle of the seat. As-
suming the valve leaks only when the set-pressure has been reached, it was shown that for
a disc with radius of 8.47 mm and 155 N of applied force on the seat, the set-pressure (100
psi) decreases by 10% for a misalignment of 1.225 degrees for the seat. However, the de-
sign of the PRV Ritchie examined was very different to the P-series PRV analysed in this
project. Ritchies PRV design did not allow for the disk to rotate within the disk-holder. In-
stead the disk-holder and disk where fused as one part in his analysis. The P-series valve
design should allow misalignment and clearances to be accounted for through the move-

ment of the disk within the disk-holder. This will be investigated further in Chapter 6.
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2.8 Discussion

Previous analytical work shows that the leakage has a dependency on the gap height either
in the form of & or h? for a parallel gap. This has mainly been assumed laminar incompress-
ible or compressible flow, with only more recent work accounting for the rarefaction of the
flow. However, the parallel gap assumption is limited to small asperities and there has to be
an “effective” height determined from 2D surface model which is geometrically represented
as simple surface geometric forms. While for 3D surface models, computer programs such
as MATLAB or equivalent can be used to model lapped surfaces with high accuracy as self-
affine fractal surfaces. This has extensive computational requirements and this means that
only small cross sectional areas can be analysed.

In reality the slip-line theory is not completely valid for multiple asperity contact as
demonstrated by an experiment conducted by Uppal and Probert [1972]. They showed that
for a multiple asperity surface in contact with a harder flat surface, under a high load the
shallower valleys rise (0.1ym-0.3um) while deep valleys do not, while the slip-line theory
considers no movement in the valleys. So, there is an element of elastic behaviour and plas-
tic strain hardening occurring which would have to be considered.

Another interesting observation is that the majority of the papers reviewed focus solely
on surface roughness, implicitly applying that the surface form and waviness is ‘flat’ or can
be neglected. This may be an acceptable assumption for some products such as gaskets,
since they tend to deform to the surface form of the contacting surfaces. However this is
likely to be not the case for PRV sealing surfaces. This is further discussed in Chapter 3.

Instead of analytical techniques to describe the deformation of two rough surfaces, FEA
programs such as ANSYS could be utilised to describe elastic perfectly-plastic deforma-
tion of the interface as shown by Megalingam and Mayuram [2012] using actual 3D or 2D
scanned surfaces. There is other literature particularly by Thompson [Thompson, 2007a,b,
2011; Thompson and Thompson, 2010a,b], which gives further guidance on multi-scale
modelling and the use of ANSYS to model optical measurements of the surface profile. This
approach could be built upon to determine the gap spacing and investigate the flow mod-
elling to calculate leakage. If this is achieved, then this will allow a more accurate represen-

tation of the fluid flow path and overall leakage.
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This could be taken further by modelling the surface as a representative surface using
the sum surface technique, self-affine fractal surface or MOTIF procedure, versus, the actual
surface in FEA and examine the difference in the contact area.

The theory created by Geoffroy and Prat [2004] tries to link the diffusive and transmis-
sive fluid flow to either radial or circumferential roughness and waviness, but has not been
verified and is only applicable to predominant sinusoidal shaped surfaces in contact with a
flat surface, i.e. gaskets. Recently, Pérez-Rafols et al [2016] have extended the work of Ge-
offroy and Prat [2004] by using a section of the surface model, rather than modelling the
whole surface. However, in doing so, there is still the implicit assumption made by Pérez-
Rafols et al [2016] that there is no deviation in the surface form, which may be appropriate
for gaskets, but not PRV’s, as will be discussed later in Chapter 3.

Gorash et al [2014, 2015] have shown that there is a deformation at a macro scale due to
the spring force and the pressure of the fluid, which has to be considered. Their work has
shown the contact is not uniform between a seat and disc of a PRV rather; it begins and ends
within the seat length. So there is a need to understand how the macro and micro contact
areas link to give the actual contact area.

The disc rotation on the seat causing leakage maybe more of a design problem rather
than a research based problem. The reason for this is that there are clearances prevalent
throughout the seat and disc allowing this motion to occur. Also, it is understood that the
spring force under compression may not be perpendicular to the compression axis of the

spring. This is examined further in Chapter 6.

2.9 Conclusion

The following points are concluded:

e Analytical Eq. (2.5 & 2.7) developed by Arkilic et al [1997] show good correlation for

subsonic flows;

¢ The sum surface technique is a common approach for both representation of the sur-
face finish and material response by a majority of authors. There is also a range of

modelling techniques identified which can be used to represent the surface finish.
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¢ Actual scanned surfaces imported into ANSYS [Thompson, 2007b] look like a promis-
ing method of representing the surface profile, however the coupling between the mi-
cro structural deformation and the fluid flow needs to be investigated to determine

leakage.

e The effect of grain boundaries and the polycrystalline structure at the micro level
is not currently considered in any current metal-to-metal contact leakage research.

Rather a homonegous solid is considered.

e Surface roughness is the predominant surface characteristic modelled in the reviewed

work, with the implicit assumption that surfaces are ‘flat’.

2.10 Research Direction

To reach the goals and aims set out in the introduction, the research direction will build
upon and draw inspiration from the literature. The focus of this research will be in the con-

text of PRV’s:
¢ Understand and quantify the surface finish quality of the seat and disc

— Find the surface roughness, waviness and form
— Determine which surface characteristics are of highest importance when deter-

mining leakage

» Create a computational modelling approach capable of predicting leakage based on

the gap spacing created due to the contact surfaces

Use the sum surface technique assuming elastic perfectly-plastic deformation

As a basis of FEA modelling draw upon the techniques used by [Thompson,
2007b]

Deduce a way of extracting the deformed gap spacing from the FEA solver

Verify and validate the use of CFD to calculate leakage through micro gaps spac-

ing using the equations developed by Arkilic et al [1997]
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— Using CFD, calculate the leakage rate using the extracted deformed gap spacing

Using the computational methodology, understand the effects of changing the seat

length and its effect on leakage

Using the computational methodology, understand the effects of loading and leakage

Understand the effects of the secondary factor ‘valve swivel’ on leakage

Calculate a permeability coefficient based on the surface roughness.

This chapter was an extension of the work published in the Procedia Engineering Jour-
nal Volume 130 [A. A. Anwar and Hamilton, 2015] and in the Book, Advanced Methods of

Continuum Mechanics for Materials and Structures [Anwar and Gorash, 2016].
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Chapter 3

Surface Finish Metrology

3.1 Introduction

Surface metrology is the science of measuring small-scale geometrical features on surfaces:
the topography of the surface. Different manufacturing techniques will create different sur-
face textures and subsequently will have an effect on sealing. For example, the control of
surface texture between the valve and cylinder head of an engine allows leak-tight seals to
be created. Similarly this has been acknowledged for PRV’s. By characterising the surface it
is possible to understand how it affects leakage and what characteristics play the dominant
role. This topic is one of the four core parts of this study since the understanding of surface
finish allows full appreciation of leakage through metal-to-metal contacts.

This chapter focuses on surface finish quality of the metallic surfaces of the seat and
disc. Both the seat and discs’ contact surfaces are poli-lapped (simultaneous polishing and
lapping) to achieve a ‘mirror’ finish as shown in (Fig. 3.1). The aim of this section is to mea-
sure the surface finish quality achieved using the poli-lapping procedure and determine
which surface characteristics affects the leakage of the PRV. The surface finish characteris-
tics of focus for this study are: Form; Waviness; and Roughness.

After measuring the surface quality of the discs, an issue with the current manufactur-
ing procedure was identified which created an inconsistency with the surface finish quality.
Investigating this issue further led to a solution.

The discs were then installed in the Sarasin P3 PRV and tested for leakage based on the
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ASME PTC-25 standard [ASME, 2014], to allow understanding of which surface characteris-

tic plays the dominant role on leakage.

Figure 3.1: Sarasin PRV P9 contact surfaces: (a) Disc bottom view; and (b) Seat top view

3.2 Understanding surface finish quality and measurement tech-

niques

If a material such as steel is cut and ground down to a smooth finish using any manufac-
turing technique, it is important to understand what quality of surface finish is produced.
To the naked eye it may look to be a flat and smooth surface (as presented in Figure 3.1),
however a different perspective can be obtained when viewed under magnification or using
specific metrology tools.

One of the best finish qualities can be found with slip gauges which can be wrung to-
gether! allowing them to remain in contact without any additional applied pressure.

In the Seals and Sealing Handbook Trade and Ltd. [1986] it is stated that:

“THEORETICALLY AT least, the finer the surface finish of mating flange or ma-
chine surface the better they would seal when closed tight. However, even wrung
surfaces clamped together would not necessarily produce a perfect, continuous

seal.”

1By keeping slip gauges perpendicular and pressing them together, with a small twisting motion, ensures the
contact pressure is just sufficient in order to hold the two slip gauges in contact with no additional intentional
pressure
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The first sentence of this statement may seem obvious, but realistically to produce a
surface which is perfectly flat is most likely impossible using grinding, lapping or polishing
techniques. The reason for this is that at some specific magnification level there will be an
non-uniform topography. Theoretically if the surface was machined as being perfectly flat,
then this would lead to no gap being present between the contacting surfaces, and would
not allow a fluid to pass through.

The second sentence refers to slip gauges wrung together, not allowing a ‘perfect’ seal to
occur, subjectively implying that the slip gauge surface is perfectly flat or of high quality. A
slip gauge has one of the best controlled polished surfaces available. The surface texture is
well controlled, however a finite gap or opening will still be present between each contacting
surface due to the imperfection of the surface at a specific measurement scale (see Figure 3.2
below), hence why as stated a ‘continuous seal’ cannot be achieved.

A

0.96 mm

1.92 mm

Figure 3.2: Mitutoyo 10mm slip guuage scanned using Alicona Infinitefocus at 50x objective
with imperfections highlighted

The challenge with highly polished surfaces is understanding over what dimensional
scale measurements must be taken and how to attribute different surface texture character-
istics with respect to scale. The quality of the surface is determined by the surface form and

texture.

3.2.1 Metrology Characteristics

For this research program there are 3 surface metrology concepts considered: Average Sur-
face Form (F,), Average Waviness (W,) and Average Surface Roughness (R;), as shown in

Figure 3.3. Traditionally, the term surface texture is used to define all the surface finish
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characteristics apart from the form (from which flatness is calculated). While, the term as-
perities is generally related to solely the roughness. However, sometimes in the literature

theses terms are interchanged based on different measurement scales.

Surface
Waviness
(Wa’ Wsm)

Surface Roughness (R,, Ry,)

(c)

Figure 3.3: (a) Surface form, (b) waviness and (c) roughness depicted on two contacting
surfaces separated by a gap size of h

A surface profile will incorporate various surface finish characteristics. Surface form is
the shape that the surface takes when formed. This shape is usually distinguishable visually
and then measured. If all the points along the surface form are enclosed via an upper and
lower boundaryregion, encapsulating all the points, the flatness can be attributed to the dif-
ference between the highest and lowest points within the region. In this study, it was never
intended to measure the surface form considering the literature indicated there was little
or no requirement for such, however this is proven to be not the case, as will be discussed
further in this section.

The average waviness is a magnification of the surface form which accounts for irreg-

ularities that deviate from the mean surface represented by sinusoidal waves. The average
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spacing between the wave period is known as Wsp,. A further magnification of the waviness
shows surface roughness which accounts for irregularities along the waviness profile and
again is represented by sinusoidal waves. All three parameters; the average surface form,
waviness and roughness are considered for this project. The BSI [2009] recommends for
sample measurements (Z;, see Figure 3.4) over an evaluation length (/), the roughness or

waviness average is calculated using the following equation:
1 n
Rg, Wo = — ) 1Zi] (3.1)
ni=1
The mean width of the roughness or waviness surface texture is calculated using:

1 m
&Wmm=Eme (3.2)
i=1

Since the roughness is a sub-feature of the waviness, the sampling length for the roughness
is less than the waviness. In this case the sampling length for the roughness was 0.25 mm
and 0.8 mm for the waviness. The evaluation length for the roughness was 1.25 mm and 4

mm for the waviness. Further information on the sample length is given in BSI [2010].

| / |

- -
- ’

Figure 3.4: Example of height and width of elements of texture for roughness or waviness
BSI [2010]
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3.2.2 Manufacturing Technique - Poli-Lapping

The material removal process generates a wide variety of different surface textures and forms.
As mentioned, both the seat and disc contact surfaces are poli-lapped, i.e. simultaneously
lapped and polished. Polishingis the improvement of the surface texture (i.e. roughness and
waviness) while lapping is the removal of the stock material (allowing more control over the
surface form of the material). For the surfaces considered here, this is conducted using a
machine called the LAMPLAN MM 8700E [lamplan Industries Itd, 2017] at the WEIR Sarasin
manufacturing facilities (see Figure 3.5 below). The manufacturers of the machine state that

it is capable of producing roughness values of about 0.5 pm.

Poli-lapping plate Conditioning
ring

Figure 3.5: LAMPLAN 8700 poli-lapping machine

3.2.3 Measurement techniques
Traditional visual quantification methods

There are traditional methods of being able to detect surface form variations. A common
workshop technique used to determine flatness is by using an optical flat placed on top of
the surface of interest and a monochromatic light is shined through to examine interference
fringes. Another technique is by using Engineer’s Blue which is used in this project.

Engineer’s Blue is a non-drying oily substance with the pigment prussian blue mixed in
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giving its distinct vivid blue colour. It was originally developed by Joseph Whitworth in the
1830s [Guide, 2016] as a more economical method of determining accurately the flatness of
surfaces in manufacturing facilities and workshops. To date, it is still used in these sectors
and commonly used in overhaul workshops which rebuild and recondition engines. An ex-
ample of its use in engine overhauling is checking for contact uniformity between the valve
and the cylinder head (as shown in Figure 3.6). The benefit of using this technique is that
it quickly gives a visual indication of non-uniformity in the surface and is inexpensive. The
disadvantage of using this technique is that it is not possible to measure the non-uniformity

of the surface form.

Cylinder Head

» Valve

\- Valve and Head

\§ =S A~ contact

Figure 3.6: Cut-through of engine cylinder head with airflow pushing down the valve, re-
vealing the contact surfaces of the valve and head.

Quantification and measurement methods

To quantify and measure the surface characteristics there are different techniques avail-
able. Today, instrumentation techniques have matured to the point where good surface
visualisation of the topography is possible. Such instruments adopt a wide range of princi-
ples including contacting stylus, phase-shifting interferometry, white-light interferometry,
confocal microscopy, chromatic probe microscopy, structured light techniques, focus vari-
ation optical microscopy, scanning electron microscopy, scanning tunnelling microscopy
and Atomic Force Microscopy (AFM).

Each technique is limited in its ability to measure different metrology characteristics

based on the scale of the topography. A comparison of the capabilities of the surface metrol-
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ogy instrumentation has been carried out by Jiang et al [2007] in terms of amplitude and

waviness; see below in Figure 3.7.
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Figure 3.7: Typical amplitude-wavelength range plots for AFM, optical and contact stylus
metrology instruments

In the study, the Alicona Infinitefocus models G3 and G5 are utilised, which are focus
variation optical microscopy devices (the latter, G5 model, is used to measure the seat con-
tact surface due to sample size restrictions of the G3). It is a non-contact, optical, 3D micro
coordinate measurement machine based on focus variation (Figure 3.8). The device is ca-
pable of measuring surface form, waviness and roughness with great accuracy; roughness
measurements comparable to a few nanometers and repeatability of form < 0.1 ym [Danzl
et al, 2011]. An advantage of using this device over the other devices listed, is the ability
to measure the topography over an area of 10000 mm? (20x objective magnification) with a
amplitude resolution of 50 nm allowing the form of both the seat and disc to be measured
fully.

Also, due to the high resolution data obtainable from the device, a more representative
finite-element or computational fluid model can be created of the surface topography. Us-
ing such devices, it is also worth mentioning the possibility of the machine missing surface

data or scanning artifacts (such as dirt or thread). Often measurement artifacts appear as
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isolated tall thin spikes on the measuered surface device display which is usually due to un-
clean surfaces or real spikes on the surfaces which in reality would be rapidly broken off or
worn away with handling/use, therefore unlikely to be present on the surface. Careful at-
tention needs to be paid to the scanned surface data and any such artifacts require removal

from the data.

alicona

INFINITEFOCUS

Figure 3.8: Alicona InfiniteFocus

The surface roughness is further validated for all the discs and seats using a contacting
stylus profilometer called the Mitutoyo Surftest (SV-2000) as shown in Figure 3.9.

The Surftest works by running a diamond stylus at a constant rate across the contact
face of interest in a linear horizontal motion, while the rise and fall of the stylus is being
detected electronically. Due to the limitations in the stylus linear movement, the whole face
cannot be measured, rather specific random sections are. By taking random points across
the contact surfaces an average value is obtained which can be used in comparison with the

Alicona InfiniteFocus results.
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Figure 3.9: Mitutoyo Surftest (SV-2000) with stylus capable of moving linearly
3.3 Surface Quality of Disc and Seat

3.3.1 Surface Form indication - Engineer’s Blue
Method of using Engineer’s Blue

The method of using Engineer’s Blue is very simple and there are a couple of techniques
which can be adopted. The technique used for the seat and disc requires a surface plate.
In this case, the surface plate is the Mitutoyo Granite Surface Plate. This surface plate is
accredited to a grade 1, which according to BSI [1988], the overall flatness can only deviate
up to 8 um. The Engineer’s Blue is spread over a small area on the surface using a straight
edge, ensuring an even thin layer of the pigment, as shown in Figure 3.10. The disc or seat
is then placed carefully on the pigmented area and a weight of 1 kg is placed on top. The
disc/seat is then lifted off the surface and examined. The areas which are covered in the
pigment indicate the contacting area, while the bare metallic areas are an indication of the
non-contacting area. This procedure is repeated 3 times to ensure repeatability of the re-

sults.
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Engineer’s Blue Straight Edge
(Moore and Wright - no. 314)

e
oooooooo

Mitutoyo Granite Surface
Plate - Grade 1

Weight

Figure 3.10: Engineering blue spread on Mitutoyo Granite surface plate (Grade 1) using a
Moore and Wright Straight Edge (no.314)

Results

For this project, 3 random seats and discs — denoted as A, B and C — were measured. Each
disc was manufactured and poli-lapped using the LAMPLAN 8700E at the WEIR Sarasin
manufacturing facilities.

The literature reviewed indicated that a contact surface is assumed to be flat, with only
a fraction of the overall area considered when determining leakage. From Figure 3.11, it is
clearly evident that uniform contact across the sealing surface for each of the discs does not
occur.

The contacting area also varies for each disc A, B and C. This means each disc would
have its own unique magnitude and leak path. Therefore, when it comes to modelling the
surfaces computationally this would indicate a requirement to use a stochastic approach
considering the inconsistent surface finish and inability to replicate a single finish quality.

Flatness could be used to represent the form of the whole surface, however since it at-
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tributes the surface form to a single number, it would fall short of being able to represent the
fluid flow leak path. Rather, measuring the whole surface form and inspecting the profile of
the surface form would be much more advantageous in understanding the leak path.

From Figure 3.12, the seat shows a uniform and consistent surface finish across the
whole contact face. This does not indicate that the contact face is flat, it only indicates that
it is within a potential flatness of at least 8 um (based on the grading of the surface plate).

There are 3 important points which can be drawn from using the Engineer’s Blue:

1. Measurement of the surface roughness alone is not enough to represent the contact
area of the disc. Rather the surface form requires measurement, followed by waviness

and roughness;

2. The poli-lapping method used to achieve the ‘mirror’ surface does not produce a con-
sistent surface finish for all the disc’s measured. This indicates a potential issue with

the poli-lapping manufacturing method being used;
3. The seat shows uniform contact within a flatness tolerance of at least 8 um.

More in-depth examination of the seat and disc contacting surfaces are required. This

has been achieved using the Alicona interferometer.
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Figure 3.11: Engineer’s Blue results of disc’s A, B and C
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Figure 3.12: Engineer’s Blue results of seat’s A, Band C
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3.3.2 Surface Roughness measurement - Mitutoyo Surftest SV-2000

From the literature it was identified that surface roughness was a main contributing factor
when considering leakage of metal-to-metal contacting surfaces. Using a Mitutoyo Surftest
SV-200 the profiles are measured on the same samples A, B and C. The form and waviness is
removed via the software, leaving the roughness.

Based on 4 random points across the seat and disc, the results found for the roughness

of seat and disc A, B and C are displayed in Table 3.1.

[Rawm) | A | B | C |
Disc | 0.072 | 0.079 | 0.065
Seat | 0.068 | 0.069 | 0.075

Table 3.1: Surface roughness of disc and seat A, B and C using Mitutoyo Surftest (SV-2000)

All the disc surface roughness results show close comparison to one another and are
in the range of 0.065 - 0.079 um. All the surfaces are close to common surface roughness
finishing conditions for polishing and lapping operations being about 0.05-0.4 um, as rec-

ommended by Degarmo et al [2003].

