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CHANGES - CURRENT

General
This document supersedes DNV-RP-0501, November 2007.

Text affected by the main changes in this edition is highlighted in red colour. However, if the changes
involve a whole chapter, section or sub-section, normally only the title will be in red colour.

On 12 September 2013, DNV and GL merged to form DNV GL Group. On 25 November 2013 Det Norske
Veritas AS became the 100% shareholder of Germanischer Lloyd SE, the parent company of the GL Group,
and on 27 November 2013 Det Norske Veritas AS, company registration nhumber 945 748 931, changed its
name to DNV GL AS. For further information, see www.dnvgl.com. Any reference in this document to "Det
Norske Veritas AS”, “Det Norske Veritas”, "DNV”, “"GL", “"Germanischer Lloyd SE”, “GL Group” or any other
legal entity name or trading name presently owned by the DNV GL Group shall therefore also be considered
a reference to "DNV GL AS”.

Main changes August 2015

The current 2015 revision includes the following main updates:

a) Document title has been changed from Erosive Wear in Piping Systems to Managing sand production
and erosion.

b) Outline and list of considerations for a sand management strategy.

c) New guidance on erosion model for flexible pipes with interlock carcass.
d) New erosion models for choke valves.

e) Guidance on computational fluid dynamics (CFD) erosion modelling.

f) Erosion model validation cases.

Editorial corrections

In addition to the above stated main changes, editorial corrections may have been made.

Acknowledgement

The current document is developed in co-operation with a large number of major oil and gas operators.
DNV GL is grateful for the financial support to research and development and for being allowed to apply
results from projects with these operators to establish this industry guideline.

Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 3

DNV GL AS

Changes - current



CONTENTS
CHANGES = CURRENT ittt saresesassse s e sesanese s s e sae s n e sae s a s ann s s ran s s e seenn e rneannernnenes 3
] = o B € 7= 3 1= o 6
1.1 INtroducCltion .iciciiecicriemiemieriemrerrasmasrassansasssassassessassansansansansansanssnssnsnnsnnnnns 6
1.2 Application of this document........ccviciiiiiicimiesrre s rrs s srs s s s s s r s nannas 6
1.3 Reference to codes and standards.......c.ccuvrvervmnammamnsnssnsn s s snansansas 6
1.4 Abbreviations .iciiicciiciirismresrra s s rarra s r e aaaa A ana R 7
1.5 Definitions.icciiiiiiciiciic i s r s rrana 7
1.6 Verbal formsS...ciiiiiiiiici i s s s s s s sr s s s s s s s s anraarannrnnrnnnnnnnnnns 7
1.7 Bibliographic references........cciciiimiariiarise i s s s s san s snss 8
Sec.2 Sand management strategy .......ccciiiiiiiiiiiiiis e 9
0 R T = 1= - 9
2.2 Consequences of sand production .....ccvecvicriri i resmasmasmssrsa s n s ssassansans 9
2.3 Sand production potential .......ccicciiiiiiiiiie s s e 10
2.4 Philosophy for accepting and managing sand production ........cccecevueens 10
2.5 Goals and success faCtors......cuictiritrrarsri s s s s s s s s s s nannansa 11
2.6 Premises and acceptance criteria......ccivcriririnasnmsssn s s s na 11
2.6.1 Tolerable @roSiON .uuvuiii i e 12
2.6.2 Sand handling Capacity ...oiiiiiiiii 12
2.7 Risk assesSSMeNt....cccciimrimririri i s s s s s s r s rarrarrnrnEnrnrann 13
2.7.1  Class Of ErOSIVE SEIVICE....uiiiitiiiiii it eanereanees 13
2.7.2 Risk assessment and ranking......cooieviiiiiiii i e 14
2.8 Safeguards ....c.cccciiciciiiaiisi i, 15
2.9 Strategy implementation.....ccccvcviiiicri i srssrs s 16
2.10 Training requiremMentsS....c.cccuiiiiiiirisrrisrs s s s s s s s s s ra s anannnnnnns 16
2.11 Status reporting and periodic revision .....ccicivicriri i sra s ans 16
2.11.1 Status reporting ..uvieiiieiiiiiiii e 16
2.11.2 ReVision Of Strat@gy ...ccviiiiiiiiii i e 16
Sec.3 Fundamentals of particle erosion ......ccvcivemimismiari i s s ssassasssassassassassansansas 18
C 20 A T 3 T - 18
3.1.1  List Of SYMbOIS «ouuiiieii i e 18
T A 1 o o (=)= PP 19
I I B oo 1] AV = T 1= | = 20
3.1.4 NON-€rOSIVE @gENES vttt i i i ae e e e e rae e as 20
3.2 Characterisation of erosive wear.......cccocviriri v re s s s s s s s snassanns 21
3.2.1 Erosion response MOl .. ...cuviieiiriiieiiniiiiinerraseneraes e rernneaneenes 21
Sec.4 Empirical models for sand particle erosion.....cccccvevimmimmsriariariasrassassassansannas 24
R T € 7= 3 1= o | 24
4.2 Application and limitations .....cccicvicricierieirssrs s s s s s s snns 24
4.3 Geometry correction factors.......ccciviciiiiiicinsssrresrse s s s s 25
4.4 Model input parameters ...ciicciiciiiiiries et s sy 26
4.4.1 Erosion response MOAEl ....ciiiiiiiiiiiiiiiii i i e 26
4.4.2 BUIK PrOPertiEs o uiiiii i e 26
G TN Y- o o o] o) (=T o | o PP 28
Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 4