3.3.3 Form, Waviness and Roughness measurement - Alicona InfiniteFocus (Op-

tical Interferometry)
Surface Form Results of discs A, B and C

To measure the form, the whole contact surface of either the disc or seat is scanned using the
Alicona InfiniteFocus at a 20X objective magnification. The results are then automatically
orientated to fit a horizontal normal plane from which the deviation between the horizontal
plane and measured plane is recorded as the average surface form profile. The average sur-
face form results of discs A, B and C are presented below in Figure 3.13 in pseudo colouring,
representing the deviation of the height from the horizontal normal plane. The associated
maximum and minimum deviation of the surface form is presented in Table 3.2 with the
difference (flatness) also displayed.

From Figure 3.13 the profile around the contact faces, for each disc, is vastly differ-

ent. Disc A displays a % symmetric profile around the disc with a difference in height of
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26.716 pm. Disc A can be associated with having 2 high and low areas of contact. In con-
trast, disc B has multiple high and low contact areas with streaks across the face (this mea-
surement was conducted twice with reproducible results). These streaks are most likely due
to the lapping procedure not finishing the surface correctly.

Of the 3 discs, disc C has the lowest difference in surface form of 4.46 pm. It can be said
that disc C has the best of the 3 discs for surface finish quality based on the average surface
form difference. There is no specific manufacturing guideline about surface form shape or
flatness that the disc should be within. Since in Eq. (2.3) the gap size, £, is one of the factors
used to determine mass flow rate, then, it can also be implied that disc C will also leak the
least.

It is not expected that the Engineer’s Blue approach would match exactly the Alicona
measurements. However, considering that the Engineer’s Blue is only used as an indicator,
the average surface form measured show some good agreement with the Engineer’s Blue
indications. Using the Engineer’s Blue, it was indicated a variation in contact for each disc
was present and that is now confirmed using the optical interferometry measurements of
the average surface form.

The waviness and roughness measurements between each disc is consistent with one-

another.

Surface Form Results of seats A, B and C

Similarly the average measured surface form for the seats are presented below in Figure 3.14
and Table 3.3. Both seat A and B have a similarity in the surface form profile; both have 2
high and low contact areas. However, the area over which these zones extends is different,
i.e. Seat A has a much larger low contact area, while Seat B has a much larger high contact
area.

The difference in surface form for both Seat B and C is very similar with a difference
between them of less than 0.2 yum. While Seat A has the lowest difference in surface form
deviation of the three discs. Again, there is no specific manufacturing guideline about sur-

face form shape or difference tolerance that the seat should be within.
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Figure 3.13: Average surface form measurement of discs A, B and C using Alicona Infinite-

Focus at 20X objective magnification

Height range

H Average Surface Form (um) ‘ Disc A ‘ Disc B ‘ Disc C H

Maximum 12.09 14.38 2.46
Minimum -14.63 | -16.36 -2.00
Difference (Flatness) 26.72 30.74 4.46
W, (um) 0.195 | 0.220 0.130

R, (um) 0.084 | 0.074 0.066

Table 3.2: Average surface form, waviness and roughness of discs A, B and C using Alicona

InfiniteFocus at 20X and 50X objective magnification
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Figure 3.14: Average surface form measurement of seats A, B and C using Alicona Infinite-
Focus at 20X objective magnification

H Average Surface Form (um) ‘ Seat A ‘ Seat B ‘ Seat C H

Maximum 1.041 1.061 1.219
Minimum -0.504 | -1.068 | -1.105
Difference (Flatness) 1.545 | 2.129 | 2.323
W, (um) 0.098 | 0.117 | 0.158

R, (um) 0.062 | 0.073 | 0.081

Table 3.3: Average surface form, waviness and roughness of seats A, B and C using Alicona
InfiniteFocus at 20X and 50X objective magnification
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3.3.4 Discussion of surface form results of seats and discs

As indicated by the Engineer Blue tests, the seats have been manufactured to a much more
consistent surface form. From the surface form results of the seats A-C, it is clear that the
seats are manufactured with a surface form variation of 1.54-2.32 ym. However, the same
cannot be said about the disc’s which vary from 4.46-30.74 um.

Comparing surface form results of the seats against the discs, it can be said that the discs
do not have as consistent a surface form shape or deviation. This variation in surface form
shape of the discs would result in multiple leak paths considering all the disc surfaces have
multiple high and low peaks.

In particular, the variation in the surface form shape of disc B is concerning due to the
linear grooves or streaks on 80% of the contact face. Such a variation in surface form will lead
to many leak paths which the fluid can escape from. These grooves and the inconsistent
surface form deviation indicates an issue with the poli-lapping manufacturing technique

being currently utilised and is discussed further below.

3.4 Investigation of lapping procedure - Disc D

To find the root cause of the issue with the manufacturing technique, WEIR Sarasan’s man-
ufacturing poli-lapping process was investigated. This investigation followed a step by step
and logical process involving interviews and background research to identify the root cause,
through a process of elimination.

An interview was conducted with the machine operator to find out the current poli-
lapping procedure using the LAMPLAN 8700. It was found that the disc poli-lapping manu-

facturing process is as follows:
1. Place the disc on the LAMPLAN 8700;
2. Place a weight on top of the disc;
3. Operate machine for a specified time;

4. Stop the machine and remove disc ready for PRV assembly.
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The same process was undertaken for poli-lapping the seats, however no weight was
placed on top of the seat (step 2) due to the higher weight of the seat. The weight is con-
sidered to speed up the poli-lapping process for the disc and was introduced by the WEIR
employees. The addition of a weight is a common practice used to increase the material re-
moval of the part in question. Another third party lapping machine provider recommended
that normally the amount of weight used and the time required for lapping is researched
jointly with the company, (which has not been the case here).

From the interviews, it was also found that this issue of non-uniformity with the disc
surfaces was a known issue to both the WEIR employees and LAMPLAN. Further to this,
LAMPLAN also confirmed that this problem existed with other applications; in particular
the ‘saddle’ shape seen with disc A had been previously noted. Potential ideas about why
this was occurring with the poli-lapping machines rotating surfaces were being investigated
by LAMPLAN.

Knowing the current manufacturing technique, led to researching the theoretical lap-
ping technique. Stdhli [2006] detailed the different factors which influence the lapping pro-
cess, common problems and remedies associated with the lapping process, and ultimately
how this affects surface finish quality of the part in question. From this report, two things

are noted of importance which could explain the irregular surface finish quality:

1. Variation in the speed ratio of the working plate and conditioning rings will result in
different working plate surface conditions, i.e. plate worn in a specific area more than
another. This would lead to a concave/convex flatness error in the working plate and

this error would follow through to the workpiece.

2. Pressure plates ensure parallelism for the contact surfaces of the workpiece when be-

ing lapped and can be used to ‘permit economical work’.

According to the WEIR employees the working plate flatness is checked on a weekly basis
and is within the specified limit advised by LAMPLAN. If the plates become worn, they are
changed for new ones. Therefore the first point mentioned above was ruled out, initially.

The LAMPLAN 8700 being used by WEIR SARASAN does not have a pressure plate fit-

ment, instead a weight is placed on top of the disc to speed up the process. The pressure
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plate ensures parallelism which is achieved by having a plate which fits comfortably inside
the conditioning ring and over the workpiece (see Figure 3.15), with a constant force ap-
plied from above. The weight being used by WEIR SARASAN does not guarantee a uniform
pressure being placed over the disc due to the weight only making contact with the top of
the surface. Such a weight is susceptible to vibrational movement not ensuring a constant
weight distribution. It can be said that this is the most likely cause affecting the surface

finish quality of the discs.

(a) Lapping machine with Pressure plate (b) LAMPLAN 8700 with mass placed on-top of disc

-

P Wheel Rotation ——

Conditioning Ring

\

Workholder
Working
Plate
q Pressure Plate ) /

Wheel Rotation =

Downward pressure

Arbitrary
Mass

Workpiece
(Disc)

Figure 3.15: Schematic of poli-lapping machine with (a) pressure plate fitted and (b) an
arbitrary mass used which is susceptible to movement on top of the disc

3.4.1 Root Cause

To determine if this is the root cause of the irregular surface form issue, the weight was
removed from the poli-lapping process. A new disc, called disc D, was lapped to see how
this affected the finish quality. The average surface form for disc D is presented in Fig-
ure 3.16. The average waviness (W), waviness spacing (W;,,) and average roughness (R,)
is presented in Table 3.4.

Disc D’s surface form follows a distinct sinusoidal shape, with 2 peak and trough areas,
with a deviation of surface form difference (flatness) of 4.438 ym. The cut marks which
were prevailing on disc B is no longer produced, neither is there more than 2 peak points of
contact (as was the case for disc B and C). The sinusoidal, saddle shape is similar to that seen
for disc A, however the form deviation is vastly less in this case. As mentioned previously,
LAMPLAN has noted the saddle shape profile before with other applications. Overall disc D

also has the lowest surface form deviation, average waviness and roughness of all the discs.
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Validation

To validate this shape and surface form was consistent with the poli-lapping machine fin-
ishing capabilities, a new disc sample was sent to LAMPLAN research facilities to poli-lap
independently on the same machine. It was found that the surface form shape followed the
same sinusoidal saddle shape witnessed in Figure 3.16 and has a flatness of 4.438 ym. In
Figure 3.17, the surface profile is plotted which is an average measurement from the inner
to the outer radius of the disc in the circumferential direction. This confirms that the poli-
lapping manufacturing process had been previously optimised with no mass placed on-top
of the disc when lapping, neither should it have been used without the pressure plate fitted
(which would ensure parallelism). This resolves the issue of surface shape irregularity and

variation in flatness values observed in the discs.

Average Surface Form (um) | Disc D
Form, (um) 2.19
Flatness 4.438
Formgy, %
W, (um) 0.111
W (um) 2.449
R4 (um) 0.041

Table 3.4: Average Waviness, Waviness spacing and Roughness of disc D using Alicona In-
finitefocus at 50X objective magnification
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Figure 3.16: Average surface form measurement of Seat D using Alicona Infinitefocus at 20X
objective magnification

Average Surface Profile of Disc D

B
2
=
R
(0]
T
£
x
W
N
0 90 180 270 360
0 30.7 61.4 92.1 123 Measurement Area
Angle (°)
Length(mm)

Figure 3.17: Average surface profile measurement of Seat D using Alicona Infinitefocus at
20X objective magnification with measurement area of disc highlighted in red
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3.5 Leakage Test of Seat and Disc

As mentioned earlier in the literature the gap height, £, is synonymous with the surface fin-
ish quality and the main factor considered for leakage studies. The majority of authors have
related the gap height to roughness and very recently waviness has been considered as well.
From the optical scans of the discs and seats the largest gap height is actually associated with
the surface form; putting it into perspective the average waviness and roughness amplitude
is about 40 times and 110 times respectively smaller. To assess how the leakage varies based
on the different disc surface finish qualities, a leakage experiment was conducted using the
SARASAN PRYV for a set-pressure (Pge;) of 0.5 MPa. Disc A, B, C and D are used in this exper-
iment with seat B. This experiment will give an appreciation of leakage versus the various

surface finish qualities of the discs.

3.5.1 Methodology

The method used to assess the leakage was based on the widely adopted industrial standard
PTC-25 ASME [2014], which recommends using the API:527 API [2014]. This standard is
used for ‘metal and soft-seated’ PRV’s and is the same standard utilised by WEIR SARASAN
for certifying leak tightness for PRV’s before shipment to customers. In particular the test
procedure followed is Section 2 - Testing with Air.

In general, the standard recommends sealing all joints and pressurising the valve up to
90% of the Pg,; of interest. The PRV outlet has a pipe of 7.9 mm outside diameter fitted,
which is led into a small container of water. This container allows the leaked air between
the valve disc and seat to come out as bubbles into the water. The leakage is observed for
at period of time dependent upon the valve seat internal orifice. From the observations the
bubbles per minute are calculated and compared against Table I - Maximum Seat Leakage
Rates for Metal-Seated Pressure Relief Valves in the standard. For this particular PRV the

maximum leakage rate is 20 bubbles per minute.
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Apparatus

The test apparatus is displayed in Fig. 3.19 and a schematic diagram of the experimental
set-up in Fig. 3.20. For this experiment the Sarasin P3 PRV is vertically mounted on a test
stand which is custom built for this experiment. The PRV is mounted using the original bolt
points of the PRV onto the test stand.

The PRV itself has been modified for this experiment with the addition of a force trans-
ducer fitted between the valve ‘guide shaft’ and ‘disk holder’ (see Figure 3.18). By measuring
the spring force being applied, repeatability of the experiment with the same amount of
spring force is ensured. The force transducer is a HBM U3 force transducer cable of mea-

suring compressive forces of 0.5-10 kN with a measurement accuracy of +0.2%.

Adjuster —
Guide shaft -

Spring Force Transducer
Spacer

Guide
Disc
Seat

Nozzle-ring

Inlet

Figure 3.18: Modified Sarasin P-series PRV with spacer to accommodate force transducer

The inlet and outlet opening is closed using blank flanges and sealed using a gasket and
PTFE paste. The inlet blank flange is tapped and connected to a pressurised air cylinder and
pressure gauges (digital and analogue). A K-type thermocouple is also tapped into the inlet
flange allowing measurement of the inlet temperature; the API:527 recommends conduct-
ing the experiment near ambient temperature.

The pressure and temperature of the air leaking from the valve is measured in the valve
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outlet using a pressure transducer and thermocouple attached to the exit blanking flange.

The pressure transducers used are the Omega PX309 series with a 1/4" NPT fitting and
have a measurement accuracy of +0.25%.

The thermocouple used is a mineral insulated, T-Type, stainless steel sheath with a
grounded sensing junction. It is manufactured by TC Ltd and has a measurement accuracy
of +0.8% up to 200°.

The PRV is setup with all openings blocked. The inlet of the PRV is connected to a com-
pressed air supply.

The API:527 standard recommends the use of a custom made flange which also ensures
a safe working practice with the inclusion of a breakable membrane. This is to safeguard
against any sudden openings of the valve which could cause harm to personnel. Instead of
using a membrane a smaller PRV is connected to the outlet piping and has a set pressure of
0.3 MPa.

All other openings and joints are sealed using PTFE tape or paste to ensure air only es-

capes through the tube attached to the outlet.
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Figure 3.19: Leakage test of (a)Sarasin P-series PRV experimental rig with (b) digital spring
force, inlet/outlet pressure and temperature gauges, and (c) 7.9mm outside diameter pipe
tube connected to outlet of PRV
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Figure 3.20: Schematic piping diagram of Sarasin P3 PRV experiment set-up
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Pre-testing Procedure

Before undertaking the leakage test, the Pg,; of 0.5 MPa of the valve is checked by adjusting
the spring force. This is conducted by increasing the spring force and then pressurising the
valve until the P, of interest is reached, discharging the pressurised air. Once the P, 0f 0.5
MPa is reached the PRV is re-pressurised allowing opening of the valve 3 times; this ensures
repeatability of the Pg,; for a constant spring force.

This experiment relies upon only the disc and seat metal-to-metal contact allowing fluid
to escape. If any other joints/connections leak, it will reduce the leakage rate measured
at the outlet which could lead to adverse rates depending on the severity of leaks from
joints/connections. To ensure that the PRV rig was not leaking from any joints/connections,
the rig was first pressurised and a leak detection liquid called Swagelock® Snoop Liquid Leak
detector, was applied to all joints and connections. If there was a leak then fluid applied
would foam and bubble indicating a leak.

To ensure that the PRV rig was free from leakage and maintain a constant pressure, the
rig was pressurised to 1 MPa with Valve 1, Vent 1 & 2 closed including the outlet safety PRV
(0.3 MPa Pg,;). The Sarasin P3 disc & disc holder was removed and the test conducted for 12
hours. Over this time the pressure was monitored using the digital pressure gauges and was

found not to drop. This ensured there was no background leakage from joints/connections.

Testing Procedure

The test procedure follows the API:527 which requires the PRV to be pressurised to 90% of
the Pg.; and count the bubbles displaced from the tube over a time of at least 1 minute. For
this experiment the exact same procedure is followed, however due to the level of control
over the inlet pressure (due to the use of a digital pressure gauge), the leakage was measured
at 75%, 80%, 85%, 90%-99% (1% increments) and 99.5% of Pg.;. All the experiments are
conducted at a room temperature of 23 °C.

Each measurement is conducted 3 times and then an average result (variation of + 0.25
a bubble) is found. A single bubble is counted when it leaves the pipe exit and the time is

maintained using a stopwatch.
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3.5.2 Results

The leak test experiment for the Sarasin P3 PRV was conducted at a P.; of 0.5 MPa. The

results for the experiment are displayed in Figure 3.21.
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Figure 3.21: Leakage rate found based on API 527

The API:527 standard states that for this valve the maximum leakage rate can be only 20
bubbles/min at 90% of Pg.;. From the results, each disc is capable of remaining below 20
bubbles/min. This is what was expected based on WEIR employees experience with testing
using discs A to C.

As can be seen from the graph, the bubble rate was recorded only up to 99% for disc A
and B. This was due to the difficulty in tracking the high bubble rate at 99.5% of Ps,;.

As the inlet pressure is increased, the ability for the valve to remain within the strict
guideline of 20 bubbles/min differs for each disc. For discs A, B, C, D the criteria is reached
at Pser is 92%, 95%, 95% and 97% of P, respectively, with disc D out-performing the rest of

the discs.
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What is also apparent is the exponential trend of the leakage rate. This is expected, con-
sidering as the inlet pressure tends to the P, the valve would begin to open allowing a

sudden evacuation of the air through the outlet of the PRV.

3.5.3 Discussion of leakage test results

Before conducting the experiment, the manufacturers had mentioned that the current fin-
ishing conditions for the disc and seat have managed to pass the API:527 standard when the
valve is assembled, irrespective of the inconsistent surface finish quality of disc A-C. This is
clearly the case as shown in the results, however there is a clear advantage of using disc D,
which improves the current sealing capabilities from 92-95% to 97% of P, satisfying a re-
quirement set out by the WEIR group in improving seal design for this study. Further to this,
the repeatability of the surface finish quality of disc D ensures more certainty in reaching
the required sealing criteria. The second advantage of using the manufacturing technique
used to produce disc D is that the surface finish quality would become more consistent.
What is evident is that the leakage rate with the roughness or waviness cannot be cor-
related with the leakage results shown. However, surface form difference can. Based on
the literature reviewed and comments from workshop employees, there is a belief that the
higher the flatness value, the greater the leakage. It is interesting to note that disc B has the
highest flatness value and yet does not have the highest leakage rate. This indicates that us-
ing a single number for flatness, waviness or roughness does not truly allow appreciation of
the susceptibility to leakage of the metal-to-metal contacting surfaces, rather, in this case,

the surface form deviation and shape must also be considered.

3.6 Discussion - Surface finish quality and its link to leakage

3.6.1 Gaskets

As discussed in the literature review the main surface characteristics which have been re-
ported as playing the dominant role in leakage is surface roughness, with more recent pa-
pers focusing on waviness. Such work has focused on these two surface finish characteris-

tics due to the nature of the item being researched, which is most likely to be gaskets. The
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research does not explicitly state this, however the surface characteristics described in pa-
pers represent a similarity to spiral wound gaskets which have a periodic oscillation from the
inner to the outer radius such as the research presented by Geoffroy and Prat [2004]; Ledoux
et al [2011]; Vallet et al [2009]. Analysing parts without considering form may be appropri-
ate for a gasket since it is highly likely to comply with the contacting surfaces by deforming
and matching the form of the contact surface due to its elastic behaviour. Therefore a 2D
representation of the surface wavelength and/or roughness for a gasket is appropriate, or as
shown recently by Pérez-Rafols et al [2016] a periodic representative sample, can be used.
The second reason why form may have not been considered for gaskets is due to the
limitations in measurement machines. When the research for gaskets had been reported
the capabilities of such metrology machines would have been more limited in scanning ca-
pabilities in terms of wavelength. However, with focus variation technology advancements
and computing power enhancements, it is possible to scan different portions of the surface
and stitch the surfaces together allowing the complete topography of the surface in question

to be captured.

3.6.2 WEIR In-house research

Another specific WEIR project, [Parker, 2014] focused on gaining a better understanding
of surface parameters which would be suitable for determining leak tightness of valves, in
particular Parallel Slide Valves (PSV). The project’s aim was to see if there was any correlation
between surface roughness and leakage. It was reported that the general consensus within
the WEIR manufacturing sites and workshops was that the lower the roughness value, R,
the better the components will seal. However, the research showed no direct correlation
between high or low values of R, and leakage. Waviness was also examined later on and it
was found that no direct correlation was made with leakage.

The most likely reason why a correlation between surface roughness or waviness for the
PSV’s could not be found will be for the same reason found for the seats and discs for the
Sarasin PRV, which is that surface form requires measuring. The PSV’s valves examined had
metal-to-metal contact surfaces and a much larger contact area than what is being exam-

ined here. Due to the higher stiffness of the material, the contact surfaces are unlikely to
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conform with one-another. Therefore, it is most likely that the surface form would have

been the main reason for leakage.

3.6.3 Demystification of Roughness and its effect on leakage

This idea that if the surface roughness is reduced then the sealing capabilities would im-
prove is a notion which is shared by many authors such as the statement about wrung sur-
faces, Trade and Ltd. [1986] and other authors such as Smith and Vivian [1995]. Since this
is a shared notion between authors, then there must be some validity in it. Therefore, the
question which arises is, when is such a statement valid?. Based on the surface character-
istics presented previously in Fig. 3.3, it can be deduced that for certain circumstances this
statement is true which is: if the form or waviness is controlled to remain the same while
being manufactured and also the ability to control the roughness characteristics is present
(i.e. reduce it), then this would increase the contact at the roughness scale, reducing the
leakage. If the form and waviness is not controlled then irrespective of the change in rough-
ness, the leakage will vary. However, this control in finish quality is not possible using a

lapping machine.

3.7 Conclusion

The following points are concluded from the surface finish measurements:

¢ Surface form produces the largest gap spacing between the seat and disc, not wavi-

ness and/or roughness which is used and stated by the majority of the authors.

¢ Using roughness and waviness is more appropriate for applications which allow the

form to deform to comply with surfaces, i.e. gaskets.
The following points are concluded from the poli-lapping investigation:

* Inconsistent surface finish quality of the disc is produced when poli-lapping using a

arbitrary mass

e Removal of the mass produced the best surface finish quality for disc D of 4.438 um
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form deviation with a saddle shape. This was found to be consistent with the ma-

chines designed capability.
The following points are concluded from the leakage tests of the discs based on API:527:
¢ All discs are capable of passing the API:527 which is based at 90% of the set pressure.
¢ Disc A leaked the most since it has the largest void gap spacing

e Disc D leaked the least and was capable of maintaining within the 20 bubbles/min
API:527 criteria up to 97%, fulfilling a requirement set-out by the WEIR group for this

project.

Going forward, it had been agreed in discussions with WEIR SARASAN in this project to

use disk D and seat B as the representative surfaces for modelling purposes.
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Chapter 4

Valve Leak Tightness Tool

4.1 Introduction

The following chapter describes the development of a novel simulation tool capable of pre-
dicting leakage through a metal-to-metal void space based on surface finish qualities. The
methodology of the tool is described in detail followed by validation/verification. The tool
is used to replicate the leakage conditions of the PRV as discussed in the previous chapter of
0.5 MPa P,,; with qualitative and quantitative results presented. These results are compared
with the experimental results and an assessment of accuracy carried out.

Based on the contributing factors to leakage described in Chapter 1 (Figure 1.4), this
tool focuses on how the spring force and internal pressure affects the surface finish qual-
ity (form, waviness and roughness) which in turn affects the leakage rate. The bases of the
computational tool is the use of the summing technique to represent the surfaces and a
coupled 1-way structure-fluid, micro-macro scale model with the form and waviness em-
bedded into the contact surfaces. A secondary sub-model is created using a representative
micro scale model of the roughness contact using an actual scan of the surface. The tool
replicates the spring force, which structurally deforms the contact surfaces and predicted
using a FEA solver. The results of this allows the void space to be extracted, meshed and
using CFD, the leakage rate is found.

Mathematical verification of the summing technique is conducted. Verification and val-

idation of the micro-fluid flow using the CFD solver in ANSYS is also conducted. From this,
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limitations of the tool are discussed and concluded.

4.2 Tool Methodology

Within a PRV, a compressed spring applies a force on the disc which is transferred to the seat
due to the metal-to-metal contact. As the internal pressure (P;;) of the fluid increases, the
net force on the disc and seat decreases, until eventually the Pg,; is reached, exceeding the
force of the spring, pushing the disc off of the seat and opening the valve. When the disc and
seat are in contact, there is leakage of fluid between them. Therefore, to determine the leak-
age rate of the valve, the deformed finite gap due to the spring force must be investigated,
ultimately allowing understanding of the quantity of fluid capable of passing through the
gap.

This integrated modelling approach is split up into 4 sections: Metrology; Computer
Aided Design (CAD); FEA; and CFD. By finding first the metrology characteristics of the con-
tacting surfaces, 2 CAD models can be created and independently analysed to find the ef-
fect of the spring force on the metallic contact surfaces and subsequently the finite gap. The
deformed gap between the contacting surfaces in the FEA analysis is exported into a CFD
solver allowing analysis of the fluid flow through the gap finding the leakage. Each of these
sections is completed in sequence and requires analysis of 2 independent geometric mod-
els: (1) amacro-micro model of the seat which incorporates the combined surface form and
waviness of both the seat and disc; and (2) a local 100 gm by 100 um actual scan converted
to a CAD model representing the surface roughness. A breakdown of the sections and the

two models is represented in a flow diagram in Figure 4.1.

4.2.1 Metrology

As mentioned, when the disc and seat are in contact, there is a leakage of fluid between
them. This leakage is associated with a finite gap between the seat and disc contacting sur-
faces. In turn, the finite gap is a formation of the surface finish quality of the seat-disc con-
tact.

Based on the findings in Chapter 3, the key metrology features which have been exam-
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Figure 4.1: Valve leak tightness methodology flow diagram

ined to understand the initial conditions of the contact surfaces are: average surface form
(Fg, Fsm); average waviness (W,, Wg,,); and average roughness (R,).
The average surface form is presented in Figure 4.2 of both disk D and seat B with the

waviness and roughness characteristics in Table 4.1.

@ Height range - um Height range - um
2 1

(a) : 1.6

-1.67 -0.83
24! -1

Figure 4.2: Average surface form measurement (a) disc and (b) seat scanned using the Ali-
cona InfiniteFocus at 20X objective
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Mean Form deviation | F, | Fgn | Wz (W) R,
(Flatness) (um) (um) (um) (um)
Disc 4.38 219 | m/2 | 0.21 (1751) | 0.041 ‘
Seat 2.1 1.05 | n/2 | 0.11 (2449) | 0.068 ‘

Table 4.1: Average surface form deviation (flatness), Average Waviness (W,), Average Wavi-
ness spacing (Ws,,) and Summing technique parameters. Measured using the Alicona In-
finiteFocus

What is apparent, is that the surface form will produce the greatest gap when both sur-
faces are in contact (irrespective of the orientation of the contacting faces), therefore the
greatest contributor to leakage. While the roughness will contribute the least leakage since
it would generate the smallest gap between the contacting faces.

Examining the roughness more closely (Figure 4.3), the random nature of the surface for
a 100 um square sample becomes apparent. Considering the aim of this work is to model
leakage, then creating a geometric model of the whole surface of the seat and disc with form,
waviness and roughness embedded into one, is not computationally feasible. The reason
why a 100 ym square area is chosen for this study is to try and reduce any interference of

the characteristics of waviness i.e. 100um << Wg,.

< 100 um

\/

100 pm

Figure 4.3: 100 ym by 100 um actual scan of disc using the Alicona InfiniteFocus at 50X
objective magnification
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4.2.2 CAD

To represent these surface finish features geometrically, but still capture the fluid-flow across

all 3 of these key surface characteristics, 2 geometric models are created:

1. Form & Waviness —a micro-macro model representing the surface form and waviness;

2. Roughness —actual scan (Fig. 4.3) converted to a CAD model representing the surface

roughness.

Form & Waviness model

Both the contact surfaces are geometrically modelled using the summing technique. As
discussed in the Chapter 2, Section 2.5, this technique allows the direct analysis of two con-
tacting surfaces combined into a single equivalent surface in contact with a rigid perfectly
flat surface (refer to references [O’Callaghan and Probert, 1987] and [Robbe-Valloire et al,
2001]).

Since the average surface form follows a sinusoidal shape for both the seat and disc, the
summing technique can be utilized to calculate the summated form amplitude (F,) using
Eq. 2.8, whilst the form spacing Fj,, is averaged (Eq. 2.9) see Table 4.2. This can be repre-
sented as a sinusoidal wave in the CAD software. The CAD software used for this thesis was
Solidworks 2013.

Similarly, following the summing technique, the waviness amplitudes W, for the seat
and disc would be added together (Eq. 2.8), whilst the waviness spacing W, is averaged
(Eq. 2.9) see Table 4.2. The waviness for this particular case is modelled using pyramids
such as that shown in (Figure 4.4). Other methods of representation, such as fractal based,
or actual scans could be utilised to present the waviness which would be more realistic.
However, considering the waviness amplitude is about 20 times less than the average surface
form for this case, the waviness would contribute much less to leakage. Also more realistic

surface finish conditions would have a much greater computational cost associated with it.
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Mean Form deviation | F, (Fsp) Wa (Wim)
(Flatness) pm pm pm
| Seat | 6.48 | 3.24 (n/2) | 0.312 (2100) ||

Table 4.2: Summing technique values for equivalent surface finish quality of seat

_ W, =0.321um

W, = 2100 um

Figure 4.4: Simple geometry of pyramids representing waviness based on W, and Wy,

Using the summing technique and simplistic geometry, the form and waviness surface
finish is incorporated into the top of the valve seat as shown in Figure 4.5. The average
surface form represents a i symmetric sinusoidal shape for both the seat and disc. In reality,
both these contacting surfaces could rotate relative to one another, which would change the
gap dimensions. For this analysis, we are looking to find the maximum leakage, therefore
to facilitate this, based on the rotation of the seat and disc, the peaks of each surface would
have to align. However, if the interest was to find the least leakage, the seat and disc would

have to be rotated so that the peaks and troughs of each surface would align.
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Figure 4.5: Geometric model of % symmetric valve seat with form and waviness incorporated

Roughness model

Since the roughness of the seat and disc is of the lowest magnitude of the 3 metrology pa-
rameters, it is the most challenging to incorporate into the Form & Waviness CAD model
(considering the meshing capabilities using FEA). Instead a representative model is used to
find the average gap size based on the spring force.

The original scan (Figure 4.3) generates 1,048,576 nodes for a 100 x 100 um area which if
directly meshed in FEA or CFD would be computationally challenging and expensive. The
Alicona InfiniteFocus, works by measuring a specific area and then traversing to the adja-
cent area, until the full area of interest has been scanned. It then stitches all this data to-
gether generating a surface like that shown in Figure 4.3. This method allows a high resolu-
tion of the surface to be generated as an ‘STL (Standard Tessellation Language) file format,
however generating a large amount of data (in the gigabytes). Instead the scan is filtered
from 1,048,576 nodes to 1,000 nodes. The step-by-step method developed to filter the sur-

face is shown below.

1. Using MeshLab, 2 algorithms known as the Poisson-disk distribution [Corsini et al,

2012] and the ball-pivoting [Bernardini et al, 1999] are utilized to reduce the nodes
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and interconnection to create a skin representative of the original ‘SLT’ file (see Figure

4.6).

. The representative ‘STL file from MeshLab is converted into a file format capable of
being changed into a solid object. This is completed by using InStep (version 2.3.11)

software which transforms the file format into a ‘STP’ (STEP) file format.

. The ‘STP’ file format is then opened in Solidworks (however any other CAD software

should be applicable) and a solid body is created with a depth of 10 ym as shown in

Figure 4.7.

Pl e
@ WG ) e

‘ ‘

Figure 4.6: 50X scale of (a)Original Scan and (b)Filtered scan in meshlab
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@ Original scanned surface filtered, from\
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converted into CAD model

im) J

Figure 4.7: 100 ym by 100 um actual scan of disc converted into CAD format

Using this method, the filtration yields an R, value less than 5% difference from the orig-
inal scan (see Figure 4.8). This filtration method would also be applicable to other optical-

interferometry device measurements.

0.1
- K
R a
c 10 0 30 50 6 70
§e]
3 .0.05
[0
a
=
2 .01 .. .
£ —Qriginal Scan (Reference Line 1)
015 ——Filtered Scan
-0.2

Profile length (um)

Figure 4.8: Reference line 1 of original 100 ym by 100 um scan (Figure 4.3) compared to
filtered CAD model of scan
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4.2.3 FEA

Using ANSYS® workbench (version 17.1), the geometric models are analysed using FEA to
find the deformation of the contact surfaces due to the spring force in an elastic perfectly-
plastic manner. The summing technique requires use of a simplified elastic perfectly-plastic
analysis method, since the material model is constituted of a rigid flat surface coming into
contact with an equivalent surface as discussed below.

The disc is made of a Stellite Alloy while the seat is made of AISI 316N(L) steel. Since the
summing technique is being utilised, the perfectly flat surface is a rigid surface (SURF154
elements). Since the seat has the equivalent surface finish of both the seat and disc the
elastic modulus is calculated using an Equivalent elastic modulus (E,;) using Eq. (4.1) for

both the seat and disc.

1 1- vf 1- v% 1
— = + = (4.1)
E,4 E; Es 2

The yield stress (0y) is based on the softer of the two materials in contact, i.e. in this case

being the seat. The material properties are displayed in Table 4.3.

Youngs Modulus | Poisson’s Ratio | Yield Stress (0.2%)
E (GPa) v 0y (MPa)
Stellite Alloy 6 237 0.29 750
AISI type
316N (L) Steel 194 0.27 272
Summing technique 231.4 0.27 272

Table 4.3: Material Properties of Stellite Alloy 6 [Delloro Stellite, 2008], AISI type 316N (L)
steel at 20degC [Gorash et al, 2014]and the summing technique

The boundary conditions for both geometric models are displayed in Figure 4.9 and
Figure 4.10. Both models of the seat are predominantly made up of SOLID187 10-node
elements, with the seat and disc contact surfaces associated with CONTA174 8-node and
TARGE170 4-node quadratic elements associated with the rigid surface. These elements are
well suited to modeling irregular meshes.

The Form & Waviness FEA model is made up of 108,698 elements and 379,254 nodes.

The Roughness model is made up of 1,019,763 elements and 667,268 nodes. The mesh for
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the contact regions requires a high resolution to capture the micro scale contact deforma-
tion as shown in both Figures 4.9 and 4.10. A meshing study was conducted to understand

what mesh resolution was best for this study. This study is attached in Appendix B.

@ Fs ring Rigid Sun‘aca

(SURF154)

x=0

ZY plane

ZX plane
symmetry

'\ symmetry

____________

CONTAC174

7 element with
I refined meshing
N for top of valve
\ seat surface )

Figure 4.9: FE model of i symmetric valve seat with boundary conditions

Only a i of the CAD seat is modelled to allow symmetric boundary conditions to be

applied in the ZX and ZY planes.

Similarly, the same symmetric boundary planes are applied around the Roughness model

to artificially mimic the whole surface.

The bottom of the models have elastic support boundary conditions set at 1729 N/mm?>
(for AISI 316N (L) stainless steel). This allows geometric simplification of the models while

still allowing accurate simulation of the whole geometry.
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Figure 4.10: Roughness FE model with boundary conditions

As recommended in API 527 [API, 2014], when testing for leakage in a safety valve the
spring force is increased to an amount which is capable of withstanding the Set Pressure
(Pser). The internal pressure (P;j) is then increased up to 90% of the P, and the leakage is
measured. So to represent this in the FEA, the spring force (Fspring) is applied to the rigid
perfectly flat surface over 2 load steps (Figure 4.11) using a static analysis. In the first load
step the spring force is increased to a force representative of acting against P, which for

this study is calculated using Eq. 4.2 (see Appendix A for further details):

Fspring = PinAeff (4.2)

In the second load step the force is linearly reduced to 10% of the full spring force. Rather
than modelling the P;, as a boundary condition, the internal pressure can be calculated
using Pi, = Fspring! Aesf, allowing artificial representation of the internal pressure up to
the Pg.;, mimicking the behaviour which would be seen in reality.

For the Roughness model, the applied force (Fiocal spring) in Figure 4.10 is simply the

fractional spring force based on the 100 ym x 100 um area by the whole seat area.
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Figure 4.11: Spring force application with respect to load step for 90% of the P, loading

4.2.4 Overall contact CAD models
Form & Waviness, and roughness model separation

The Form & Waviness FEA model are solved and at the P;, of interest, the deformed gap
between the seat and rigid surface needs to be exported as a CAD file from the second load
step.

From the solved Roughness FEA model, at the P;, of interest, the average gap height is
found. This average gap height is representative of the deformed void space between the
rigid surface and roughness, acting as a threshold value. The average gap height is used to
inform the proportion of gap associated with roughness in the Form & Waviness FEA model
(see Figure 4.12). The red area within this model indicates the average gap height from the
Roughness FEA which in this example is - 0.179 ym. This enables the gap of the form and
waviness to be distinguished from the roughness. Only the gap associated with the Form
& waviness FEA model is exported at the P;, of interest and the roughness contact i.e. red
area in Figure 4.12, is removed. This is summarised in Figure 4.13.

This exported model has an outlet and inlet ‘buffer’ added to it so that when using the
CFD solver, the fluid flow converges. This allows leakage associated with only the form and
waviness to be calculated.

The methods developed to export the deformed models are shown below.

Reasoning for introducing threshold value The threshold value has been introduced out
of necessity due to limitations in the CAD software. When the Form and Waviness model is

exported from the FEA solver, it is found that the spacing at the roughness vicinity becomes
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Figure 4.12: G — Overall contact gap at P;; 90% of Ps.; = 0.5 MPa and H — CFD model of
Form & Waviness model
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Figure 4.13: Macro model and sub-model deformed CAD spacing output flowchart

corrupt due to the CAD software unable to determine the node to node contact distance
correctly. Without removing this corrupt section, it is not possible to create a volume which
can be passed into the CFD solver.

Rather in this case, this corrupt section is removed by using the average gap spacing
from the FEA Roughness model as a threshold value. This threshold value is used as the cut-
off point in the exported FEA Form and Waviness model allowing removal of the corrupt
Zone.

To summarise the steps taken to remove the corrupt zone:

1. Export solved FEA Form and Waviness model into CAD software;

76



2. Solve FEA Roughness model and determine average gap size;
3. Remove corrupt zone in CAD using average gap size found;

4. Create model ready for CFD analysis of Form and Waviness.

Deformed Form and Waviness exportation and conversion method The deformed gap
space between the contacting surfaces in the FEA solver must be transferred (1-way) into
a CFD solver. The method to undertake the 1-way transfer would follow the flowchart pre-
sented in Figure 4.14.

Once the model is deformed, the original geometry mesh is updated to the deformed
configuration using the “‘UPGEOM” command [ANSYS® Help, 2013] and subsequently saved
as the native ANSYS ‘x.cdb’ file type. This ‘cdb’ file type is accessed via the ‘Finite Element
Modeler’ package in ANSYS Workbench allowing the ability to save the contacting surfaces
as a Parasolid file type (*.x_t).

The contacting surfaces can then be modified by adding inlet and outlet buffer zones
ready to be meshed for a CFD solver. To aid in creating the inlet and outlet buffers, use
of scaling features in the CAD software will allow splines to be created which follow the

undulating surface. The scaled exported gap spacing example is shown in Figure 4.12(H). !

ANSYS Workbench — Static Structural

ANSYS -
FE Design
Modeller

Deformed
Structural
model

Form and
waviness
CAD model

Convert surfaces of
interest to Parasolid file

Void Space CAD Add inlet and

Finish
O between surfaces
modelled as solid

Figure 4.14: Deformed Form and Waviness model extraction flowchart

INote: Using the scaling features eases meshing capabilities and is later de-scaled in ANSYS Fluent
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Roughness

The model is exported at the P;, of interest using an APDL script which builds a ‘surface
skin’ over the deformed 3D model and converts into an ‘IGES’ file type. The script used for
this thesis is attached in Appendix B, Section B.3. This script is a modified version of a script
which can be found in reference [SimuTech Group, 2016].

The reason for developing this method is because the method used to extract the de-
formed Form & Waviness model does not work in this instance. This is due to the deformed
high density mesh of surface finish not being registered by ANSYS®FE Design Modeler.

To extract the void spacing from the deformed model created using the APDL script, first
the model is scaled? in the axis normal to the deformed surface (Figure 4.15a). By creating
a scaled 3D model of the deformed surface, it is possible to extract the void space by taking
into account the position of the rigid flat surface. From the position of the rigid flat surface,
the void space can be filled to create a solid (Figure 4.15b). The extent of the deformities will
result in contact areas which can not be created into a solid volume due to the gap spacing
at that point being in contact (Figure 4.15c). These empty volumes require slight expansion
to allow increase of adjacent walls as shown in Figure 4.15d. This expansion allows ease in

mesh generation leading to better mesh quality and suitability.

4.2.5 CFD model
Form & Waviness Model

For the following CFD simulations, it is assumed that the fluid is an ideal-gas of laminar
air flow solved using the Navier-Stokes equations. The wall boundary conditions (i.e. top
and bottom of channel) has a low pressure boundary slip condition applied which allows
the Maxwell's model® for velocity slip and temperature change to be considered for 0.01<
K;, <0.1 [ANSYS® Help, 2015b]. The circumferential ends of the model also have a symmet-
ric boundary condition applied. The inlet boundary condition is set to P;, (total pressure)

and the outlet is set to atmospheric pressure (0.101325 MPa). To find the leakage of the fluid

2The purpose of scaling the model ensures algorithms within the CAD software are capable of registering the
surface finish quality. This was tested in both Solidworks 2013 and Creo Parametric 2.0
3The Maxwell's Model for boundary slip is only available using the pressure based solver in ANSYS Fluent
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Figure 4.15: (a) Scaled deformed model from FEA, (b) Void space filled in from position of
flat rigid surface, (c) Void space only with magnification of closed contact, and (d) Closed
contact region modified to facilitate meshing for CFD solver



through the deformed Form & Waviness gap, the exported scaled model is swept-volume
meshed from one circumferential end to the other, using hexahedral elements (3,485,969
nodes and 3,312,000 elements) as shown in Figure 4.12(H). The model is de-scaled in ANSYS
Fluent using the ‘Scale Mesh Function’. Using the pressure-based solver, implicitly, results

in finding the leakage attributed to the form and waviness surface characteristics.