DNV GL AS

Contents



4.5 Smooth and straight pipes ....cccviciiricicricirssrs s e 28

4.6 Welded Joint..icciiciiiiii i ssrrs s s ra s s srassssssssnsssnnssanssnnssnnssnnsnnnsnnnes 29

4.7 Pipe bends.....cciiciiiiiii i rrrrarrEEEr R R rnrnnn 30

4.8 Blinded tee...iciriumimmmrieriars s s s s rr sy 31

R T =T« 1T o = 33

4.10 Intrusive erosion pProbes .......ccciviiiiiimssrsesrrasrsassran s sransranssansnnnnsnnns 34

4.11 Flexible pipes with interlock carcass ......ccvvcvimmiririerre i s s s s s ssannans 35

4.12 Production ChOKES .....ccvumrumrieriersamsammamssnssnssnssnssassansassansanssnssnssnssnssnnnnnnans 36

4.12.1 GENEIAl ceitiiiei i 36

0 2 A @ g o ] (ST =T=] [Tt o [0 o 37

2 720G B O o 1= = | o o] o P 38

4.12.4 Inspection and condition MONItOriNG ....cvviiiiiiiii i 38

4.12.5 Erosion model for choke gallery .....cooviiiiiiiiiiiiiic e 40

Sec.5 Model parameters for other erosive agents.......cccccivimiiimimisinncsnscsssesnsannnas 41
Sec.6 Software model.....cciciiiiiiiii i e s r ks rrrrrrranaas 42
App. A Safeguards - managing sand production and erosion.........ccoeccvicvicsrie s rra e 43
App. B Material erosion testing ...ccuvciimmimmssimiimsesnssssra s s s s s sssanssansransnannns 48
App. C Computational fluid dynamics - erosion simulation ........ciccviciiiccnicinnsnne e 51
App. D Production choKes........ccuiiiimimmnmmimsin s s ssassas s s s s s s s s s sansnmsnnsnnnnnns 55
App. E Model validation .....cccveciiiri i i r v sra s s s s s sra s s s sssnssnssnssnnnnnsnnsnnsnns 59
Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 5

DNV GL AS

Contents



SECTION 1 GENERAL

1.1 Introduction

This recommended practice is developed for the oil and gas industry to provide guidance on how to safely
and cost effectively manage the consequences of sand produced from the oil and gas reservoirs through
production wells, flowlines and processing facilities. The ultimate goal of this document is to assist
prevention of incidents related to sand that may cause harm to people, environment or assets and without
causing unnecessary restrictions to production performance.

This document was first developed and issued by DNV in 1996 and has since then only been subject to minor
adjustments. The current revision includes more of the background material for the erosion response
models and further guidance on development, implementation and follow up of a high-level sand
management strategy.

Objective of this document is to provide guidance on how to safely and cost effectively manage the
consequences of sand production and erosion through the different stages of design and operation of oil
and gas production facilities.

1.2 Application of this document

Sec.2 of this document provides guidance on development, implementation and follow up of a field sand
management strategy. This section is primarily intended for operating companies, but should also serve as
a reference document for engineering companies in different stages of design, fabrication and construction.

Sec.3 to [4.12] of this document provides empirical models for prediction of particle erosion in standard
pipework components. The models offer a more specific method for dimensioning of pipework and
components exposed to erosive wear compared to the “erosional velocity” approach specified in API-RP-14E
or NORSOK P-100. The erosion models may be used to demonstrate compliance between system design,
tolerable erosion and sand load either specified in design basis or experienced in operation.

Supporting material relevant for the understanding and transparency of this recommended practice is
included in appendices.

1.3 Reference to codes and standards

Document code Title
API-6A Specification for wellhead and christmas tree equipment
API-RP-14E Recommended practice for design and installation of offshore production platform
piping systems
API 17] Specification for unbonded flexible pipe
API 17B Recommended practice for flexible pipe
I1SO 13703:2000 Petroleum and natural gas industries - Design and installation of piping systems on
offshore production platforms
NORSOK P-100 Process systems
NACE Standard MR 0175-93 Sulphide Stress Cracking Resistant Materials for Oil field Equipment
DNV-0S-F101 Submarine Pipeline Systems
Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 6
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1.4 Abbreviations

Abbreviation | Description

ALARP as low as reasonable possible
ASR acceptable sand rate

CRA corrosion resistant alloy

DNV Det Norske Veritas

DNV GL Det Norske Veritas Germanischer Lloyds
EOR (IOR) enhanced oil recovery

ESP electrical submerged pump
GLR gas liquid ratio

GOR gas oil ratio

GRP glass fibre reinforced plastic
HDPE high density polyethylene
IOR (EOR) increased oil recovery

MBR minimum bending radius

PCS pipe class specification

PSD particle size distribution

SI special item

WC water cut

1.5 Definitions

Term Definition
C-steel steels containing less than 1.65% manganese, 0.69% silicon and 0.60% copper
corrosion loss of material or loss of material integrity due to chemical or electro-chemical reaction with

surrounding environment

droplet erosion

loss of material or loss of material integrity due to droplet impact on the material surface

erosion

loss of material or loss of material integrity due to solid particle impact on the material surface

erosion-corrosion

synergetic effect of erosion and corrosion

low alloyed steel

steel containing magnesia, silicon and copper in quantities greater than those for C-steel and/
or other alloying elements

The total content of alloying elements shall not exceed 5%.

material degradation

loss of material or loss of material integrity due to chemical or electrochemical reaction with
surrounding environment, or erosive wear resulting from particle and droplet impingement

mixture velocity

equal to the sum of the superficial velocities for all phases

oil & gas

content in pipe may be either oil or gas

piping system

includes pipes for transportation of fluids and associated pipe bends, joints, valves and chokes

The general term covers tubing, flow lines for transportation of processed and un-processed
hydrocarbons.

stainless steel

steels alloyed with more than 12% Cr (weight)

steel carcass

inner steel interlock layer used in flexible pipes for transportation of hydrocarbon fluids

superficial velocity

fluid velocities of one phase in piping as if no other fluid phase were present the pipe

1.6 Verbal forms

Term Definition

shall verbal form used to indicate requirements strictly to be followed in order to conform to this document

should verbal form used to indicate that among several possibilities one is recommended as particularly suitable, without
mentioning or excluding others, or that a certain course of action is preferred but not necessarily required

may verbal form used to indicate course of action permissible within the limits of the document
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SECTION 2 SAND MANAGEMENT STRATEGY

2.1 General

The purpose of this chapter is to describe an industry practice applicable to subsea, topside and onshore oil
& gas production facilities. In addition to the general guidance provided in this document the basis for a
sand management strategy needs also to consider local regulations, company specific requirements and
guidelines, field specific system layout and operational experience.

The current chapter provides guidance on how to establish, document and follow up a strategy for managing
sand production, considering the following key topics:

— sand production potential

— consequences of sand production

— philosophy for accepting and managing sand production
— goals and success factors

— premises and acceptance criteria

— risk assessment

— safeguards

— strategy implementation

— training requirements

— production optimisation

— condition monitoring and inspection

— status reporting and revision of strategy.

As a first principle the sand management strategy shall address all systems that are considered likely to be
exposed to solids produced from well. The upstream and downstream battery limits for the strategy shall
therefore be properly defined. Both passive and active means to control and monitor sand production and
the associated consequences should be considered.

2.2 Consequences of sand production

Sand production can have significant consequences for both the production and the assets. Key failure
modes are related to erosion, sand accumulation, plugging or contamination by sand. For the majority of
oil & gas fields, sand from the reservoir formation is an inevitable by-product. Monitoring and controlling
sand production is important for the following reasons:

— Sand may cause damage to well components such as sand screens, tubing, down-hole safety valves or
electrical submersed pumps (ESPs).

— Sand may cause erosion in piping system and components that if undetected may lead to loss of
containment.

— Sand may cause erosion in blow-down systems during ESD depressurization or inadvertent routing of
production to knock-out drum. Particular focus should be on flow restrictions (valves or orifice) and
immediate piping downstream due to potentially high gas velocities resulting from pressure let-down.
Low wall thickness characteristic for flare systems should be acknowledged.

— Sand may accumulate in wellbore if wells are produced below lifting rate for sand, ultimately leading to
sanding-in and loss of well.

— Accumulation of sand in production lines may affect corrosion rates, cause upsets during pigging
operations or increased pressure resistance during operation.

— Accumulation of sand in separators may cause reduced separation efficiency and carry-over of sand to
downstream systems that are not designed for or have little tolerance for sand.

— Instrumentation may be influenced, potentially affecting safety critical systems for shut-down or
process control.

— Challenges with sand volume handling capacity and removal of sand from the process may cause upsets
or unplanned shut-downs.
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— Sand production may influence produced water quality in a negative direction.

— Overboard disposal of produced water containing sand may cause erosion to pipework and components
or reduced well injectivity if re-injected.

— Accumulation of sand in process- or safety critical valves may impair valve performance due to blockage
or increased friction.

— Sand may damage rotating equipment such as pumps (and compressors).

— Particularly for non-corrosion resistant materials, even a moderate sand erosion potential may affect
flow accelerated corrosion (FAC).