Roughness

To find the leakage of the fluid through the deformed gap due to the roughness, a Global-to-
Local analysis is required (see Figure 4.16). The Global Channel spans from the inner to the
outer radius of the Seat (L = Ry,; — Ri), with the last 100 um of the channel length being
associated with the local model. The local model is situated at the end of the global channel
since the main interest for this study is leakage at the exit. The Global Channel height is the
average gap height (found via section G - Overall Gap/Contact (Figure 4.12 Roughness FEA
Model)).

@MR_ / m\

Channel Channel

;P_Average Gap Size

b

/

Transfer Plane
(Pressure and \

. N Velocity profile)

Import from

Figure 4.16: Global-to-local model to find local leakage attributed to roughness

In a cylindrical coordinate system the global-to-local channel represents 0.08° of the
valve seat surface. The global model has either side of the channel set as a symmetric
boundary condition, and the top and the bottom of the channel assumed to be a wall with

the same Maxwell slip model applied.
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Once the global channel CFD is solved, 100 um back from the outlet of the channel
length, the velocity and temperature profiles are extracted and used as inlet conditions for
the local model.

The local model is the deformed gap imported from the Roughness FEA model (Fig-
ure 4.12) and meshed using tetrahedral elements (313,543 nodes and 1,525,915 nodes) as
shown in Figure 4.174. Solving this CFD model results in leakage attributed to the rough-
ness per 100 um of the outer circumference.

Further to this a verification study of the Global-to-local model is provided in Appendix B,

Section B.4 proving its feasibility for this study.

Figure 4.17: 90% of Setp = 0.5 MPa (a) CFD Mesh, (b) CFD mesh full contact zone and (c)
Enhanced view of corner mesh

Global-to-local model justification This method allows leakage determination based only

on the roughness void spacing using a portion (0.08° of the valve seat surface) of the actual

4See soft copy for enhanced image
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surface finish metrology. The alternative method is scanning a portion of the full 1.25 mm
seat length and modelling it. However, taking on the alternative method would result in a
FEA and CFD mesh more than 12.5 times larger making it computationally more expensive
to solve, and potentially unable to solve due to the contact matrix being so large. Also, con-
sidering for this case the roughness parameter will entail the least leakage (in comparison to
the form) a full length 1.25 mm FEA or CFD model would be excessive. Further to this a ver-
ification study of the Global-to-local model is provided in Appendix B, Section B.4 proving

its feasibility for this study:.

4.3 Quantitative Validation of Summing technique material equiv-

alence

The validity of the summing technique approach has been discussed and is an accepted
method for static contact problems [Robbe-Valloire et al, 2001]. The aim in this section is
to assess the use of the equivalent material and surface assumption as part of the summing
technique. To facilitate this aim, 4 FE analyses’ are conducted: the 1st with the real material
types; and the 2nd with the equivalent material types (Figure 4.18); the 3rd anlsysis is with
the real material types with surface form amplitude of 10 um amplitude with a spacing of 1
mm for both contacting surfaces (Figure 4.19); and the 4th is with the equivalent material

and surface (i.e. form amplitude is 20 ym with a spacing of 1 mm).

4.3.1 Model, Method and assumptions

For the 1st FE model, a geometric solid model of 1 mm cube is setup in full face-to-face fric-
tionless contact and with another solid 1 mm cube. One of the cubes has the material prop-
erties assigned to it of AISI type 316N (L) Steel and the other with Stellite Alloy 6. While for
the 2nd FE model, a geometric 1 mm cube is set-up in full face-to-face frictionless contact
with a rigid flat surface. The geometric cube has the summing technique material proper-
ties assigned to it. The material properties assigned to the models are shown previously in
Table 4.3.

The 3rd FE model has a surface form amplitude of 10 um amplitude with a spacing of 1
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FE Model 1 F FE Model 2 Materials

[ Stellite Alloy 6
F B SS316N (L)
I Rigid surface
B Summing tech.

A

Force, F = 200N

_Corner _ -
Node

Figure 4.18: Equivalent material - FE model 1 and 2 with boundary conditions

mm for both contacting surfaces. The 4th FE model has 1 cube with the equivalent surface
based on adding the amplitudes and averaging the spacing of 20 yum and 1 mm spacing,
contacting a rigid flat surface.

The FE model is a static analysis and is setup with a fixed boundary at the bottom of the

cubes. A force of 200 N is applied to the top cube over a time of 1 s.

4.3.2 Results and Discussion

The results are plotted for the ‘corner node’ deformation in the Y-axis in Figure 4.20 and
Z-axis (which is equivalent to the X-axis) in Figure 4.21.

The SS316N(L) and summing technique material deforms in a linear manner in the FE
models, and at 272 MPa the node becomes plastic following a perfectly plastic deformation
in both directions. Between Model 1 and 2 there is a difference in gradient from 0 - 272 MPa,
with the summing technique models being more conservative. This difference is 7.42% in
the Y-direction and 7.78% in the Z-direction. Since the summing technique is a parallel
material resistance based equation, the underestimation of deformation is expected.

At the measurement point, i.e. peak of the contact surfaces, the FE models 3 and 4 show
a material deformation difference of 7.8% in the y-direction. This is in-line with the findings

from models 1 and 2.
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Figure 4.19: Equivalent material and surface - FE model 3 and 4 with boundary conditions

4.3.3 Overall

This means that surface finish characteristics modelled using the summing technique will
have a level of conservatism resulting in a degree of inaccuracy of 7.42% in the Y-direction
and 7.78% in the Z-direction. This shows that the summing technique facilitates a good level

of model simplification.

4.4 Verification of microflow leakage through a channel using a

CFD solver

To understand the limitations of the CFD solver, a series of analysis’ are conducted and
compared against published analytical equations for a channel. Based on the summing
technique, it has been found that the Form amplitude is of the magnitude 6.48 pym. Using
Eqn. (1.1), assuming atmospheric pressure at the channel exit, the Knudsen number at the
exit is calculated to be 0.087. Therefore, the flow is considered to be in the slip-flow regime.

The channel considered in this study is represented as a microchannel. Due to the na-
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Figure 4.20: Y-axis deformation of corner node
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Figure 4.21: Z-axis deformation of corner node

ture of the problem, the findings in this study and modelling approach can be extended for
other geometric models to account for other devices where large pressure differences exist
such as pipe sealing or gaskets. The channel is modelled as 2D planar (as shown in Figure
4.22) being representative of a PRV seat and disc contact length (L). The length of the chan-
nel is representative of the seat being 1.25 mm. The channel (or gap) can be attributed to
an average spacing between the seat and disc contacting surfaces with respect to surface
roughness, waviness and/or of the metal-to-metal contacting surfaces.

The first analysis in this study focuses on the effects of changing the inlet pressure,
Py, from 1 MPa to 18.6 MPa for a fixed channel height (#) of 1 um and length of 1.25 mm

(L/h=1250) using the CFD solver. For this study the internal pressure is higher than the ex-
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Figure 4.22: Sketch of channel used for CFD analysis’

ternal pressure, P; (remaining at atmospheric), consequently driving the gas to the outer
extremity of the seat and disc length. This allows examination of the pressure profile along
the ‘Pressure Profile Line (see Figure 4.22) which is the midline between seat/disc contact
and how well it compares with analytical equations. The channel height is then changed to
5 um (L/h=250) and the mass flow rate is reanalysed.

The second analysis focuses on varying the channel ratio, L/ &, from 1250 to 250 for the
highest pressure of 18.6 MPa and seeing how this effects the mass flow rate. This is to distin-
guish at which point the analytical equations are no longer appropriate.

The pressure distribution along the seat/disc length and the mass flow rate is calculated
using the CFD solver, ANSYS Fluent v16.1 and compared against analytical models. As dis-
cussed in Chapter 2, the analytical models used were formulated by the model of Arkilic et al
[1997] that takes into account rarefraction in calculating the pressure distribution and mass
flow rate at the exit across a parallel channel. A more recent analytical equation by Chong

[2006] for choked flow is also compared and assessed.

4.4.1 Simulation conditions and method

Figure 4.22 shows the 2D sketch of the simulated microchannel with channel size, k, span-
ning from AB to A*B* with a fixed length, L=1.25 mm. AB is the inlet and A*B* is the outlet
of the microchannel. A buffer region is added either side of the inlet and outlet of the mi-
crochannel (zone CDEF and C*D*E*F* respectively). If the buffer regions were not present
then it would mean analysing results at the boundary condition of the inlet and the outlet,

with no guarantee of the model flow being fully developed at those points.
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For the CFD simulations, it is assumed that the temperature at the walls and of the lam-
inar flow of gas with total temperature of 295K and the fluid is an ideal gas being air. The
walls AA* and BB* have also a low pressure boundary slip condition applied which allows the
Maxwells model for velocity slip and temperature change to be considered (0.01< Kn <0.1)
[ANSYS® Help, 2015b]. The spacial discretization is set to first order.

The CFD simulations have been conducted in ANSYS Fluent v16.1 for these studies. A
meshing example of the inner buffer region for a channel height of 1 ym is shown in Figure
4.23°. As shown, the meshing becomes more concentrated as we travel towards the inlet
of the microchannel. Similarly the walls AB and A*B* have many layers/divisions with a
bias towards the wall. This allows the velocity and temperature change across the wall to be
captured with better precision.

The first results focus on a channel height of 1 um (L/h=1250) with the pressure inlet
varied from 1-18.6MPa. Specifically, pressure inlet (Py) values of 1, 5, 10, 15 and 18.6MPa are
analysed. After which the mass flow rate is found at the outlet, A*B*, for a channel height
of 1 um and 5 ym (L/h=250). The CFD simulation is compared against Eq 2.7 to see how
well the analytical model fairs against the CFD. Similarly the mass flow rate calculated via
the CFD is compared to Eq 2.5 and Eq 2.6.

The second set of results focus on changing the L/h ratio from 1250-250, specifically
L/ h values of 1250, 1136, 1042, 961.5, 892.9, 833.3, 625, 416.7, 312.5 and 250 and measuring
the mass flow rate. This time the focus is primarily on seeing the difference between the

analytical Eq 2.5 and the CFD calculations.

4.4.2 Results and Discussion

The first set of results shown in Figure 4.24 are of the pressure profile across the seat length,
L.

As it can be seen there is good agreement for Py up to 5 MPa (Py/P;=49.3) between the
CFD simulation and the analytical model. There is a very slight deviation for the 5 MPa
results which begins at about 0.88 mm along the channel length. Referring to Figure 4.25,

this is most likely because the Mach number at the exit in the CFD solver reaches 1 for this

5See soft copy for enhanced image
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Figure 4.23: Mesh of inner buffer region where h=1um (this is mirrored at the outer buffer
region)

condition meaning that compressibility effects of the gas would need to be considered in
Arkilic et al [1997] model. This property is however taken at the centreline of the channel
(Pressure Profile Line). As we move toward either wall of the channel the Mach number
decreases.

Astheinlet pressure is increased to 18.6 MPa the deviation between the analytical Eq. (2.7)
and simulated results becomes more prevalent for each pressure increment. Only the final
2 pm of the channel length show choking conditions. This is due to the compressibility of
the gas becoming more apparent and not being considered in the analytical model. Equa-
tion 2.7 was originally formulated for Micro-Electro-Mechanical Systems (MEMS) equip-
ment which require low pressure ratios, sub-sonic flow conditions, therefore this deviation
between the CFD and analytical results for Py/P; =49.3 is not surprising.

The next set of results of interest are of the mass flow rate at the exit of the microchannel.
It is with the mass flow rate we can attribute leakage. So, for & = 1uym (L/h=1250) and h =
5um (L/h=250) the mass flow rate is calculated using Eq. (2.5) and Eq. (2.6) and compared
against the CFD simulation for the same pressure range as before. The results are shown in
Figure 4.26 and Figure 4.27.

It can be seen for the L/h = 1250, the mass flow rate for the CFD simulation and the
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Figure 4.24: Graph of Pressure profile versus length for h=1ym

analytical equations compare well. While for the L/h = 250 it is clear that after 5 MPa the
analytical equations tend toward an exponential direction. While the CFD solver follows a
straight line trend.

Eqn. (2.6) shows negligible difference in comparison with Arkilic et al’s Eqn. (2.5). As
discussed earlier, it is known that at 5 MPa the Mach number was found to be 1 at the exit,
therefore the percentage difference found at 5MPa is 51% between Eq. 2.6 and the CFD sim-
ulation. Chong [2006] reported a difference of 45% between the DMCS and Eq.(2.6) for a
Mach number of 0.9 at the exit due to a pressure ratio of 32. Therefore, there is good corre-
lation here between Chong’s study and this CFD study. It should be noted that Chong used
a much lower L/h ratio of 5. It would be worthwhile simulating the exact same experiment
conducted by Chong to assess how well CFD compares with the Direct Simulation Monte
Carlo (DSMC) method for Chong’s scenario.

However, this good correlation does not detract from the exponential difference be-

tween the CFD simulation and the analytical equations as seen in Figure 4.27. As stated
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Figure 4.25: Mach Number versus channel length (last 0.1mm) for h=1ym

earlier, Eqn. 2.5 created by Arkilic et al is only applicable for subsonic flows and therefore
does not consider the effects of compressibility. Also, it is based on Poisellue flow which
assumes that L/h >1000. The Kn for the 5 pm channel is found to be 0.0011, therefore only
just in the slip-flow transition regime.

To analyse the effects of L/ h the previous analysis is extended to find the mass flow rate
for an inlet pressure of 18.6 MPa for L/h ratios of 1250, 1136, 1042, 961.5, 892.9, 833.3, 625,
416.7, 312.5 and 250. The results are plotted in Figure 4.28.

From a L/h ratio of 1000-1250 there is a maximum difference of 15.5% between the CFD
and analytical model. The Knudsen number at this point is 0.047 which means the flow is
within the slip-flow transition regime.

When L/h <1000 there is another exponential increase in the difference between the
CFD and analytical calculations, increasing all the way up to a difference in mass flow rate
0f 475% as the fluid transitions towards the continuum regime (Kn<0.1). This shows that the
limitation of the analytical equations by Arckilic and Chong being L/h>1000 is valid. It can
be also said the analytical equations created by Arkilic and Chong are not appropriate for
choked flow conditions for L/h<1000, since they disregard the effect of gas compressibility
as the transition between slip flow and continuum regime occurs. Since the CFD solver is

well developed for the continuum fluid regime the results can be considered to be more
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Figure 4.26: Graph showing the effect of Py change from 1MPa-18.6MPa versus the mass
flow rate for a channel of h=1 um

reliable than the analytical equations developed by Arkilic and Chong.

To conclusively know if the CFD solver is correctly calculating the pressure profile and
mass flow rate, experiments would be required, replicating the L/h <1000 and high pressure
ratios which are capable of choked flow conditions. Also the DSMC method should be ran

in parallel similar to Chong’s analysis method (excluding Eqn. 2.6).

4.4.3 Overall

This study has shown that for a L/h < ansys145: FEIib1000, the analytical equations cre-
ated by Arkillic are appropriate since they disregard the effect of compressibility.

However, where the flow conditions create a choked flow in a microchannel and with
a L/h >1000, the analytical equations created by Arkillic and Chong are not appropriate
since they disregard the effect of gas compressibility as the transition between slip flow and
continuum regime occurs. Instead CFD and DSMC simulations for this condition are likely
to be of greater reliance since they do take into consideration the effects of compressibility of
the gas as it reaches the outlet of the microchannel. Experimental studies would be required

to validate the CFD and DSMC simulations.
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Figure 4.27: Graph showing the effect of Py change from 1 MPa-18.6 MPa versus the mass
flow rate for a channel of h=5 ym

4.5 Validation using case study - 0.5MPa Set Pressure leakage test

Now that the partial validation of the summing technique and verification of the CFD tool
has been conducted, validation is required of the leakage rate of the new 1-way FEA-CFD
numerical modelling strategy. The valve leak tightness tool is compared against two meth-
ods: the analytical Eq. 2.5 by Arkilic et al [1997] analysed previously; and the experimental
set-up measuring leakage of the spring-loaded PRV up to a Pg.; = 0.5 MPa in Chapter 3,
Section .

The valve leak tightness tool is used and the results are found (in-line with the leakage

tests in Section ) for 75%, 80%, 85%, 90%-99% (1% increments) and 99.5% of P, = 0.5 MPA.

4.5.1 Results and discussion
FEA - von Mises Stress, strain & gap spacing

Figure 4.29 shows the von Mises stress plot obtained once the full spring force is applied
(Figure 4.29(a)) (at the end of the first load step) and as the spring force is reduced reaching
99.5% of Py, (Figure 4.29(g)).

The Form & Waviness models top surface comes in contact at one-end which is expected
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Figure 4.28: Graph showing the effect of changing L/h from 1250-250 versus the percentage
difference of the mass flow rate between the Arkilic et al analytical Eqn. (2.5) and the CFD
solver (ANSYS)

since the profile of the form followed a sinusoidal shape. In Figure 4.29(a) the highest stress
is 94.3 MPa, which is much lower than the yield stress. Thus, no plastic zones are present.
However, the stress distribution across the seat is seen to be dispersed around the contact
point. Again this is expected with the higher stress zones occurring at the waviness contact
points. As the spring force is reduced down to 90% of the Py, (Figure 4.29(e), the stress
occurring on the bottom left of the seat no longer exists with only the waviness on top of
the seat having a small stress concentration, however, the stress is very low reaching only
29.6 MPa. This area of stress remains the same up until 99.5% of P, Figure 4.29(e) at which
point the rigid surface will almost lose all contact.

Figure 4.30 shows the plots of the seat deformation in the Y-direction from the full spring
force applied (Figure 4.30(a)) at the end of the first load step and as the spring force is re-
duced, reaching 75% and 90% of Pg,; (Figure 4.30(b) and (c) respectively).

From Figure 4.30(a) the maximum deformation in the Y-direction is only 3.33 um which

is concentrated around the highest stress zones. Its very important to note, that because the
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Figure 4.29: Von-Mises stress plot of form & waviness model in MPa for Pg,; = 0.5 MPa
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Figure 4.30: Y-direction deformation plot of form & waviness model in ym for Pg,; = 0.5 MPa

seat has only deformed 3.33um, this will not close the initial gap spacing of 6.48um, and just
as importantly there is no plastic deformation, meaning the seat deformation will spring
back as the force is reduced, as is seen in Figure 4.30(b) and Figure 4.30(c). Therefore, it
should be expected for the valve to leak constantly. This observation and claim is validated
from Figure 4.31, which consistently shows a gap spacing throughout the time the spring
force is applied.

Figure 4.31 is presented with the red zone showing the roughness gap spacing, while
the rest is attributed to the form and waviness gap spacing. The roughness zone advised

from the FEA-roughness sub model and is seen to be largely in contact when the full spring
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Figure 4.31: Gap spacing of form & waviness model in ym for Pg.; = 0.5 MPa

force is applied covering almost a third of the overall area. As the spring force decreases, the
roughness zone decreases, while the form and waviness dominates which again is expected.

The Roughness model depicting the Von-Mises stress across the spring force range is
displayed in Figure 4.32. The stress is clearly more random in areas affected by the spring
force. However, there are specific zones which have high stress points as shown in Fig-
ure 4.32(c) where the stress is concentrated. The material yields at the higher peak points
and has a much higher stress distribution across the surface. This is expected considering
the peak points Figure 4.32(c) would come in contact first.

The plastic yielding (see Figure 4.33) does not extend a great deal due to the limited ap-
plied load. However, it is noted that the interaction of the asperities at the surface level have
a certain influence on evolving the contact stress at the base. As it is seen in Figure 4.32(a)
the stress is spread much further as a result of the roughness asperities deformation and

reduces to only a few plastically yielded points in Figure 4.32(c). This evolving contact at the
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Figure 4.32: Von-Mises stress plot of roughness model in MPa for Pg,; = 0.5 MPa
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base has been noted in experiments conducted by Uppal and Probert [Uppal and Probert,
1972] who studied the deformation effects on single and multiple asperities on metal sur-
faces, therefore giving confidence in the stress distribution calculation across the roughness
surface.

Since the roughness asperities have become plastic at certain points, these points will
not return to their original shape or position, meaning the overall gap spacing will change
as we unload the spring force (Figure 4.34). As the spring force is reduced to 75% and 90% of
the Py, it is clear that the fluid flow path will also change. The plastic zones noted earlier

dominate the lowest gap spacing zones, with the valleys dominantly unaffected.
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Figure 4.33: Elastic and Plastic strain plot of roughness model for Pg,; = 0.5 MPa
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Figure 4.34: Gap spacing of roughness model for Py, = 0.5 MPa
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Figure 4.35: Pressure profile through form and waviness gap for Pg.; = 0.5 MPa

CFD - Pressure distribution, Mach number & Knudsen number

The pressure profile across the gap spacing due to a fluid flow is displayed in Figure 4.35(a).
Aswas discussed earlier in the verification study (Section 4.4), it was shown that the pressure
will decrease from the inlet to the outlet in a parabolic manner across the radius. It is noted
that the parabolic pressure distribution has spatial variations in it as shown in Figure 4.35(b).
This is due to the waviness of the surface in close proximity to the rigid surface. As the gap
spacing increases from Figure 4.35(b) to Figure 4.35(c) the variation in the radial direction
become less pronounced due to the gap spacing increasing.

It is interesting to know the Knudsen number of the fluid throughout the gap spacing
to examine the Continuum (< 0.01)and Slip-flow (0.01 —0.1) regime distribution and mod-

elling requirements (as discussed in Chapter 1, Section 1.5.3). To calculate the Knudsen
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Figure 4.36: Knudsen number through form and waviness gap for 90% of P, = 0.5 MPa

number Eq 4.3 is used.

M
Kn=—2/2 4.3)
Re 2

As displayed in Figure 4.36 the majority of the fluid lies within the Continuum regime,
while only a small proportion of the fluid near the outlet and for the smallest gap spacing
is in the Slip-flow regime. This is due to the mach number at this end being at its lowest as
shown in Figure 4.37(a).

Figure 4.37(b) shows that the mach number is highest at the end of the channel at a
Mach number of 0.82 with no choking occurring in the channel at 90% of the Pg,;.

The roughness CFD model is the final 100 pm length of the channel and Figure 4.38 dis-

plays the pressure profile across the exported gap spacing from the FEA solver. The pressure
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Figure 4.37: (a) Mach Number through form and waviness gap (b) Scaled projection side
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Figure 4.38: Pressure Profile through roughness gap

across the length of the channel does reduce down to atmospheric with the flow following
a predominant radial path. In comparison to Figure 4.35, the pressure profile is clearly seen
to deviate more across the width since the change in gap height across the face is seen to
have a greater effect on the pressure distribution, while the effect of gap height based on
waviness is only seen over a small portion of the gap spacing (see Figure 4.35 (b)).

The effects of the roughness peaks and valleys are better understood using Figure 4.39
which is the velocity streamlines from the inlet to the outlet. It shows how the flow meanders

past the peaks (as identified in Figure 4.34). As the flow passes through the valleys, the
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velocity increases and becomes more concentrated in these areas. This also verifies the
exported gap data in Figure 4.34 is being extracted and meshed well.

Once again, its interesting to understand what the Knudsen number is throughout the
roughness gap spacing to allow assessment of the flow regime. As shown in Figure 4.40(a)
the Knudsen number varies from a minimum of 0.191 to a maximum of 5.58 placing the
flow in the Transition regime (10 > Kn > 0.1). However, the majority of the flow sits in the
Knudsen number regime ranging from 0.191-0.545 as shown in Figure 4.40(b). As the peaks
of the rough surface reaches the flat surface, i.e. the gap height decrease, the Knudsen num-
ber begins to increase due to the change in the mean free path. It is only close to the contact
points that the Knudsen number lies between 2.46-5.58.

It is known that the validity of the Navier-Stokes equations breaks down in the transition
region and results in an underestimation of the leakage rate. This underestimation is found
to range from 20% to 33.7% if N-S (with first-order slip conditions) [Sturnfield, 2015] com-
pared against experimental results. Dongari et al [2007] do suggest that using second-order
slip conditions could provide better validity of the Navier-Stokes equations when consider-
ing rarefied gases in the transition regime.

Figure 4.41 shows that the flow does not choke and the Mach number remains relatively

low throughout the roughness gap.
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Figure 4.39: Velocity streamlines through roughness gap
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Figure 4.40: Knudsen number through roughness gap
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Figure 4.41: Mach number through roughness gap
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CFD - Leakage

Form & Waviness, and Roughness The valve leak tightness numerical method was solved
for P;;, of 75%-99.5% for a Pg.; = 0.5 MPa for both the Form & Waviness, and Roughness
models. The leakage attributed to the form and waviness models is graphed in Figure 4.42.
The result show a linear trend in volumetric flow rate ranging from 1.12e™* m3/s to 1.73e™*

m?3/s. This leakage trend is due to the elastically deforming surface as discussed previously

in the FEA section.
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0.00E+00
75% 80% 85% 90% 95% 100%

Inlet Pressure as percentage of Pyt (0.5 MPa)
Figure 4.42: Leakage results of Form & Waviness of Sarasin PRV P3

The leakage of global-to-local roughness model (per 100 um width) is graphically dis-
played in Figure 4.43. The result shows a non-linear trend in volumetric flow rate ranging
from 5.69¢~'2 m3/s to 3.13e~ ! m®/s. This is due to the change in deformation experienced
by the elastic and plastic deforming surface as the spring load is reduced (as discussed pre-
viously in the FEA section).

Based on the Form & Waviness FEA model, the area associated with the roughness dom-
inated region is removed (refer to Section 4.2.4), however the circumferential arc length of
the roughness area is recorded and displayed in Figure 4.44.

The leakage rate comparison between the Form & Waviness, and Roughness model is

in the region of a multiple of 10,000. The roughness contributes 0.01% of the overall leak-
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Figure 4.43: Leakage results of Roughness for 100 um

age from the overall gap conditions. However, it should be noted for higher set-pressures
the leakage contribution of the roughness will increase, especially when plastic deforma-
tion occurs in the From & Waviness model, to the point when the forces increase enough to
close the form and waviness gap spacing. This theory of closing the gap spacing via plastic

deformation is taken advantage of and discussed further in Chapter 5.

Sarasin P3 PRVleakage comparison The valve leak tightness numerical method was solved
for P;;, of 75%-99.5% for a Pg.; = 0.5 MPa to allow comparison to the analytical model
(Egn. (2.5)) and experimental results. To allow comparison with the experimental results,
which based on the API 527, are measured in bubbles/min, the results are converted to kg/s
based on a conversion factor found via experiment. A diagram of the experiment setup is
shown in Figure 4.45.

The experiment was conducted by opening Valve I allowing pressurised air to pass through
the flow meter (Omega FMA1806A with +1.5% accuracy) and into a container filled with wa-
ter. The top of the container is left open to the atmosphere. The compressed air exits the
pipe as a bubble in the water which in turn could be counted for a period of time using a

stopwatch. The experiment was repeated at various flow rates. To ensure consistency, the
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Figure 4.44: Circumferential arc length of roughness contact associated area

piping dimensions used in this experiment is the same as the one used in the PRV experi-
ment (see Figure 3.19).

The bubbles/min versus flow rate is recorded and displayed in Figure 4.46. Assum-
ing the best line fit intercepts at 0, then the conversation factor is found to be a ratio of
(bubbles/min)/m = 73684.

Using this conversion factor the results from the valve leak tightness experiment is con-
verted and displayed in Figure 4.47.

The analytical equation developed by Arkilic shows very good correlation with the valve
leak tightness numerical method. Both results show a linear trend in mass flow rate and
difference of 19%. This difference is in-line with initial 2D validation work conducted and
so gives good confidence in the numerical FEA-CFD leak tightness modelling method.

Considering the API 527 only recommends to measure leakage at 90% of Pg,;, then this
result alone in comparison to the numerical method shows a difference of 33%.

Using Eq. (2.5) the average surface form & waviness gap can be calculated based on the
leakage rate obtained via the experiment at 99.5%. It is found that the average gap size is
9.8 um which is greater than the measured average surface form (Figure 4.2 and Table 4.1).
There is good confidence in the metrology results since they were validated using a second
optical interferometer device. Therefore, this means that the measured leakage rate is in-

correct or a secondary factor in the experiment is not being captured in the FEA-CFD solver.
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Figure 4.45: Bubble count versus flow rate experiment setup

A suggested artefact from the industry sponsor is known as ‘Valve Swivel’, which is investi-
gated in Chapter 6.
Future work will look at validating the leakage using a mass spectrometer setup in-line

with the PRV.

4.6 Summary

4.6.1 VLT Tool Methodology

Anewnumerical methodology using metrology measurements — average surface form, wavi-
ness and roughness — incorporated into a 1-way coupled FEA-CFD solver has been devel-
oped. The methodology relies upon a main model which incorporates the form and wavi-
ness measurement using the summing technique, while a sub-model uses an actual 100 ym
square representative scan of the model.

The representative roughness scan was successfully discretized within 5% of the original
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Figure 4.46: Bubble count versus mass flow rate experiment results with best line fit

scan, saving: computational power; resources; and time to solve the problem.

An APDL script has also been developed to allow the deformed FEA model to be output
as a 3D model allowing CFD meshing.

A global-to-local model methodology has been successfully developed allowing the leak-

age associated with roughness to be calculated.

4.6.2 Quantitative Validation of Summing technique

The summing technique showed a difference of deformation of 7.42% in the transverse di-
rection and 7.78% in the lateral direction in comparison to using the real material proper-
ties. The summing technique is considered to facilitate a good level of model simplification

with a level of conservatism relating to the lateral and transverse deformations.

4.6.3 Verification of microflow leakage through a channel using a CFD solver

The limitation of the analytical equations by Arckilic and Chong being L/h>1000 is valid and
it can be also said the analytical equations created by Arkillic and Chong are not appropriate
for choked flow conditions for L/h<1000, since they disregard the effect of gas compressibil-
ity as the transition between slip flow and continuum regime occurs. Since the CFD solver

is well developed for the continuum fluid regime the results can be considered to be more
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Figure 4.47: Leakage results of Valve leak tightness FEA-CAD model, analytical Eqn. (2.5)
and PRV experimental results

reliable than the analytical equations developed by Arkilic and Chong.

To conclusively know if the CFD solver is correctly calculating the pressure profile and
mass flow rate, experiments would be required, replicating the L/h <1000 and high pressure
ratios which are capable of choked flow conditions. Also the DSMC method should be ran
in parallel similar to Chong’s analysis method (excluding Eqn. 2.6).

Instead CFD and DSMC simulations for this condition are likely to be of greater reliance
since they do take into consideration the effects of compressibility of the gas as it reaches
the outlet of the microchannel. Experimental studies would be required to validate the CFD

and DSMC simulations.

4.6.4 SARASIN P3 PRV experimental leakage for P,

The FEA model of the Form & Waviness remains in elastic deformation, while in the rough-
ness model the contacting asperities elastic perfectly-plastically deform.

The CFD model of the Form & Waviness remains primarily in the Continuum regime
with only a small fraction of the gap falling into the slip-flow regime.

For the CFD model of the Roughness, the majority of the fluid in the Transition regime. It
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would not have been possible to predict this to be the case without using CFD simulations.
The leakage results found via the numerical method and an analytical equation developed
by Arckilic et al have a difference of 19% between them.

Validation for leak tightness of the SARASIN P3 PRV for a Pg,; = 0.5 MPa was conducted
and compared against the API 527 standard. The leakage result found via the numerical

method in comparison to the spring loaded PRV show a clear disparity.

This chapter was also published in a series of papers published in Proceedings of the Joint
DMV & GAMM Annual Meeting 2016 Anwar et al [2016b], ASME Pressure Vessel and Pip-
ing (PVP) conference 2016 [Anwar et al, 2016c] and ASME PVP conference 2017 [Anwar et al,
2017a] & [Anwar et al, 2017b].
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Chapter 5

Investigation of geometry effects

5.1 Introduction

The benefits of the VLT tool comes from the ability to account for the effect of different pa-
rameters such as: geometry; surface texture; loading characteristics; and more. By changing
such parameters the sealing behaviour can be understood and how to reduce the leakage,
can be attained. This chapter focuses on two of these parameters: the PRV Seat length opti-
mization; and plastic deformation of the contacting surfaces and is referred to as the Surface

Compliance Technique (SCT).

5.2 Design investigation — PRV Seat Length

The seat of the Sarasin P3 PRV is manufactured with a length of 1.25 mm. Based on Eq. 2.5,
it is noted that by increasing the length, the leakage should reduce, creating an improved
seal.

The industrial partner is capable of manufacturing the seat length from 0.5 mm to 6.25
mm. Therefore, the VLT tool is used to examine the effect of changing the seat length in 0.25
mm increments from 0.5 mm - 2 mm and larger increments from 2 mm - 6.25 mm. A single
pressure condition is investigated at 90% of Ps,, for each seat length. In practice, the valve is
capable of reaching a pressure of 18.6 MPa and the VLT tool is used to investigate the sealing

and surface response at such high pressure conditions.
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5.2.1 Results and Discussion - 0.5 MPa and 5 MPa leakage

The change in the seat length for a Pg,; = 0.5 MPa and 5 MPa is investigated and the results
are plotted in Figure 5.1. The results are normalized against the mass flow rate at a 1.25 mm
seat length.

For a Pg.;= 0.5 MPa, it is found that by increasing the seat length by a factor of 5 to 6.25
mm, leads to a reduction in leakage by 70%. Reducing the seat length increases the leakage
in an inverse exponential manner, i.e. reducing the seat to half its original length results in
a60% increase in leakage.

For a higher Pg.;=5 MPa, it is interesting to note that an exponential curve is present,
however not as pronounced as that seen for a Pg.; =0.5 MPa. Increasing the seat length by
a factor of 5 will reduce the leakage by 31%. While reducing the seat length to 0.5 mm, the

leakage increases by 13%.
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Figure 5.1: Seat length optimisation of PRV for a P.; = 0.5 MPa and 5 MPa

The reason for the pronounced difference in leakage from 0.5 MPa to 5 MPa can be ex-
plained by analysing the deformation (Figure 5.2) and gap spacing (Figure 5.3) of the form

and waviness.
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(@) 90% of P,,= 0.5 MPa, L= 1.25 mm

| \ L e
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(b) 90% of P__,= 5 MPa, L= 1.25 mm
| | I [ |
409 3.64 3.19 274 229 185 1.4 0.952 0.504 0.153 pm

Figure 5.2: Y-direction deformation for (a) 90% of Pg.; = 0.5 MPa and (b) 90% of Pg.; =
5 MPa, for a seat length of 1.25 mm

Gap spacing associated with:
I Roughness = 3.98%

Form  _
— & Waviness™ 96.02%

(a) 90% of P_,,= 0.5 MPa, L= 1.25 mm
. \ [ |
0 -0.236 -1.37 -2.57 -3.77 -4.96 -6.16 -7.1 pm
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(b) 90% of P_,,= 5 MPa, L= 1.25 mm

| \ [ [ I
0 -0.206-0.932-1.66 -2.38 -3.11 -3.38 -4.56 ym

Figure 5.3: Overall gap spacing for a (a) Pse; = 0.5 MPa and (b) Ps.; = 5 MPa, for a seat length
of 1.25 mm, with associated surface texture gap spacing

As displayed in Figure 5.2(b) the deformation in the y-direction is much greater at 90%
of Pse; = 5 MPa, with the maximum being 4.09 ym in comparison to 0.504 ym. For both

loadings the surfaces are elastically strained (with no plastic strain), however since the strain
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is higher (due the increased spring force), it leads to a higher deformation of the contacting
surfaces, hence lower leakage.

Due to the increase in elastic strain, the average gap spacing associated with the form
and waviness reduces from 96.02% (Figure 5.3(a)) to 65.4% (Figure 5.3(b)) at 90% of Pg.; =0.5
MPa and 90% of Pg.; = 5 MPa, respectively. This means the gap spacing associated with the
roughness begins to occupy more of the seat surface area, however the form and waviness
is still dominant.

Analysing the gap spacing associated with the form and waviness across the seat disc
contact, as shown in Figure 5.4, shows that at P.; = 0.5 MPa, the associated gap spacing for
the form and waviness does not change and is dominant in comparison to the roughness
gap spacing. At 90% of Ps.; = 5 MPa, decreasing the length of the seat causes the loading
to be distributed across less surface area, thus increasing the elastic strain and reducing
the overall gap spacing associated with the form and waviness. Increasing the length of the
seat, decreases the elastic strain, but increases the gap spacing associated with the form and

waviness.
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Figure 5.4: Percentage of Gap spacing associated with form and waviness for a Pg,; =
0.5 MPa and 5 MPa, for all seat lengths
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For a set pressure of 5 MPa with a seat length of 0.5 mm, the roughness gap spacing
proportion does reach 40% and this is only likely to increase as the set-pressure increases,
at which point plastic straining of the contact faces will begin. Also the mass flow rate at
this point is 2.28e~7 kg/s for the roughness, while it is 8.52e™* kg/s for the form and wavi-
ness, substantially greater than the leakage associated to the roughness. This is investigated
further in Section 5.2.2.

Eq. (2.5), does not account for the change in the gap height deformation, however en-
hancing the equation to take into account the effects of elastic/plastic deformation due to
loading, thus the change in gap height, would allow more accurate leakage calculation.

Based on the measured surface texture, the results display the seat length being the main
sealing characteristic for the valve at 0.5 MPa and 5 MPa. However, the gap height (which
is to the power of 3 in Eqn. (2.5) has a significant affect on the sealing characteristics of the
PRV, more so than the seat length. This will be investigated further in the next section.

The PRV tool was also used to examine a set-pressure of 10 MPa, 15 MPa and 18.6 MPa,
however the CFD solver was incapable of converging with residual levels less than 1e~3.

Nonetheless, the FEA solver was capable of solving for all set-pressures.

5.2.2 Results and Discussion - FEA results for Set Pressures of 10 MPa, 15 MPa
and 18.6 MPa

Knowing that by increasing the set-pressure allows plastic strain to develop due to the re-
quired spring load — potentially closing the contacting surfaces permanently to the point
only the spacing associated with roughness is present — the full range of set-pressure’s up
to 18.6 MPa are explored. Using the FEA solver in the VLT tool, the percentage of total gap
spacing associated with surface roughness is plotted in Figure 5.5 with the identifying elastic

and elastic perfectly-plastic operating zones.
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Figure 5.5: Set Pressure required to increase gap spacing associated with surface roughness

As discussed in the previous section, up to a 5 MPa set pressure, the solver indicates
pure elastic straining of the contact surfaces. As the set pressure is increased between 5
MPa to 18.6 MPa, for seat lengths, 1 mm - 6.25 mm there is elastic perfectly-plastic straining
occurring with more plastic straining occurring as 18.6 MPa is reached. The roughness gap
spacing is found to cover 88.54 % of the surface area for a seat length of 1 mm in the elastic
perfectly-plastic zone.

At a set pressure of 18.6 MPa, the surface area associated with surface roughness cov-
ered by the elastic-plastic operating zone, is noted for 2 specific seat lengths: at 0.75 mm at
98.37%; and 0.5 mm at 99.95%. In comparison to the stock seat length of 1.25 mm at 85.89%,
a seat length of 0.5 mm will ensure that the whole contact face of the seat is plastically de-
formed, with a gap spacing 0.176 um. The form and waviness FEA gap result is displayed in

Figure 5.6.
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Figure 5.6: Gap spacing for a seat length of (a) 1.25mm and (b) 0.5 mm at 90% of Pg.; = 18.6
MPa

Comparing results for a set pressure of 18.6 MPa and seat lengths of 0.5 mm and 1.25
mm, the average gap spacing due to the form and waviness, found to be 0.19538 ym and
0.4714 pum respectively. Similarly, the average roughness gap spacing is found to be 0.1729
pm and 0.1765 um. A reduction in leakage would be present considering the overall gap

spacing has reduced significantly.

5.2.3 Industrial in-house set-pressure setup guidance of a Sarasin P3 PRV

As mentioned in Chapter 3, Section 3.5.1, to set the PRV, the spring force is adjusted to match
the equivalent set pressure. To reduce the leakage for the SARASIN P3 PRV, for a set pressure
of 0.5 MPa and 5 MPa, a seat length of 6.25 mm is recommended based on the results pre-
sented in Figure 5.5. This would mean optimum seat lengths would be recommended for
each set-pressure, ultimately leading to larger warehouse stock of various seats with differ-
ent lengths.

As discussed deforming the form and waviness fully, will lead to the least leakage (based
on form and waviness full deformation). To achieve the least leakage for all the set-pressure’s,

it would be more economical taking the following steps:

1. Reduce seat length to 0.5 mm;
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2. Increase spring force equivalent to P, of 18.6 MPa (plastically deforming the surfaces

leading to 99.5% roughness contact);

3. Reduce spring force to desired Pg,;.

5.3 Surface Compliance Technique (SCT)

As noted in the previous section, being able to plastically deform the contact surfaces leads
to reducing the form and waviness which contribute to the largest gap height (). Rather
than reducing or increasing the seat length, using the current seat length the contact sur-
faces could be deformed plastically. In industry this method is known as ‘coining’ where
both the contacting surfaces are plastically deformed together, becoming compliant with

one-another.

5.3.1 Methodology

The form and waviness FEA model is used from the VLT tool. It is setup so that the spring
force is increased incrementally to reduce the gap to a closed state. All other boundary con-

ditions remain the same.