2.3 Sand production potential

The potential for sand particles being released and transported from formation to wellbore is determined by
a number of complex factors requiring expert evaluation by reservoir geologists and completion engineers.
The sand potential is normally assessed based on knowledge available early in the field concept
development; however the information available at this point is often fairly limited and associated with
significant uncertainty.

It is not the purpose of this document to provide guidance on how to assess sand production potential,
rather to provide a sufficient description of the key parameters relevant for managing sand production in
field operation.

Different formations have different mechanical strength. Rock strength is characterised in terms of level of
consolidation which describes how well sand grains are “cemented” together. Rock-strength is normally
determined based on core-sample testing, and the corresponding sand potential is assessed for the field life
considering the planned recovery strategy. It should be acknowledged that core samples normally taken
from exploration wells are not necessarily representative for all subsequent production wells and therefore
associated with uncertainty. The true sand potential will also be a function of the actual reservoir recovery
strategy during field life. A reduction in reservoir pore pressure will increase the load from the overburden
on the rock formation, which in turn will increase the potential for “rock failure” and formation of sand
grains. This explains why sand production is often experienced to increase in tail end- and low pressure
production.

Water increases the mobility of sand to well bore due to reduced surface tension between sand and water
compared to sand and oil/gas and potentially increased drag on the sand grains. Onset of sand production
is therefore often found to coincide with onset of water production.

Rapid transients in well operation may also affect the near well bore zone in a negative direction causing
increase in sand production and should therefore to the extent possible be avoided.

2.4 Philosophy for accepting and managing sand production

Adopting a philosophy of “zero” sand production will in many cases put significant restrictions on the field
production potential or cause premature abandonment of wells. A sand management strategy should
therefore be based on a combination of minimising sand production by means of sand control where it is
commercially viable and practicable to do so and managing with the consequences of sand production
experienced in operation. Allowing for a certain sand production that can be safely and effectively managed
may also significantly increase the field production potential.

Managing sand production means allowing for sand production from individual wells and through co-mingled
streams depending on consequences for integrity and/or availability of the facilities. This enables
optimisation of production from different wells and sub-systems, hence preventing unnecessary restrictions
without compromising on safety and reliability of the system.

For a given combination of field design and operating conditions the acceptable sand rate (ASR) will be
limited by the following two main factors:

— acceptable rate of consumption of erosion allowance for production piping and components
— sand volume handling capacity in the process, cleaning and disposal system.

A prerequisite for this philosophy is that a sufficient system for continuous monitoring of operating
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conditions and sand production combined with facilities for handling of sand in the process system is in
place. Adopting an ASR philosophy should be subject to a risk assessment where the required safeguards
for managing the consequences are established and followed up, ref [2.7].

The strategy for how to manage sand should be outlined early in the field development to ensure
appropriate sizing and selection of equipment and instrumentation for monitoring, controlling and handling
of sand production. The strategy should reflect both methods to control and monitor sand production and
appropriate safeguards to control the risk. The strategy should also be aligned with the overall Asset
Integrity Management System for the production facilities.

2.5 Goals and success factors

The overall goals for a sand management strategy should be defined and validated on regular intervals,
aiming for:

— no loss of product to environment due to failures caused by erosion

— no erosion damages causing unplanned shut-down or maintenance/repair/replacements

— limited (acceptable) process upsets due to sand production, accumulation, cleaning and disposal
— quality of disposed produced water/sand in compliance with operator and authority requirements
— maximized production potential (no unnecessary restrictions due to sand).

The following key factors should be considered for a successful implementation and adherence to the
strategy:

— High level of knowledge within the field organisations related to the consequences of sand production.
— Clearly defined roles and responsibilities related to follow up of safeguards.

— Comprehensible steering criteria related to allowable sand production for the individual wells and
systems.

— Systems in place for monitoring and reporting the effects of combined operating conditions and sand
production.

— Confirmed correspondence between systems for monitoring the effects of sand production (erosion and
deposition) and results from inspection and maintenance campaigns - building confidence in the
strategy.

2.6 Premises and acceptance criteria

The strategy shall be based on the specific system design, field development strategy and operation. The
premises for the strategy should be established prior to performing the risk assessment (ref. [2.7]) and
should as a minimum consider the following:

— reservoir conditions and planned recovery strategy
— formation strength, expected sand potential and sand control
— sand characterisation, particle size distribution (PSD) and fraction of erosive agents

— general field layout: considering subsurface, subsea and topside or onshore facilities - limited upstream
by the lower completion of the production wells and downstream by the battery limits where the
processed stream can be considered free from solids

— specifications for piping system, manifolds, flowlines and components with respect to geometrical
layout, sizing and tolerable erosion

— process conditions

— sand handling capacity in the process system, considering methods for sand removal, cleaning and
disposal

— safe envelope for sand transport, considering production wells, flowlines and pipework

— field service life, also considering potential plans for life time extension (IOR/EOR)

— implemented safeguards related to design, procedures and instrumentation for follow up of sand
production and its consequences

— operational experience
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— planned future modifications, considering new tie-ins or change in process conditions
— field organisation and responsibilities

— company specific requirements

— local regulations.