5.3.2 Result

The force required to plastically strain the seat, to close the gap spacing for this valve seat
and disc surface finish, is found to be 53284 N (as shown in Figure 5.7(a)). This is 2.2 times
the spring force used for a set-pressure of 18.6 MPa. The load applied causes the seat to
plastically strain across the full top of the seat (Figure 5.7(b)). This forces the contact space
between the seat and disc to reduce down to a gap spacing of 0 yum and removes any gap at

the form and waviness scale resulting in the roughness scale being the dominant gap size.
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(a) Gap spacing of 1.25 mm seat length

(b) Plastic Strain across seat with loading of 53284 N

| | [ |
192 1.64 1.37 1.1 0.8210.548 0.274 0 mm/mm

Figure 5.7: Results of loading at 53284N of Form & Waviness FEA model: (a) Gap spacing
and (b)Plastic strain

Since this method only considers a fraction of the overall valve seat, it would be worth
re-running this analysis with the full valve seat and disc holder to determine how the parts

of the valve structure are impacted.

5.4 Other Tool capabilities

Other parameters such as the key metrology characteristics could be modified to find the
best surface finish quality to reduce leakage, which in-turn, would be used to inform the
surface finishing manufacturing quality.

Due to the four key connected components of the numerical model — Metrology, CAD,
FEA and CFD - their individual adaptability and use in a commercial code, means this nu-
merical model could also be utilised to analyse and improve the leakage of other metal-to-

metal contact surfaces for valves, pipes and gaskets.
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5.5 Summary

5.5.1 Seat Length optimization

By increasing the seat length by a factor of 5, using the VLT numerical modelling tool, the
seat length was optimised showing a reduction in leakage of 70% for a Ps.; = 0.5 MPa and
25% for a Pg.; = 5 MPa. The CFD solver in the VLT tool did not solve for a Ps.; = 10, 15
and 18.6 MPa. However, the FEA solver did solve successfully. Based on seat length and set

pressure, the regimes of elastic and elastic perfectly-plastic have been identified:
e Elastic regime - 0-5 MPa Set Pressure;
* Elastic perfectly-Plastic - 5-18.6 MPa down to 0.5 mm.

For a seat length of 0.5 mm and set-pressure of 18.6 MPa, it is found that 99.5% of the total
gap spacing is associated with surface roughness. It has been suggested to set the PRV, to
reduce the seat length to 0.5 mm, then apply a load equivalent to 18.6 MPa, after which the

spring force is reduced to the desired set-pressure.

5.5.2 Surface Compliance Technique

It was found that for the form and waviness studied in this work, by applying a force of 53284
N, the contact surfaces, come in contact with one-another and are plastically deformed.
This force causes the gap spacing of the form and waviness to reduce down closing the gap

spacing to a roughness scale.
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Chapter 6

PRV Secondary factor and VLT Tool

enhancement

6.1 Introduction

This chapter discusses two further studies conducted for this project. The first study focuses
on a PRV secondary factor known as ‘Valve Swivel’ and investigates the effects of an off-
centre spring force and how it contributes to movement in the valve disc, with the potential
to affect the leakage.

The second study looks at an enhancement of the sub-model of roughness in the VLT
tool. This is demonstrated by a way of calculating a permeability coefficient from the de-

formed gap spacing.

6.2 Valve Swivel

There are some potential contributing factors to leakage which the industry sponsor has
highlighted with this particular valve due to its design (as indicated previously in Figure
1.4). The artifact studied here is known as ‘Valve Swivel. From the literature, there is no
definitive understanding of how, why and if this artifact contributes to leakage. This study
attempts to try and understand what Valve Swivel is and how it may contribute to leakage.

Valve swivel is the ability of the disc to rotate within a vertical plane relative to the disc
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holder. The motion has been theoretically linked to an off-axis force from the spring or
movement in the stem of the PRV, affecting the sealing force and increasing leakage.

The industry sponsors theorised that the spring has a natural vertical misalignment (see
below in Figure 6.1). From this misalignment in the spring an off-axis force is produced,
which in turn is believed to cause the disc to rotate within the disc holder.

’:\'f 0, angle

]
1 unknown
1
1
]
]
]

Figure 6.1: Spring 'natural’ vertical misalignment

It is assumed that the disc holder is capable of rotating within the guide due to the clear-
ance between them (see Figure 6.2). In Figure 6.3(a), it has been assumed that the spring
force is off-axis from the y-direction. In doing so it would cause the disk holder to rotate
within the guide (see 6.3(b)) due to the clearance gaps between the Spring holder and Guide
shafft (see Figure (1.3). Assuming the disc does not rotate, this small rotation is enough to
cause the force to be off-axis by 0.53°, causing the disk holder to rotate, subsequently caus-
ing a height difference of 1.52 um with respect to the x-axis.

However the disc is capable of rotating within the disc holder. The motion of the disc
within the holder is complex. The disc has a curved radius (40 mm) contact with a curved
surface in the holder and it has limited motion as shown in Figure 6.3(c). This is because
of the contacting walls of the holder either side of the disc. If in reality the disc did swivel,
then this would cause an uneven, gap spacing between the disc and seat and subsequent
uneven pressure distribution across the disc, leading to local leakage from the valve in a
concentrated area. The movement of the disc under these conditions will be analysed in

more detail to understand its effect on leakage.
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Figure 6.2: Clearances between components in SARASIN P3 PRV

6.2.1 Analysis Methodology

Due to the nature of the problem, the analysis needs to take account of the swivel motion of
the disc and potentially the change in fluid pressure across the seat length. The VLT tool was
designed as a 1-way solver which for this problem, would not update the movement of the
disc swivel and subsequent change in gap spacing in the FEA solver, which would be then
be solved in the CFD solver. Therefore, a 2-way structure-fluid (FEA-CFD) solver is required
to account for this change in displacement.

Commercial tools such as ANSYS have integrated 2-way fluid-structure solvers, which
allow simulations to begin in the CFD solver, and then pressures, velocities etc. to be passed
into the structural solvers. However there are limitations with using this coupled solver in

ANSYS®.
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Figure 6.3: Disc swivel motion assuming: (a) no disk holder swivel; (b) disk holder rotates,
but swivel via disk; and (c) the disc swivels when the disk holder rotates.
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ANSYS v17.1 coupled solver limitations

The limitations of the ANSYS v17.1 solver for this analysis are:

1. Multi-physics coupling: the basis of the method is a CFD to FEA coupler, which means
it starts the simulation with the CFD solver then passes that information to the FEA
solver. It is not currently possible with this version, ANSYS®v17.1, to begin the simu-
lation within an FEA structural solver and send the information back and forth, which
is required for this analysis. If the CFD solver solves first, then the fluid transfers from
the seat through the gap, creating a positive pressure difference across the disc gap
space, the CFD solver will transfer this pressure difference across to the FEA solver,

causing a net upwards force, causing the disc to accelerate off the seat.

2. The second limitation is that only static FEA problems can be solved in the coupler.

Again this analysis is best suited as a transient analysis.

ANSYS v17.1 FEA-CFD solver setup and boundary conditions

For this analysis, the FEA and CFD zones with boundary conditions are displayed in Figure
6.4.

To overcome the first limitation, and stop the disc accelerating off the seat, the Inlet
Pressure boundary in the CFD solver is set so that for the first 0.5 seconds the pressure is
0 MPa, then this is ramped to 0.5 MPa for the remaining 0.5 seconds (see Figure 6.4(b)).
This boundary condition is coded in as a User Defined Function (UDF) and can be found in
Appendix C.

To overcome the second limitation a quasi-static analysis is created for both the FEA
and CFD solvers. The time steps in the FEA solver is set up so that in the first 0.5 seconds the
off-set force is applied at the top of the disc holder, see Figure 6.4(a). After this the internal
pressure is ramped linearly to 0.5 MPa on the internal face of the disc (excluding the contact

area between the disc and seat) over then next 0.5 seconds.
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Figure 6.4: FEA-CFD analysis method with: (a) cut through of disc and disc holer with solver
zones and boundary conditions; (b) Force, Inlet Pressure graph versus time; and (c) CFD
and FSI region of seat disc contact with initial gap spacing of k.

To simplify this analysis further the form and waviness is not modelled as was in the VLT
tool. Rather the equivalent average gap spacing, &, being 4.28 um, is set between the disc
and seat for this analysis (Figure 6.4(c)) 1

The CFD solver is setup as a pressure driven, laminar ideal-gas flow (assuming choked
flow conditions at the exit of the seat Re = 93.7), with the disc and seat walls having
Maxwell’s boundary slip conditions set. The outlet pressure is also set at atmospheric pres-

sure.

Mesh Quality and settings

For the FEA analysis a course static mesh is created on the outside of the disk and diskholder
as shown in Figure 6.5(a). The disc and seat contact is refined (Figure 6.5(b) & 6.5(c)) to

match the same size of meshing prescribed on the CFD solver side (Figure 6.5(d)), ensuring

1To fool the FEA solver into thinking that there is no gap spacing between the seat and disc, enter the gap
height (4.28 um) into the Offset setting (which can be found in the Outline tree — Connections — Contacts

131



node to node data transfer between the CFD and FEA. The FEA model has in total 241739
nodes and 139102 elements. A 3-D, quadratic 10-node element is used.

The CFD solver is set as a dynamic layering mesh, so that it can be adjusted to com-
pensate for any swivel motion. It is finely meshed with increased mesh density through the
1.25 mm seat length as shown in Figure 6.5(c) & (d). The CFD model has in total 534200

nodes and 500000 elements used in the mesh. 8-node hexahedral nodes are used to mesh

the model.

1.25 mm

Figure 6.5: FEA mesh: (a) Side View; (b) Bottom of view of disc and disc holder; and (c) Top
of disc. CFD mesh: (d) Top view of gap spacing between seat and disc; and (e) detailed view
of mesh.

Its important to note that the Fluid-Structure coupler is set so that the step size is 0.004
seconds. This low step size is chosen to try and capture the smooth movement of the swivel
motion and allow appropriate updates to occur to the dynamic mesh in the CFD model.

As both the FEA and CFD solver iterates, the FEA solver will update the displacement of
the parts and send this data to the CFD solver, while the CFD solver will update the force on

the disc face which is sent to the FEA solver for each time step.

Solve time and data size This problem was solved using a 12-core Intel Xeon(R) X5650
CPU at 2.67GHz. It took 143263 seconds (39.8 hours) of CPU time and an elapsed time of
158272 seconds. The total data generated was 332 GB.
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Results and discussion

The leakage rate from the coupled FEA-CFD solver is displayed in Figure 6.6, and compared
against the VLT mathematical tool and the experimental PRV results. It is evident that the
leakage rate for the coupled FEA-CFD solver is linear which is the same as the VLT tool.
The leakage rate difference between the VLT tool and the coupled FEA-CFD swivel solver is
7.2%. This difference in leakage is most likely down to the averaging of the gap height, not

the effects of swivel.

30 prommmmmemeees B R . e .
Coupled: FEA-CFD swivel solver ! ! E
S JTTTees pmmmmmmmeees poommmmmmoooes Fy sl i
= —=—STARFLOW P3 PRV experiment ! ! !
L T e . b e e :
3 VLT tool: 1 ] k i
e 1 1 1 1 1
2 : | : : :
g1 [ R [ T 7T *:
o) : | : :
o 1 1 1 1
210 foommmeeee R il e R |
[] 1 ) 1 1
© . : : :
- v I 1 1
5 [ Jroraeeress e praenareanees Freoraeeraes ~:
—— : i i i
O 1 1 1 1 J
75% 80% 85% 90% 95% 100%

Inlet Pressure as percentage of Pset (0.5MPa)

Figure 6.6: Coupled FEA-CFD swivel solver compared against leakage rate found via VLT
tool and experimental results for the Sarasin P3 PRV.

It was hypothesised that the disc swivel may be the cause of the exponential rate in leak-
age witnessed in the experimental results (in Chapter 3), which in this case, is not.

As can be seen in Figure 6.7, the coupled solver does allow the disk to swivel within the
disk holder as the set pressure is reached, the motion of the disc pertaining towards 1-side

as the inlet pressure is increased.
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Figure 6.7: Total displacement of disc (bottom view) at (a) Full spring force and (b)90% of
Pset

These results indicate that the swivel capability does not increase the leakage, rather
the swivel ability allows any spring off-set forces to be countered for by allowing the free
movement of the disk within the disk holder.

However, the disk and diskholder in this analysis was setup as a joint connection, within
the solver, meaning the contact is presumed frictionless. The argument could be made that
the contact is not frictionless in reality and that as the spring load increases, the ability of the
swivel motion diminishes, increasing the leakage. In practise when the PRV is assembled, a
high temperature grease is applied between these parts, allowing free movement, therefore
the assumption of frictionless contact can be assumed here.

This also verifies that the experimental exponential leakage rate observed is more likely
to do with the experimental technique used to count the bubbles and convert to leakage

rate.

6.3 PRV Tool enhancement - Roughness model Permeability coef-

ficient calculation

The sub-model of the rough surface scanned and analysed in Chapter 3 was accounted for
in the VLT tool using the actual scan. From this scan, the pressurised gas was passed through

the gap spacing to find the volume flow rate using CFD. The undulating rough surface can
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be considered to be like a porous material, allowing calculation of permeability coefficients.
This section focuses on enhancing the VTL tool by using a method to calculate the perme-
ability coefficient for the sub-model.

Permeability coefficient (1/a) is the resistance in motion of fluid through a material
which is of a porous nature. Darcy’s law utilizes this coefficient facilitating calculation of the
volume flow rate based on the viscosity of the fluid and the pressure drop over a distance,
through a porous medium. As discussed in Chapter 2, Darcy’s law is utilized by Ledoux et al
[2011] and the permeability coefficient is modified and known as the transmissivity coeffi-
cient.

Currently, the main model of Form & Waviness in the VLT tool requires the roughness
section to be removed and treated separately. By calculating the permeability coefficients,
it would be possible in future models to have the section of the roughness gap spacing (with
permeability coefficient assigned) attached to the main Form & Waviness model, reducing
the need to remove the roughness section and facilitating fluid flow between the Form &
Waviness section and Roughness section of the model.

In this chapter the permeability coefficient is calculated empirically based on the 90%

Pg.r = 0.5 MPa results presented in Chapter 4.

6.3.1 Methodology and Permeability coefficient calculation

The method to derive the permeability coefficient is based on an empirical formulation de-
tailed in the ANSYS User Documentation [ANSYS® Help, 2015a]. The CFD solver uses the
addition of a momentum source sink term to the standard fluid flow equations. The mo-
mentum source is split into two parts: a Viscous loss term (Darcy’s law) and an inertial loss
term. For this method, the inertial loss terms are assumed negligible which simplifies the

momentum source to Eqn. (6.1).

SHRS

v; (6.1)
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The pressure drop can be related to the source term as:
AP =-S;An (6.2)

where An is the media thickness, therefore;

AP _Eap (6.3)
vi o«

By applying a known pressure drop on the refrence roughness surface and calculating the

flowrate, the permeability coefficient (é) can be calculated. Further details on this method

are provided in Appendix C.

Once the permeability coefficient is calculated for the sub-model of roughness for 90%
Pger = 0.5 MPa it is verified using a second simplified CFD model. The second model is a
channel of height equal to the average gap height, with a width of 100 ym and length of 1.25
mm, with the permeability coefficient assigned to it. The boundary conditions are set for
90% of Pge; = 0.5 MPa for the inlet, atmospheric pressure for outlet, with no-slip boundary
conditions applied to the walls. An ideal-gas compressible laminar flow is assumed and
solved using the pressure-based solver. The mass flow rate, volume flow rate and outlet

average velocity is compared.

Results

Using the method described, for the sub-model of roughness for 90% Pg.; = 0.5 MPa, the
permeability coefficient is calculated to be 1.6475e11 (1/m?).

Using this coefficient, the verification CFD model is used and the difference in flow rates
and velocity is presented in Table 6.1. The results show good correlation between the Global-

to-Local and Porosity Verification models.
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Original Global- Porosity .
to-local model | Verification model Difference
Mass
flow rate (kg/s) 1.26e-08 1.29e-08 2.4%
Vol tri

onme HBC 1.07e-08 1.09e-08 2.17%
flow rate (m°/5s)
Outlet Average
Velocity (m?/s) 0.3 0.317 5.65%

Table 6.1: Difference in flow rates and exit average velocity of porosity models

The method used calculated the permeability coefficient for the whole of the roughness
section, irrespective of direction. To improve the porosity model further, the permeability
coefficients can be calculated based on x, y and z direction. This would allow directional
permeability coefficients to be calculated, refining the flow rates and velocities further.

Another method to calculate the permeability coefficients would be through actual ex-
periments. This would provide a form of validation against the current permeability coeffi-

cient calculated.

VLT Form and Waviness model with Porous Zone

Now that the permeability coefficient has been calculated for 90% of P, = 0.5 MPa, the VLT
tool can now account for the roughness zone, which previously had to be removed. This is
done by creating a porous zone attached to the Form and Waviness CAD model. The Form
and Waviness CAD model is exported from the FEA model and used for CFD calculations as

shown in Figure 6.8.
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Figure 6.8: CFD setup of Form and Waviness CAD model (exported from FEA) with Porous
Zone attached with for 90% of Ps.; = 0.5 MPa

The porous zone has a fixed height equivalent to the average gap spacing found from the
FEA roughness model at 90% of Pg,; = 0.5 MPa. This zone would also have the permeability
coefficient set to 1.6475¢11 (1/m?). The interface between the porous and Form and Wavi-
ness zone is set node to node. The remainder of the boundary conditions would remain the

same as that set out for the PRV tool.

Results - PRV tool improvement Using this method, the leakage is found to be 1.477e — 4

m?3/s. The leakage found for the PRV tool developed in chapter 4 is 1.4762e — 4 m®/s, which

is a difference of 0.039%. This difference in leakage is most likely due to mesh refinement.
The porous zone also has the same pressure distribution across it as the Form and Wavi-

ness section as shown in Figure 6.9.
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Figure 6.9: Pressure distribution for 90% of Ps.; = 0.5 MPa

Considering the difference in leakage is low, there is confidence in the validity of the
PRV tool for pressures up to 0.5 MPa. This improved model allows consideration of the
roughness with the Form and Waviness, together in an integrated model rather than the

existing separate approach.

6.4 Summary

PRV Artifact - Valve Swivel

A coupled FEA-CFD solver method has been developed, overcoming limitations within AN-
SYS. To simplify the model the form and waviness was not modelled as in the VLT tool, rather
an average gap size was prescribed. The results from the coupled solver show a leakage of
7.2% difference between the VLT tool and the coupler, with the leakage increasing linearly.
Even though the solver allowed swivel motion of the disk within the diskholder, the hy-

pothesis that the swivel effects may be the cause of the exponential rate in leakage witnessed
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in the experimental results, is found not to be the case. This indicates that method used to
measure leakage of the SARASIN PRV using the standards is only an indication of leakage.

Rather, a mass spectrometer would be more reliable to quantify leakage.

PRV Tool enhancement

An empirical formulation is used to calculate the permeability coefficient of the roughness
model. The verification porosity model shows a difference of 2.4% and 2.17% for the mass
flow rate and the volume flow ratel. Further validation against the calculated permeability
coefficient is recommended.

The roughness zone can be incorporated with the From and Waviness model as a porous
zone, showing a difference in leakage of 0.039% between the VLT tool and it enhanced with

the porous zone to account for the roughness.
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Chapter 7

Conclusions and Recommendations

The following chapter is a conglomeration of the conclusions from all the chapters in this

study.

7.0.1 Literature Review

The analytical Eq. (2.5-2.7) developed by Arkillic [Arkilic et al, 1997] show good correlation
for subsonic flows. The sum surface technique is a common approach for both representa-
tion of the surface finish and material response by majority of authors. There is also a range
of modelling techniques identified which can be used to represent the surface finish.

Actual scanned surfaces imported into ANSYS®[Thompson, 2007b] look like a promis-
ing method of representing the surface finish, however a link needs to be established be-
tween FEA and fluid flow to determine leakage.

The effect of grain boundaries and the polycrystalline structure at the micro level is not
currently considered in any current metal-to-metal contact leakage research. Rather a ho-
mogenous solid is considered.

Surface roughness is the predominant surface characteristic modelled in the reviewed

work, with the implicit assumption that surfaces are ‘flat’.

7.0.2 Surface Finish Metrology

The following points are concluded from the surface finish measurements:
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* For the new valve disc and seat, the surface form produces the largest gap spacing
between the seat and disc, not waviness and/or roughness which is used by majority

of the authors.

¢ Using roughness and waviness is more appropriate for applications which allow the

form to deform to comply with surfaces, i.e. gaskets.
The following points are concluded from the poli-lapping investigation:

* Inconsistent surface finish quality of the disc is produced when poli-lapping using a

arbitrary mass

e Removal of the loading mass produced the best surface finish quality for Disc D of
4.438 pm form deviation with a saddle shape. This was found to be consistent with

the machines designed capability.
The following points are concluded from the leakage tests of the discs based on API:527:
e All discs are capable of passing the API:527 which is based at 90% of the set pressure.
 Disc A leaked the most since it has the largest void gap spacing

e Disc D leaked the least and was capable of maintaining a leakage rate within the 20
bubbles/min API:527 criteria up to 97%, fulfilling a requirement set-out by the WEIR

group for this project.

7.0.3 Valve Leak Tightness Tool
VLT Tool Methodology

A new numerical methodology using metrology measurements — average surface form, wavi-
ness and roughness — incorporated into a 1-way FEA-CFD solver has been developed. The
methodology relies upon a main surface model which incorporates the form and waviness
measurement using the summing technique, while a sub-model uses an actual 100 um
square representative scan of the model.

The representative roughness scan was successfully discretized within 5% of the original

scan, ultimately saving computational power, rescouses and time to solve the problem.
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An APDL script has also been developed to allow the deformed FEA model to be output
as a 3D model allowing CFD meshing.
A global-to-local model methodology has been successfully developed allowing the leak-

age associated with the roughness to be calculated.

Quantitative Validation of Summing technique

The summing technique showed a difference of deformation of 7.42% in the transverse di-
rection and 7.78% in the lateral direction in comparison to using the real material proper-
ties. The summing technique is considered to facilitate a good level of model simplification

with a level of conservatism relating to the lateral and transverse deformations.

Verification of microflow leakage through a channel using a CFD solver

This study has shown that for pressure ratios where the flow conditions are not able/capable
to create choked flow conditions in a microchannel and with a L/h >1000, the analytical
equations created by Arkilic [Arkilic et al, 1997] are appropriate.

However, for high pressure ratios of Py/P; =9.87 where the flow conditions create a
choked flow in a microchannel and with a L/h >1000, the analytical equations created by
Arkillic and Chong are not appropriate since they disregard the effect of gas compressibility.

Instead CFD and DSMC simulations for this condition are likely to be of greater reliance
since they do take into consideration the effects of compressibility of the gas as it reaches
the outlet of the microchannel. Experimental studies would be required to validate the CFD

and DSMC simulations.

VLT tool and SARASIN P3 PRV experimental leakage for 90% P, = 0.5 MPa

The FEA model of the Form & Waviness remains in elastic deformation, while in the rough-
ness model the contacting asperities elastic perfectly-plastically deform.

The CFD model of the Form & Waviness remains primarily in the Continuum regime
with only a small fraction of the gap falling into the slip-flow regime.

The CFD model of the Roughness is primarily in the Transition regime and only just,

with smallest gap spacings (i.e. close to plastic deformation points) being well within the
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transition regime. It would not have been possible to predict this to be the case without
these CFD simulations.

The leakage results found via the numerical method and an analytical equation devel-
oped by Arckilic et al have a difference of 19% between them.

Validation for leak tightness of the SARASIN P3 PRV for a Pg,; = 0.5 MPa was conducted
and compared against the API 527 standard.

The leakage result found via the numerical method in comparison to the spring loaded

PRV show a clear disparity.

7.0.4 Investigation of geometry effects
Seat Length

By increasing the seat length by a factor of 5, using the VLT numerical modelling tool, the
effect of the seat length was investigated showing a reduction in leakage of 70% for a P, =
0.5 MPa and 25% for a Pg,; = 5 MPa.

The CFD solver in the VLT tool did not solve for a Ps.; = 10, 15 and 18.6 MPa. However
the FEA solver did solve successfully.

Based on seat length and set pressure, the regimes of elastic and elastic perfectly-plastic

has been identified:
e Elastic regime - 0-5 MPa Set Pressure;
* Elastic perfectly-Plastic - 5-18.6 MPa down to 0.5 mm.

For a seat length of 0.5 mm and set pressure of 18.6 MPa, it is found that 99.5% of the
gap spacing is associated with the roughness. The leakage would be considerable less at this
point considering from Eqn. (2.3) the gap characteristic the height, h, is cubed. It has been
suggested to set the PRV, to reduce the seat length to 0.5 mm, then apply a load equivalent

to 18.6 MPa, after which the spring force is reduced to the desired set pressure.

Surface Compliance Technique

For the seat and disc, it was found that by applying a force of 53284 N, the contact surfaces,

come in contact with one-another and are plastically deformed.
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7.0.5 PRV Artifact and VTL Tool enhancement
PRV Artifact - Valve Swivel

A coupled FEA-CFD solver method has been developed, overcoming limitations within AN-
SYS. To simplify the model the form and waviness was not modelled as in the VLT tool, rather
an average gap size was prescribed. The results from the coupled solver show a leakage of
7.2% difference between the VLT tool and the coupler, with the leakage increasing linearly.
Even though the solver allowed swivel motion of the disk within the diskholder, the hy-
pothesis that the swivel effects may be the cause of the exponential rate in leakage witnessed
in the experimental results, is found not to be the case. This indicates that method used to

measure leakage of the SARASIN PRV in the experiment requires attention.

PRV Tool enhancement - Permeability coefficient calculation

An empirical formulation is used to calculate the permeability coefficient of the roughness
model. The verification porosity model shows a difference of 2.4% and 2.17% for the mass
flow rate and the volume flow ratel. Further validation against the calculated permeability
coefficient is recommended.

The roughness zone can be incorporated with the From and Waviness model as a porous
zone, showing a difference in leakage of 0.039% between the VLT tool and it enhanced with

the porous zone to account for the roughness.

7.1 Recommendations

As mentioned, the literature review found that there was no inclusion of the polycrystalline
structure. Taking the polycrystaline structure into consideration in the VLT tool will give
a much better understanding of how the grain boundaries behave in comparison to the
current assumption of elastic perfectly-plastic stress and strain.

The exponential leakage rate witnessed in the experiment is not due to the swivel mo-
tion, rather it is most likely due to the inaccurate bubbles to volume flow rate conversion.

To be able to validate the leakage, a mass spectrometer attached to the PRV would be more
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beneficial, since it removes the ambiguity of conversation between bubbles/min to volume
flow rate.

Comparison between real scans of surface roughness versus artificially generated mod-
els (created using Fourier Series based on the Roughness (R,) alone) would be beneficial. It
would allow determination of fluid flow difference and ultimately, if the need of high fidelity
surface metrology equipment is required or if a single measurement of R, would suffice.

The VLT tool sub-model fluid flow fell into the transition regime meaning the boundary
conditions at the wall are not all valid. However, to account for this fluid falling into this
regime second-order slip conditions could be utilized.

The permeability coefficients could be validated using actual experiments, allowing con-
fidence to be built in the empirical methodology. From this, the VLT tool can be updated

with the main model of the Form & Waviness having the roughness section included.
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Appendix A

Effect of high temperature on
structural behaviour of
metal-to-metal seal in a pressure relief

valve

The work presented in this appendix was published in the Book Advanced Methods of Con-
tinuum Mechanics for Materials and Structures [Anwar and Gorash, 2016]. It was also pub-
lished in the Proceeding of the 23rd International Fluid Sealing Conference 2016 [Anwar

etal, 2016a]. Section A.4 in this Appendix was conducted by Yevgen Gorash

This section focuses on the structural behaviour of the metal-to-metal contact seal in
a PRV when the material, AISI type 316N(L) steel, behaves and reacts as it would when ex-
posed to a higher temperature. In this case the temperature of interest is 538°C (maximum
operating temperature for the investigated valve) and the fluid being a gas i.e. air. The max-
imum operating pressure supported by the valve in question is 18.6 MPa. The initial work
conducted by Gorash et al [2014, 2015], will also be discussed in this section.

To study these specific effects of temperature and pressure a finite element analysis is

undertaken using ANSYS Parametric Design Language (APDL) script to account for Fluid
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Pressure Penetration (FPP) through the contact gap. This APDL script allows for pressure
between the contact gap to be accounted for sufficiently and automatically adjusts the force
retraining the valve. Ultimately this allows for a cyclic analysis of the valve opening and clos-
ing with FPP accounted for. Previously, Gorash et al [2014, 2015] had to manually account
for FPP for every time step until the opened. This meant lengthy solving times.

This research builds upon the work conducted previously [Gorash et al, 2014, 2015]. In
particular, this research advances in the structural model by analysis conducted at an ele-
vated temperature; with a more accurate material model to consider viscoplastic deforma-
tion at high temperature; by creating an APDL script to automatically account for the FPP

migration; and adjustment of the spring force to maintain the desired set pressure.

A.1 Seat contact configuration

The PRV is simplified into three 2D axisymmetric basic parts: a cylindrical nozzle, which isin
contact with a disc (representing the valve seat on top), which is preloaded by a compressed
linear spring. This concept is represented in Fig. A.1. The effects on the bell-housing and
any other parts such as the nozzle ring are not of interest as it is assumed they do not have
any effect on the structural behaviour of the seal.

The compression force of the spring is transferred directly to the disc and then to the seat
due to the contact. It is this compression force and quality of the contact which maintains
the seal up to the set pressure. For this analysis it is assumed that the contact is geometri-
cally uniform. From the study by Gorash et al [2014, 2015], it has been shown that due to
FPP the internal contact between the disc and seat significantly deforms due to plastic de-
formation even at room temperature. The pressure that the FPP attributes to the disc and
seat in the contact zone will be known henceforth in this report as the macroscopic pressure
distribution.

In reality the contact between the faces of the seat and disc are not uniform, especially
at a micro scale, where surface form, waviness and roughness contribute to the leakage. In
this case it will be assumed that there is a degree of surface roughness between the con-

tacting faces. To account for this the fluid pressure attributed to the surface roughness of
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Figure A.1: Concept of seat contact configuration in the contact area of metal-to-metal seal
considering FPP (fluid pressure penetration)

the contacting faces in the gap, Miiller and Nau [1998] had shown that the pressure drop
across a sealed gap for a compressed fluid can be represented using a power-law function

dependent on distance as:

P(x):Pl[l—(l—,Bz)%]n, (A1)
where L is a length of a seal gap; P; — internal pressure and P, — external pressure; so the
pressure ratio is f = P,/P; and n is a power law exponent, which is dependent on the type
of fluid, e.g. n = 0.5 for gas and n = 1 for liquid. Henceforth in this report this pressure
distribution will be related to as the microscopic pressure distribution. Equation (A.1) can
be extended further by slightly changing the mathematical representation to be aligned with

the contact gap in question in a mathematical form as:

n

Tout—T
_rout— 7 , (A.2)

P(r)=P[

T'out — I'rFPP

where P — internal pressure, 7oyt — outer radius of the contact area, r — inner radius of the
contact area, rgpp — radius of FPP. This micro pressure distribution is formulated in this

manner to account for the maximum FPP point travelled in the contact zone. Integrating
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Eq. (A.2) by r over the length of the valve seat (Lgeat = Tout — 7in), an average value of the

pressure within the micro pressure distribution is obtained as

p

pP= .
1+n

(A.3)

Therefore, the force required by the spring to maintain the required set pressure be-
tween the seat and disc is an accumulation of the operating pressure up to the internal of-
fice, macro and micro pressure distribution multiplied by the associated areas. Hence the

spring force can be represented in the following form:

Fsp = Fort + Fmacro + Fmicro = (A.4)
1
2 2 2 2 2
Fgp = Puri, + Pr(ripp — 17,) + P10 T n) (rout—Tpp) - (A.5)
If n=0.5 for a gas then:
Fsp = PAerr (A.6)
2
where, Aerp=m (§ rgut - rﬁpp) (A.7)

Alternatively, this can be expressed in terms of spring displacement Agp:

A _b %rz +1r2 (A.8)
Sp_K 3out 3FPP' .
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A.2 FEA modelling and APDL script

The numerical study is conducted using academic FE-code ANSYS 16.0. The three compo-
nents, cylindrical nozzle, disc and spring are all simplified into a 2D axisymmetric, elastic-
plastic model, as shown in Fig. A.2. The model is set-up as a quasi-static structural analysis
allowing the valve to open and close over 100 cycles.

As shown below, the spring is modelled using a COMBIN14 (2-node longitudinal lin-
ear spring-damper) finite elements (FEs). A vertical displacement of A, is applied to com-
press the spring. As previously described the displacement Ay, is proportional to the sealing
set pressure, which as previously elaborated is due to the internal pressure and the macro-
micro pressure distribution within the contact area. The spring is connected to the kine-
matic coupled nodes at the top of the disc. This is to ensure that the vertical force associated
with the spring is distributed evenly and vertically down the disc.

The disc and seat are both constructed of PLANE183 (8-node axisymmetric structural
solid) FEs with an internal pressure, P, placed on the inside and a fixed boundary constraint
placed on the outside near the bottom of the seat (i.e. the connection to the outer valve
body). The pressure, P, is ramped up with an average pressure change rate of r,; = 0.744
MPa/s in an incremental manner until the set pressure of 18.6 MPa is reached and then
incrementally reduced to zero. This accounts for 1 cycle of the valve opening and closing.

The contact pair is made up of CONTA172 (2D 3-node surf-surf contact {for disk}) and
TARG169 (2D 3-node target {for seat}). The internal contact of the seat and disc is the as-
sociated starting point for the FPP feature and is allowed to penetrate along the full contact
length. This FPP feature allows pressure to be associated with changing contact conditions,
i.e. as the seat and disc deforms a gap is created and it will have the associated pressure
applied in it automatically. As the valve ramps up in pressure and cycles open and close, it is
expected for the FPP to migrate along the contact length. To account for the micro pressure
distribution with respect to the FPP migration point an APDL script is required, so that the
macro and micro pressure is applied correctly.

To ensure the FPP is captured accurately a high resolution of contact points are cre-
ated between the seat and disc (125 FEs in the contact region). In total there are 16404

elements and 49939 nodes. For further information specific to element types please refer to
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processing, pre-process and then returning to solve the problem until the next LS. After
which this loop repeats until the last LS.

ANSYS® Help [2013].

A.3 APDL script rgpp retrieval and apply

As the pressure incrementally increases, the FPP through the contact between the disc and
seat increases gradually until the pressure is either not high enough to penetrate further
or the deformation of the seat/disc reduces not allowing further penetration. The location
point of the rgpp is important to allow accurate micro pressure distribution to be applied and
hence an accurate spring displacement Agp. To capture this migration of the rgpp location
across the seat and disc an APDL script is required as shown in Fig. A.3.

Figure A.3 is a flowchart of the script which activates after the first Load Step (LS) has
solved. The script retrieves the FFP contact data produced from the previous LS from the
post processor. It then sorts the data out to find the maximum FPP location across the seat
and disc. This data point is saved as rppp and the script instructs the ANSYS program to
enter the pre-process (/SOLU) state and adjust the spring displacement and micro pressure
distribution using Eq. (A.8) and Eq. (A.3) respectively. The micro pressure distribution is

also applied only across location rppp to roye. Once the post-process and pre-process stage
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is complete the program continues with any other scripts and solves for that LS. This process

is restarted at the beginning of the next LS until all the LS’s are solved.

A.3.1 APDLrestart bug

The main challenge to overcome with this script was a bug which is present in ANSYS work-
bench 16.1. This bug is related to restart controls (“rescontrol”). After creating a new APDL
script in the “Outline tree” the user has the option to select which LS the script is to be ac-
tivated in via “Step selection mode”. Due to the nature of the FPP the script would have to
be activated each LS. Naturally, the restart control APDL script should be set to activate for
every LS. However, doing this causes the program not to restart with the new rppp after ev-
ery LS. Instead it would continue on with solutions found in the first LS. As a workaround
solution for this bug, the user has to select “First” LS in “Step Selection mode” to ensure
the restart controls work for each LS. This issue has been highlighted with ANSYS technical

support.

A.4 Material model

The critical components of the PRV (nozzle and disc) are manufactured of the steel AISI type
316N(L) due to optimally appropriate mechanical properties of this steel grade. AISI type
316N(L) stainless steel has been used within the power-generating industry since the early
60’s of 20th century. Commonly used in superheater piping, pressure vessels, heat exchang-
ers and other components exposed to high temperatures of 650°C as indicated in previous
work [Gorash et al, 2014, 2015]. The mechanical characteristics of the steel AISI type 316N(L)
makes it an optimal material for a valve seat which is expected to undergo high local contact
stresses, corrosion-fatigue conditions and possible high-temperature exposure.
Mechanical properties of the steel AISI type 316N(L) in the range of 20-700°C show sig-
nificant temperature dependence [Gorash et al, 2012]. Available stress-stain experimental
data and its fitting by elastic-perfectly-plastic (EPP) and Ramberg-Osgood (R-O) material
models were discussed by Gorash et al [2014, 2015]. Compared to martensitic and ferritic

steels, austenitic grades including type 316 have lower yield stress oy, but higher rupture
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ductility. This complies with experimental observations at room and high temperatures,
which confirm that the material behaviour of the steel AISI type 316N(L) is viscous and rate-
dependent [Hyde et al, 2010]. Thus, an accurate description of the plastic deformations with
a unified viscoplasticity model [Chaboche, 2008] is essential to address structural integrity
and operation issues.

In the previous study [Gorash et al, 2014, 2015], viscoplastic material behaviour of the
steel AISI type 316N(L) was simplified to rate-independent plasticity neglecting viscous ef-
fects. Available monotonic and cyclic stress-strain curves were fitted by the R-O equation
and incorporated through the Multilinear Kinematic Hardening (MLKH) model in ANSYS.
Since the dynamic effects have been neglected, the PRV operation was assumed to be quasi-
static for FE-simulation in ANSYS.

Consideration of viscoplastic effects for FEA in current work requires the mechanical
material properties and Chaboche material constants at a temperature of 538°C. These val-
ues are derived by simple interpolation using the experimental data by Hyde et al [2010]
available for 300, 500, 550 and 600°C. In order to obtain constants for T; = 538°C, the con-
stants at lower 7i = 500°C and upper T, = 550°C neighbouring temperatures are used. The
interpolation is done by using the weighting coefficients (lower and upper), which define

the proximity of the interpolated temperature to the neighbouring temperatures:

and Wy = (A.9)

In this case, the weighting coefficients take the values of w; = 0.24 and w, = 0.76. In

general, the following condition should be satisfied for the temperature:

Ti = T wy + Ty wy. (A.10)

Equation (A.10) is used to identify all the material constants for AISI type 316N(L) steel
at 538°C using the constants at 500°C and 550°C [Hyde et al, 2010], which are reported in
Table A.1 and required for implementation of FEA in ANSYS.

In order to conclude about the influence of high temperature on cyclic deformation of

the valve seal, the material constants for the Chaboche model are also required for 20°C.
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Table A.1: Material constants for Chaboche model for AISI type 316N(L) steel at 538°C inter-
polated from constants at 500°C and 550°C [Hyde et al, 2010] using Egs (A.9) and (A.10)

T k E b Q a C1 ay C2 Z n

°C | MPa GPa MPa | MPa MPa MPa-s'/"

500 | 32.5 145.54|33.35 30.41| 94.6 6472.6 113.3 979.91 175 10
538|31.36 142.29 | 31.56 28.43| 88.29 6827.06 114.44 963.02| 173.48 10
550 | 31 141.26| 31 27.8 | 86.3 6939 114.8 957.69 173 10

Since the experimental stress-strain curves are available only for a single strain rate value,
the rate-independent variant of the Chaboche model is used. The identification of corre-
sponding constants is done using the fitting procedure suggested in previous work [Gorash
and MacKenzie, 2014]. This procedure comprises the initial smoothing of the cyclic stress-
strain data by the R-O model and subsequent estimation of the kinematic constants using
the Solver add-in of Microsoft Excel. The smoothed cyclic stress-strain data is fitted by the

following equation for stress amplitude (Ac/2) and plastic strain amplitude (AeP/2):
N AeP
ZQ anh( i) (A.11)
iz1Yi 2

The number of kinematic back-stresses is increased to five (N = 5) in order to incorpo-
rate the mixed softening-hardening character of plastic deformation observed during cyclic
response. The corresponding values of the kinematic constants (a;-as and C;-Cs) for the
Chaboche model are reported in Table A.2. The next step is the identification of isotropic
constants (k, b, Q) for the Chaboche model (see Table A.2) through fitting of monotonic

stress-strain data by the following equation for stress ¢ and plastic strain &P:

N C.
0=k+Q[1—eXp(—b8p)]+Z%[l—exp(—yl-ep)] (A.12)

i=1

A.5 Results and discussion

For both the 20°C and 538°C cyclic opening and closing analysis, it is shown that the spring

force Fgp is required to increase to maintain the desired set pressure as shown in Fig. A.4.
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Table A.2: Material constants for Chaboche model for AISI type 316N(L) steel at 20°C iden-
tified using the experimental stress-strain curves and R-O fittings [Gorash et al, 2014, 2015]
k E b Q
MPa GPa MPa

a1 C 1 ay Cz as C3 ay C4 as C 5
MPa MPa MPa MPa MPa

119.1 194‘558.3 -119.1‘454.4 60.6 134.6 899.1 54.5 14289 20 267800 10.5 6729430

10

9.5 - ~ = - ~ s
° P ° ° °
w 9 o—c»—f
-
5] --20°C
285 -
3 —-538°C
g 8
N
7.5 — . g . g . g . g . g . g @ \ 4 . 4
7
0 2 4 6 8 10 12 14 16 18 20

Cycle number

Figure A.4: Spring force (%) increase to account for plastic strain development across con-
tacting faces

The percentage increase shown in Fig. A.4 is calculated by:

Fsp—FE

AFsp = -100. (A.13)

orf

The 538°C simulation shows roughly a 1.5 point higher set force than at 20°C at 8.88%.
This is maintained for the first 3 cycles which slightly increases at the 4™ to 8.93%. There is
a sharp increase to 9.45% after which there is an oscillation between 9.3% and 9.45%. This
oscillation lasts until the 15th cycle after which a 9.4% increase in Fp, is maintained for the
rest of the 100 cycles.