2.6.1 Tolerable erosion

An absolute “zero” tolerance for erosion is difficult to relate to from a practical perspective, hence a
minimum tolerance for erosion needs to be specified. An acceptable erosion rate (e.g. mm/yr) needs to
consider the remaining target service life of the system and the complexity and cost of system repair or
replacement.

For steel pipework tolerable erosion should be identified with reference to one of the following options:

— Allow for a minimum erosion allowance of 0.5 mm (1/50") with reference to typical accuracy of hand-
held UT equipment for wall thickness measurements.

— Erosion allowance according to pipe class specification (PCS).

— Acceptable utilisation of corrosion allowance or CRA cladding noted in PCS. To what extent the corrosion
allowance can be utilised as erosion allowance needs to consider the level of corrosive service. For
components with internal CRA cladding, the erosion allowance may be taken as a percentage of the
cladding thickness.

— Erosion allowance identified based on minimum wall thickness requirement according to specified
system pressure rating (pipe stress analysis may be required for this option).

— De-rating of the system to increase tolerable erosion should only be considered as a last option, and
should be subject to a thorough assessment also considering future operation of the system.

For special items the erosion allowance should be advised by vendor, considering potential effects on
functionality, performance or containment. E.g. for flow meters erosion may affect meter calibration, for
choke valves erosion may affect controllability and for cyclone units erosion may affect separation
performance.

2.6.2 Sand handling capacity

To minimise process upsets and to reduce erosion potential, sand should be separated from the process
stream as early in the process as possible. In most cases this will be the inlet separator(s) for the process
train. The standard approach is to let the sand separate with the liquid phase by gravity and accumulate in
the bottom part of the separator, ref. Figure 2-1. Acceptable sand accumulation (before removal is required)
depends on a number of complex factors such as separation efficiency, method of removal and sand carry-
over to downstream process systems. In many cases carry-over of smaller particles to downstream systems
cannot be fully avoided and needs to be managed, and the consequences need to be assessed.

General requirements to systems for removal of sand from process vessels are given in /NORSOK P100;
section 5.2.4.4/.

For process vessels where sand needs to be removed manually, the sand handling capacity should be limited
to an acceptable sand build up between planned intervals for manual removal. Manual removal will in most
cases require process shut-down having significant impact on plant availability. From operational
experience the total sand volume accumulation that can be accepted is typically in the order of 1-3 m3
depending on vessel size, configuration and operation. Given a typical interval of 3 years between major
maintenance (emptying of the separator) this means that a maximum sand production of approximately
1 m3/year can be tolerated. This is equivalent to around 2 tons of water saturated sand.

For process vessels with fully or partially automated systems for sand removal, the sand volume handling
capacity may be determined from the acceptable volume of sand build-up and frequency of sand removal.
Intervals between sand removals typically range from a few days to several weeks, depending on actual
sand production. During the sand removal sequence (flushing) the quality of produced water may be
affected in a negative way. In service, the interval between sand removals should be optimised based on
experience and may vary over the field life. A partially or fully automated system for sand removal
significantly increases the sand volume handling capacity. From operational experience sand loads in the
order of 100 m3/yr has safely been handled for a single platform (separator).
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Where practically and economically viable to do so, installation of wellhead or in-line de-sanders may
significantly reduce sand loading for inlet separators, thus reducing negative consequences associated with
sand removal and process upsets.

Typical arrangement of sand GAS
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Figure 2-1 Typical sand deposition in horizontal process vessel with conventional sand removal system

2.7 Risk assessment

As basis for the sand management strategy a risk assessment should be performed to identify both threats
and opportunities associated with sandy service operation. The purpose of the risk assessment is to ensure
that sufficient, effective and manageable safeguards are in place in order to be prepared for, detect and
handle sand production.

In the early concept and design phase the risk assessment may be limited to a high level assessment
considering sand and erosion potential and the requirements to sand handling capacity. The importance of
an early outline of a sand management strategy relates to decision of:

— need for sand control

— sizing of flowlines, pipework and components

— instrumentation for monitoring sand production and erosion

— systems for removal, cleaning and disposal of sand from process systems.

For the operations phase the risk assessment should be performed by a dedicated sand management team
involving representatives from relevant disciplines in the operating organisation. It should be emphasized
that a successful implementation of a sand management strategy requires a cross-discipline approach.

2.7.1 Class of erosive service

Ranking of the erosion potential for pipework may be performed with reference to calculated bulk flow
velocities, considering that the flow velocity determines the order of magnitude for erosion. The class of
erosive service for pipework provides a simple indication of whether a system is susceptible to erosion. In
reality, the exact size and geometrical shape of the pipework components in combination with sand particle
size and fluid properties such as density and viscosity will influence the actual erosion potential per amount
of sand.