This transition between 8.88% and 9.45% can be explained by analysing the plastic de-
formation across the contacting seat face (see Fig. A.5). The whole of the seat face becomes
plastically strained with concentration zones at the internal and external edge (with the for-
mer being more significant). Of course the graph is only associated with the seat face. The
extent of the plastic zone across the seat is shown in Fig. A.6 with the two concentration

zones being visible again. As can be seen from Fig. A.6, the disc remains elastic and does not
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Figure A.5: Equivalent plastic strain (%) across seat length (mm)

undergo any plastic strain. As the cycles increase the plastic strain at the edges increases
significantly — internal edge from 0.1% (1st cycle) to 0.38% (100th cycle) and at the external
edge - from 0.03% (1st cycle) to 0.25% (100th cycle). The internal plastic zone is most preva-
lent from 0-0.5mm while the external edge is 1.08mm-1.25mm. Since this was an idealised
model it is clear that the edges no longer remain square and do deform into radial edges,
with a small mound shaped middle section (ranging from 0.4mm-1mm).

The significant internal plastic zone is due to a combination of the Fs,, FPP and internal
pressure (based on the macro and micro pressure distribution). As the plastic deformation
of the contact face increases, the FPP is allowed to migrate further into the contact zone.

This requires an increase in the spring force to maintain the required set pressure.

A.6 Conclusion

Using FE-code ANSYS 16.1, it has been shown that to maintain a required set pressure of 18.6
MPa for a gas at a temperature of 538°C, the spring force must be increased between 8.88%
and 9.45%. This has been found to be adequate for up to 100 cycles of the valve opening

and closing. This increase in spring force is found to be due to the lower yield stress and
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Equivalent Plastic Strain
Type: Equivalent Plastic Strain
Unit: mm/mm

0.0038079 Max

! 0.0033848
0.0029617

= 0.0025386
0.0021155
0.0016924
0.0012693
0.00084619
0.0004231
0 Min

Figure A.6: Equivalent plastic strain of seat and disc at 100 cycles

plastic strain conditions of stainless steel 316N(L) at 538°C, combined with FPP and the
micro pressure distribution representing the surface roughness. This idealised model did
show a significant amount of plastic strain at the internal edge of the seat extending from 0

to 0.5mm in length.
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Appendix B

Valve Leak Tightness Tool - Other

studies & components

B.1 FEA Form and Waviness Meshing Study

The aim of this study was to determine an appropriate mesh density to be used for the valve
seat with the equivalent form and waviness (based on summing technique) embedded in
the top surface. The main variables of interest to determine the best density are: the average
gap size and the CPU time taken to solve the problem. This is assessed by conducting a static
analysis using the FEA model shown in Figure B.1 with the element size altered from 0.4 mm

—-0.02 mm.

.........................................................................

z displacement = -3.55 ym Rigid Surface
(SURF154)

~
\

[y ——

ZY plane /
symmetry

CONTAC174
element with uniform
body size meshing
for top of valve seat
surface

.........................................................................

[ gy g gy g gy g g gy

pemmecc e e c e cc—c——————

Figure B.1: FEA model of partial valve seat with form and waviness incorporated
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This is a partial model of the seat model used in Figure 4.9. By reducing the model to a

partial model, the time taken to solve the FE analysis is reduced.

The boundary conditions are also modified with the flat rigid surface being displaced by

-3.55 um and fixed supports used to support the bottom of the seat. This ensures that the

form and waviness is not fully deformed, rather a gap is always present.

The material properties of the seat are of that stated in Table 4.3 based on the summing

technique.

B.1.1 Results and Discussion

The nodes and elements generated via the element size altered from 0.4 mm - 0.02 mm

are displayed below in Table B.1.1. The average gap spacing versus the mesh body size is

displayed in Figure B.2.
H Element Size (mm) | Nodes | Elements | CPU Time (s) H
0.4 6857 2365 107.11
0.2 21312 8038 214.17
0.1 85981 33803 661.81
0.08 133178 52976 1040.15
0.06 276359 104007 2503.94
0.04 864892 376564 3817.20
0.02 5212513 | 2526477 11451.61

Table B.1: Element size and resultant model nodes and elements generated for form & wavi-

ness FEA model

2.95

N
©

Average Gap size (um)
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0.3

0.35
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Figure B.2: Average gap spacing versus the mesh body size for form & waviness FEA model
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As is expected the lower the element size, the higher the nodes and elements generated,
and the higher the CPU time to calculate the problem; increasing greater than 0.8 mm re-
sults in an increase in CPU time. Of course, the model used here is a partial model of Figure
4.9, meaning that the model used in the actual study would have an even greater computa-
tional solving time.

From Figure B.2 it can be seen that an element size below 0.8 mm will not result in much
greater difference in average gap size.

Therefore, for the Valve Leak Tightness Tool an element size of 0.8 mm is chosen since it

achieves a good trade-off between the CPU time and average gap size.

B.2 FEA Roughness Meshing Study

The aim of this study was to determine an appropriate mesh density to be used for the sub-
scale model of roughness. This main variables of interest to determine the best density are
the average gap size.

This is assessed by conducting a static analysis using the FEA model shown in Figure 4.10
with the element size altered from 0.005 mm - 0.0009 mm. The elastic support boundary
condition was changed to a fixed displacement, and the CAD model depth changed to 8

pm. The local spring force (Fiocai spring) used for this study was -0.00445 N.

B.2.1 Results and Discussion

The nodes and elements generated via the element size altered from 0.005 mm — 0.0009
mm are displayed below in Table B.2.1. The average gap spacing versus the element size is

displayed in Figure B.2.

H Element Size (mm) | Nodes | Elements | CPU Time (s) H

0.005 20585 7729 687.29
0.0025 74897 26409 3910.65

0.001 782689 298363 218032.3
0.0009 1112337 | 709879 289420.4

Table B.2: Element size and resultant model nodes and elements generated for roughness
FEA model
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Figure B.3: Average gap spacing versus the element size for roughness FEA model

From Table B.2.1 it is noted that the CPU time significantly increases when we reach
an element size of 0.001 ym. This is due to local computer limitations which has 32 GB of
RAM. Since there is not enough local RAM, the analysis is solved while being saved on the
hard disk, hence the increase in CPU time.

It can be seen from Figure B.3 that the meshing begins to plateau after 0.0025 ym. Ideally
another analysis would have been conducted at an element size of 0.00075 ym, however due
to computer memory constraints it was not possible. Regardless, the element size chosen
for the roughness FEA model is 0.001 mm since it shows very little change in average gap
spacing between 0.0009 mm and 0.001 mm.

To overcome the local computer RAM limitations, the ARCHIE-WeSt high performance
computer (based at the University of Strathclyde) is utilised, which has large memory nodes

of 512 GB RAM.
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B.3 Deformed Roughness FEA model - APDL Script

The following section is the post-process APDL script used to export the deformed FEA

model from ANSYS to a ‘IGES’ file format which can be opened in a CAD software support-

ing ‘IGES'’ file type.

/prep” ! Put the software into the preprocessor.

save,tempdata,db ! Save the existing active database as a temp

! database to be resumed at the end.

finish ! Tell the software to exit all processors.
/clear ! Clear out the existing active database.
/prep” ! Put the software into the preprocessor again.

>k >k >k >k >k 3k 3k 3k 5k 3k 5k 3k 3k 3k >k >k >k >k >k >k >k 3k 3k 3k 3k 3k 3k 3k 3k >k >k >k %k >k >k >k >k >k 3k 3k 3k >k 3k >k >k >k >k %k >k >k %k %k >k %k >k >k >k 3k %k %k >k >k >k >k *k

>k 3k 3k >k 3k 3k 5k >k 3k 3k >k 3k 3k >k >k 3k 5k >k 3k 3k >k 3k 3k >k >k 3k 5k >k 3k 3k >k 3k 5k >k 3k 5k 5k >k 3k 5k >k 3k 3k >k 3k 5k 5k >k 3k 5k 5k >k 3k 5k >k %k 5k >k >k %k 5k %k %k >k %

The following UPGEOM command will read the displacements from a
results file (.RST) and update the geometry (specifically the
nodes) of the finite element model to the deformed configuration.
Fields 3 & 4 of the syntax are the loadstep and substep,
respectively, that are read from the RST file. The command
defaults to the last step in each case. If the user is
interested in a loadstep and substep other than the last,

they will need to specify this in fields 3 & 4 of the command.

Field 5 of the syntax is the file name and directory path, which

the user may need to modify. If using this macro in a command
snippet of the Solution Branch of a Workbench model, the given
syntax is sufficient since UPGEOM will look in the working directory
where FILE.RST is residing by default (<projectfiles>\dpO\SYS\MECH).
If using this macro in APDL, the user may need to specify a

different file name and directory path for the UPGEOM command,
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depending on what working directory and job name was specified

when the current session was started.

Reference the Help Menu for further discussion of the UPGEOM command.

/postl

set,6,last,1, !

upgeom,1,,,file,rst !

/prep7 !

et,1000,154 !

allsel !

Load Step

Update geometry nodes to deformed node points
Put the software into the preprocessor again.
Add element type 1000 to the element library,
which are SURF154 elements.

Select all entities of the model.

>k >k >k >k >k 3k 3k 3k 5k 3k 5k 3k 3k 3k >k >k %k >k >k >k >k 3k 3k 3k 3k 3k 3k >k 3k >k >k >k %k >k >k >k >k >k 3k 3k 3k >k 3k >k >k >k >k %k %k >k %k %k >k >k >k >k >k %k %k %k >k >k >k >k *k

>k >k >k >k >k 3k 3k 3k 5k 3k 5k 3k 3k 3K >k >k %k >k >k >k >k 3k 3k 3k 3k 3k 5k >k 3K >k >k >k %k >k >k >k >k >k 3k 3k 3k >k 3k >k >k >k >k %k %k >k %k %k >k >k >k >k >k %k %k %k >k >k >k >k *k

The following commands build a "surface skin" over the deformed

3D model. NSEL will select all nodes on the exterior of selected

elements. ESURF will then generate elements on the free faces

of the deformed model from those selected nodes. The newly

generated elements will be element type 1000, which was

previously defined in the library as SURF154 elements.

nsel,s,ext !

type, 1000 !

esurf !

allsel !

esel,s,type,, 1000 !

nsle,s !

Select all exterior nodes of selected elements.
Activate element type 1000 (SURF154) for

the subsequently defined elements.

Generate SURF154 surface skin elements

on free faces of selected elements.

Select all entities of the model.

Select all elements of type 1000.

Select all nodes attached to selected elements.

>k 3k 3k >k 3k 3k 5k >k 3k 3k >k 3k 3k >k >k 3k 5k >k 3k 3k >k 3k 5k >k >k 3k 5k >k 3k 3k >k 3k 3k >k 3k 5k 5k >k 3k 5k >k 3k 3k >k 3k 5k 5k >k 3k 5k 5k >k 3k 5k >k %k 5k >k >k %k 5k %k %k >k %
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]

*get,nbe,elem,0,count ! Count the number of selected elements and store
! the value as ’mbe.’

e0O=elnext (0) ! Prep for beginning of DO and IF/ELSE statements
! by setting e0 equal to first selected element
! having an element number greater than O.

nkp=1 ! Prep for beginning of DO and IF/ELSE statements
! by setting ’nkp’ equal to 1.

D skeokororokook sk ook ok skokskook sk ko skskskoskosk sk ok ok sk skskesk ok sk ok ok ok skeskeskosk sk ok ok sksksksk sk ok sksksksk ok sk ok sk sksk sk ok ok

1 skeokok ok ok ook ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok sk ok ok ok sk ok ok ok ok sk ok ok ok sk ok ok ok ok sk ok ok ok sk ok ok ok sk ok ok k

! Begin DO loop and IF/ELSE statements.

! These commands incrementally look at each selected element one-by-one
! and identify the associated nodes. A keypoint is created at the

! location of each node. Then areas are defined from each set of

! keypoints. The IF/ELSE statements address the fact that some

! surface skin elements may be triangles while others are quad elements.

*do,i,1,nbe

nkpi=nkp-1

*do,j,1,8
n%j%=nelem(e0,j)
k,nkp,nx(n%j%) ,ny (n%j%) ,nz(n%j%)
nkp=nkp+1

*enddo

*if,n4,eq,n3,then
a,nkpi+l,nkpi+5,nkpi+6
a,nkpi+5,nkpi+2,nkpi+6

a,nkpi+6,nkpi+3,nkpi+8
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a,nkpi+1,nkpi+6,nkpi+8
*else
a,nkpi+l,nkpi+5,nkpi+8
a,nkpi+b,nkpi+2,nkpi+6
a,nkpi+6,nkpi+3,nkpi+7
a,nkpi+7,nkpi+4,nkpi+8
a,nkpi+8,nkpi+5,nkpi+6
a,nkpi+6,nkpi+7,nkpi+8
*endif

eO=elnext (e0)

*enddo

>k >k >k >k >k 3k 3k 3k 5k 3k 5k 3k 3k 3k >k >k %k >k >k >k >k 3k 3k 3k 3k 3k 3k 3k 3K >k >k >k %k >k >k >k >k >k 3k 3k 3k >k 3k >k >k >k >k %k %k >k %k %k %k >k >k >k >k 3k %k %k >k >k >k %k *k

>k >k >k >k >k 3k 3k 3k 5k 3k 5k 3k 3k 3K >k >k %k >k >k >k >k 3k 3k 3k 3k 3k 5k 3k 3K >k >k >k %k 5k >k >k >k >k 3k >k 3k >k 3k >k >k >k >k %k %k >k %k %k >k >k >k >k >k %k %k %k >k >k >k %k *k

allsel ! Select all entities of the model.

nummrg,kpoi

! Merge coincident keypoints.

>k 3k 3k >k 3k 3k 5k >k 3k 3k >k 3k 3k >k >k 3k 5k >k 3k 3k >k 3k 3k >k 5k 3k 5k >k 3k 3k >k 3k 5k >k 5k 5k 5k >k 3k 5k >k 3k 3k >k 3k 5k 5k >k 3k 5k 5k >k 3k 5k >k %k 5k >k >k %k >k %k %k >k %

>k 3k 3k >k 3k 3k 5k >k 3k 3k >k 3k 3k >k >k 3k 5k >k 3k 3k >k 3k 3k >k >k 3k 5k >k 3k 3k >k 3k 3k >k 5k 5k 5k >k 3k 5k >k 3k 3k >k 3k 5k 3k >k 3k 5k 5k >k 3k 3k >k %k 5k >k >k %k 5k %k %k 5k %

The following commands write the IGES file. If using this macro in a

command snippet of the Solution Branch of a Workbench model, the file

will be written to the working directory (<projectfiles>\dpO\SYS\MECH) .

If using this macro in APDL, the file will be written to the

working directory specified when the current session was started.

cdopt,iges !

cdwrite,solid,,,,deformed_file,iges !
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! directory.
1 skokook ok ok ok ok ok ok ok sk okok ok ok ok ok ok ok ok ok ok ok sk sk sk sk sk sk sk ok ok ok ok ok ok ok ok ok ok ok sk sk sk sk sk sk ok sk sk okokok ok ok ok ok ok ok ok ok ok ok

1 skeokok ok ok skok ok ok sk ok ok sk ok ok ok sk sk ok ok ok sk ok ok ok sk ok ok ok sk ok ok ok sk sk ok ok sk sk ok ok sk sk sk ok ok sk sk ok ok ok sk sk ok sk sk ok sk sk ok ok k

! These final commands tell the software to enter the postprocessor.
! The previous database that existed before running the macro is resumed

! and all entities of the model are selected.

/postl ! Put the software into the postprocessor.
resume,tempdata,db ! Resume TEMPDATA.DB.
allsel ! Select all entities of the model./prep7
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B.4 CFD Global-to-local technique - Verification Study

The following is a study conducted to show how well the global-to-local technique works
using CFD. The aim is to transfer data from a global model to a local model, resulting in

similar mass and volumetric flow rates.

B.4.1 Models and boundary conditions

The global 2D model has a 1 um gap height over a length of 1.25 mm (Figure B.4 Model A)
with a buffer zone either end. The local model represents the latter 200 um of the same
channel (Figure B.4 Model B) with only the buffer zone at the end.

The inlet buffer is set to 18.6 MPa and the outlet buffer is set to atmospheric conditions.
Both models are meshed using hexahedral elements with the mesh biased towards the walls.
The fluid is an ideal-gas (295K) of laminar air flow solved using the Navier-Stokes equations
sing the pressure based solver in ANSYS Fluent.

Once model A is solved, the velocity and temperature profiles across the gap are ex-
tracted and transferred! to the inlet of Model B and solved. Both models converge to resid-

ual values less than 1.0e — 05.

ModelA E____F Data F___.E*
: Extraction i
! A Point A* '
P, L p .
ot Tm vl Boundary conditions
: 1 25 B* i Inlet, P, = 18.6 MPa
------ 220 L Outlet, P, = Atmos.
D C c* D*

Model B 1200 um E* Buffer Zone Dimensions
) EF = F*E* = 10 pym

N DC = C*D* = 10 ym
P, ED = E*D* = 20 uym
B* i
E— : oD

Figure B.4: 2D global (Model A) to local (Model B) model with boundary conditions

I This is completed using ANSYS fluent UDF scripting
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B.4.2 Result

Model A’s extracted data is shown in Figure B.5. Both the temperature and velocity profiles
are extracted which shows a parabolic change through the 1 um gap height. As is expected
for no slip conditions at the walls, the velocity comes to rest. Extraction of both these vari-
ables allows calculation of the pressure across the face which is computed in the CFD model
B.

The results presented in Table B.3 show a difference of less than 2% between the global
and local model for the mass and volumetric flow rate. This shows that the global-to-local

technique is capable of being used for the larger roughness model.
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Figure B.5: Top graph of temperature profile of fluid and botfom graph of Velocity profile
across channel face at 200 ym from end of 1.25 mm channel from CFD Model A
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Mass flow | Volumetric flow
rate (kg/s) rate (m3/s)

Model A 0.00695 0.00706
Model B 0.0069 0.00705
Difference 0.59% 1.45%

Table B.3: Global-to-local simulation Results
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Appendix C

Swivel Solver and Permeability

Coefficient

C.1 Swivel Solver - UDF
The following code is the UDF used in the CFD solver.

#include "udf.h"
DEFINE_PROFILE(pressure_profile,thread,nv)
{

float pos[3]; /* an array for the
coordinates */

float y;

face_t f; /* f is a face

thread index */

real t = CURRENT_TIME;

begin_f_loop(f, thread)
{
F_CENTROID(pos,f,thread);

y = pos[1i];
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if (¢ <= 0.5)
F_PROFILE(f, thread, nv)
else

F_PROFILE(f, thread, nv)
}

end_f_loop(f, thread)

}

1;

(2%0.5e6) *t-(0.5e6) ;
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C.2 Permeability Coefficient - Further details

The following Figure C.1 is the extract from ANSYS user guide documentation [ANSYS® Help,

2015a], Section 6.2.3.7.11 in regards to permeability coefficient calculation.

6.2.3.7.11. Deriving the Porous Coefficients Based on Experimental Pressure and Velocity
Data

Experimental data that is available in the form of pressure drop against velocity through the porous component, can be
extrapolated to determine the coefficients for the porous media. To effect a pressure drop across a porous medium of
thickness, An, the coefficients of the porous media are determined in the manner described below.

If the experimental data is:

Velocity (m/s) Pressure Drop (Pa)
20.0 197.8
50.0 9458.1
80.0 2102.5
110.0 3832.9

then an xy curve can be plotted to create a trendline through these points yielding the following equation

Ap=0.27394v"+4.68816v (6-29)

where Ap is the pressure drop and v is the velocity.

' Important: Although the best fit curve may yield negative coefficients, it should be avoided when using |
- the porous media model in ANSYS Fluent.

Note that a simplified version of the momentum equation, relating the pressure drop to the source term, can be
expressed as

Vp=S§; (6-30)
or
Ap=-5An (6-31)

Hence, comparing Equation 6-29to Equation 62, yields the following curve coefficients:

0.273%4=C;3pAn (6-32)
with p=1.225 kg/n?, and a porous media thickness, An, assumed to be 1 m in this example, the inertial resistance
factor, C,=0.447.

Likewise,

4.68816=5 An (6-33)

with u=1.7894x 107, the viscous inertial resistance factor, = =261996.

Figure C.1: ANSYS section 6.2.3.7.11 [ANSYS® Help, 2015a]
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