Bulk flow velocities may be available in the production control system or be calculated based on a simplified
black oil model ([4.4.2]) with reference to allocated or measured flow rates, operating pressures and
temperatures.

The erosion classes defined in Table 2-1 may be applied to identify whether a given operating condition for
a given pipework system may be susceptible to erosion. The relative erosion potential referring to erosion
class (1) demonstrates the order of magnitude increase in erosion potential as function of increase in bulk
flow velocity.
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When increasing the bulk flow velocity from erosion class (1) to erosion class (3) the expected erosion for
a given sand load (kg) increases by a factor of 100. Similarly if the velocity is increased to erosion class (6)
the erosion potential increases by a factor of approximately 5000. In other words the amount of sand
required to cause similar erosion damage in a pipework system operated in erosion class (1) is in the order
of 5000 times higher than for a system operated in erosion class (6).

Table 2-1 Class of erosive service

Erosion Pipework Relative
Class Bulk Flow Velocity Definition erosion Description
Vy, (m/s) potential 1)
Extremely hiah erosion System needs to be operated close to sand
50-70 ely nig 5000 free. Safeguards to monitor erosion should be
potential . .
in place and closely monitored
30 - 50 Very h{gh erosion 1500 Tolerable sand production limited by risk of
potential erosion
Tolerable sand production will in most cases be
4 20 - 30 High erosion potential 500 dictated by erosion rather than sand handling
capacity
3 10 - 20 Medium erosion potential 100 Tolerab!e sand production may be I|n_1|ted both
by erosion and sand handling capacity
A large amount of sand is required to cause
. . erosion. The acceptable sand load will in most
5-10 Low erosion potential 25 cases be limited by the sand handling capacity
in the process system
Effects of plain erosion, i.e. not considering
Extremely low erosion any combined effects of flow accelerated
1 0-5 . 1 }
potential corrosion, can normally be neglected for
realistic sand loads

1) Relative erosion potential is given for the average velocity in each velocity interval

2.7.2 Risk assessment and ranking

The risk assessment and -ranking should be performed based on a breakdown of the system into sub-
systems that is considered practical with reference to operator’s organisation and responsibilities of
different disciplines. A typical system breakdown is suggested below as a starting point:

— lower well completion, considering sand screens, tubing or other inflow control components
— down hole safety valve

— down hole artificial lift systems (gas lift, ESP)

— XT and valves

— pipework and components between XT and manifold

— production choke

— instrumentation and metering systems

— manifolds

— flowlines and risers

— boosting systems for unprocessed flow

— pipework between manifold and first process vessel

— process vessels (separators) and internals

— produced water system from separators, pipework and components
— produced oil system from process vessels, pipework and components
— blow down systems and equalisation manifolds

— water injection systems, components
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— safety critical instrumentation.

For each of the sub-systems, the risk associated with sand production should be assessed on a qualitative
basis with reference to the risk categories suggested in the table below.

Table 2-2 Risk ranking

Risk Definition

Risk associated with sand production in conflict with acceptance criteria or non-compliance with standards
or regulations. System cannot be operated without modifications to system or operating procedures, or with
additional safeguards

Risk acceptable. Additional monitoring or safeguards shall be evaluated by operator according to ALARP

Medium o
principle.

Low Low risk with current operational procedures and safeguards

The risk assessment should address:

— critical system functions

— consequence of each failure mode related to sand

— acceptance criteria related to containment, function, availability and performance
— safeguards - risk reducing measures

— risk level with and without active safeguards.

The risk associated with sand production should be made visible both with and without safeguards to
emphasize the importance of following up both active and passive safeguards.

2.8 Safeguards

Possible safeguards to control sand production and manage its consequences within acceptable limits are
listed below and further elaborated in App.A:

— mechanical sand control

— draw-down control

— optimisation of artificial lift mechanism

— periodic testing of safety critical valves

— continuous monitoring and control of sand production

— spot-check sampling of sand production (e.g. routing of well to test separator, sand traps)
— erosion modelling

— continuous monitoring of erosion (e.g. erosion probes)

— monitoring by calculations; control of flow velocities

— monitoring choke condition and operation

— monitoring sand-build-up in process vessels

— wellhead or in-line de-sanders

— removal of sand from process vessels

— monitoring of flow velocities in processed liquid streams

— pigging (mechanical or hydraulic) of infield flowlines

— online NDT

— inspection.

It should be acknowledged that some of the safeguards are inherent to system design (passive) and that

others require continuous follow up (active). The relevance, feasibility and effectiveness of the individual
safeguard needs to be evaluated on a case to case basis as part of the risk assessment.
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2.9 Strategy implementation

The sand management strategy should include a sand management manual that provides a description of
activities and responsibilities related to follow up of critical safeguards identified in the risk assessment.
Definition of the person/group responsible for each activity should be as simple and specific as possible to
avoid diffusion of responsibility.

The sand management manual should serve as a practical guideline in daily operation. Sufficient guidance
should be included to ensure that activities are correctly and effectively executed, reported and
communicated. Where practicable to do so, reference shall be made to relevant operating procedures.

2.10 Training requirements

Requirements to personnel training should be decided with reference to the activities and responsibilities
dedicated to specific personnel as described in the sand management manual. A general description of the
specific field sand potential and strategy for managing sand production should be included as part of this
training.

2.11 Status reporting and periodic revision

2.11.1 Status reporting

A periodic sand management status report should be established typically on a 12 month cycle. The overall
objective of the status report is to identify, communicate and execute necessary actions to adjust the
strategy or its application:

— confirm that the objective of the sand management strategy is met for the reporting period

— provide input to inspection planning

— ensure that modification to the production system or operating conditions relevant for the next period
are identified and implemented in the sand management strategy.

— provide basis for production optimisation considering any limitations imposed by sand production

— capture any incidents/failures related to sand production over the last period of operation.

2.11.2 Revision of strategy

The sand management strategy should be subject to periodic audit/review, e.g. on a 12 month cycle.
Related to the previous production period the following questions (check list) should be addressed and
relevant actions identified if answered confirmative:

— erosion in piping systems or components has resulted in loss of containment (external leakage)
— erosion has resulted in excessive consumption of erosion allowance - identified from inspection
— erosion has led to unplanned replacement of components

— observed unacceptable process upsets due to (jetting), cleaning or disposal of sand

— observed significant and frequent non-compliance with produced water quality

— observed non-compliance with acceptable oil in disposed sand

— systems for sand monitoring not calibrated according to plan

— significant production potential is restricted due to sand production

— other identified issues not covered by the above.

Related to the next 12 month period the following questions (check list) should be addressed and relevant
actions identified if answered confirmative:

— development of and tie-in of new production facilities

— modifications to existing production facilities; piping, valves, instrumentation and chokes will be
implemented for next period

— process conditions will be significantly changed for next period (Pressure, WC, GOR, ...)
— identified down hole sand control failures or significant increase in sand production
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modification of acceptance criteria, e.g. de-rating of systems increasing erosion allowance or improved
sand handling capacity

— modifications to established procedures for sand monitoring.

The sand management strategy should be updated based on the output from the audit/review as found
required.
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SECTION 3 FUNDAMENTALS OF PARTICLE EROSION

3.1 General

The selection of materials and dimensioning of pipes are performed in order to obtain necessary strength,
capacity and service life to cope with the production conditions. Material degradation due to corrosion,
erosion and/or erosion-corrosion, may gradually affect the integrity of the piping system. Material
degradation will generally depend on the production characteristics for the system; i.e. production rates,
pressure and temperature, and the presence of corrosive components and erosive solid particles. The
degradation may also be strongly dependant on the pipe material.

Material degradation can in most cases not be fully avoided, but the material may be allowed to degrade to
a certain extent and in a controlled manner. By proper dimensioning, selection of suitable materials, use of
inhibitors or other corrosion/erosion reducing measures and/or by application of corrosion/erosion
allowance, a system which fulfils the requirements can generally be achieved. Selection of such measures
may, however, be associated with high cost.

The current section describes the fundamental theory for plain particle impact erosion, providing the basis
for the empirical erosion models in Sec.4 and detailed CFD erosion simulations described in App.C of this
document.

3.1.1 List of symbols

Symbol Description Unit

A dimensionless parameter group [-]

A¢ area exposed to erosion [m?2]
Apipe cross sectional area of pipe [m?2]
Aratio area ratio between cross sectional area in reducer [-]

b function of Re [-]

Cy model/geometry factor [-]

C, particle size correction factor [-]
Cunit unit conversion factor (m/s ~ mm/year) [-]

c function of Re [-]

D inner pipe diameter [m]

dp particle diameter [m]
dp,c critical particle diameter [m]

E actual surface thickness loss [m]
En, actual material loss rate [kg/s]
Em‘m relative material loss rate [kg/kg]
E; actual surface thickness loss rate [m/s]
EL’m relative surface thickness loss [m/kg]
EL,y annual surface thickness loss [mm/year]
E} measured measured surface thickness loss [mm/year]
Fle) function characterising ductility of material [-]

corrections function for particle diameter [-]

h height of weld reinforcement [m]

K material erosion constant [(m/s)-n]
k material constant

m, mass flow of gas in pipe [ka/s]
m; mass flow of liquid in pipe [kg/s]
Mp, mass of sand [kg]
m, mass rate of sand [kg/s]
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Symbol Description Unit

mpy, total mass rate of fluids [kg/s]

R radius of curvature given as Number of Internal Pipe Diameters. Reference of radius of [-]
curvature is centreline of pipe

Re Reynolds number [-]

Up particle impact velocity (equal to mixture fluid velocity) [m/s]

Vi V2 fluid velocity in cross section 1 and 2 of reducer [m/s]

Vg® superficial velocity of gas phase in piping [m/s]

7 superficial velocity of liquid phase in piping [m/s]

Vi mixture fluid velocity in piping [m/s]

o particle impact angle [rad]

= ,ap/,am density ratio between particle and fluid [-]

y=4dyD ratio of particle diameter to geometrical diameter [-]

Hg viscosity of gas phase [kg/ms]

o viscosity of liquid phase [kg/ms]

Um viscosity of fluid mixture [kg/ms]

n velocity exponent [-1

Pg density of gas phase [kg/m3]

21 density of liquid phase [kg/m3]

Om density of fluid mixture [kg/m3]

Pp density of particle [kg/m3]

Ot density of target material [kg/m3]

3.1.2 Indexes

1,2 - cross section 1 and 2.

c - critical

g - gas

i - index

L - length

| - liquid

m - mixture

p - particle

s - superficial

t - target material

0 - standard conditions
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3.1.3 Erosive agents

Erosion models given in the current document are derived and validated primarily for quartz sand; however
the models may also be applied to provide estimates of erosion potential for other erosive agents. The most
common erosive agents causing particle erosion in oil and gas systems for which the erosion models given
in the current document may be applied are described below. For other erosive agents than quartz sand,

guidance is given in Sec.5.

Sand

Sand produced from oil & gas formations may vary in terms of size, quartz content,
shape and sharpness. All these factors affect how erosive the sand will be to an
exposed surface. In terms of size, sand is defined as particles in the range 62 -
2000 ym [W.C. Krumbein & L.L. Sloss]. Particle erosion is governed by the sand
quartz fraction. On the Mohs hardness scale quartz has a hardness of 7, making it
erosive to a wide range of construction materials.

Particles of size less than 62.5 um are classified as fines. Erosion models described
in the current document are limited to particle sizes above 20 ym. Fines are
normally less erosive than sand both due to particle size and quartz content.
Particle sizes limited to fines can be achieved with various methods for down-hole
sand control. Conservatively the erosive character of fines can be assumed as for
sand. Particles larger than 2000 um are classified as gravel.

Barite and Calcite used for weighting of drilling, completion and kill fluids. On the
Mohs hardness scale these materials have hardness in the order of 3 making it
significantly less erosive to steel compared to quartz particles. Characteristic
particle size when used as weight material is in the order of 20 pm. Mixed in high
density liquid fluids the small particle sizes will also supress erosion. For normal
circulation rates the erosion potential is expected to be low, however under certain
conditions a combination of high velocities and large amounts of weight material
may cause erosion.

Proppants are customised particle distributions either based on treated sand or
made artificially. Proppants are used e.g. for hydraulic fracking operations or for
packing of sand screens. In some cases proppants may be produced back to the
production facilities and cause similar concerns as sand produced from the
formation.

For steel, proppants may be equally erosive as quartz sand. From erosion testing
variations are observed between intact and crushed proppants.

3.1.4 Non-erosive agents

Non-erosive solids are defined as solids having a sufficiently low hardness or size not to cause erosion to a
material either as a result of surface ductile deformation or fatigue. Particles with hardness on Mohs scale
less than 3 can normally be considered non-erosive to steel, see table below.

Sodium Chloride (salt)
Sodium Chloride (2.5 on the Mohs scale) used as weight material for brine can be
considered non-erosive to steel for bulk flow velocities less than 100 m/s.

Clay/Silt Clay particles (2-2.5 on the Mohs scale) can be considered non-erosive to steel for
bulk flow velocities less than 100 m/s
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3.2 Characterisation of erosive wear

3.2.1 Erosion response model

The terms erosive wear and erosion are in the present document defined as material loss resulting from
impact of solids/sand particles on the material surface, ref. Figure 3-1.

_____________>

Material properties (K, n, F(c))

Figure 3-1 Notation - particle impact velocity and angle

Erosive wear can be estimated from the following expression /8/, /13/, /14/, provided impact velocities and
angles are known for the particles impacting on the target surface, ref. Figure 3-1:

Em’m =K~U; -F(o) Relative material loss [kg/kg] (3.1)
E, :K'U; -F(a)-m, Actual material loss rate [kg/s] (3.2)

The function F(«&) characterises the ductility of the target material. Steel grades are generally regarded as
ductile, while cermets like tungsten carbide with a metallic binder phase are defined as brittle.

Coatings may be ductile or brittle depending on chemical composition and deposition method. Metallic or
hard coatings are applied by thermal spraying, overlay or galvanic plating methods. Soft coatings are
defined as polymeric/epoxy coatings and are ductile in nature.

Ceramics are generally characterised as brittle materials. The particle impact velocity (Up) is linked to the
flow velocity either through specific correlations accounting for slip velocity or calculated directly by a

particle drag model. The material coefficients (K) and (n) are derived from testing for a given combination
of material and erosive agent. Coefficients for selected ductile and brittle materials are given in Table 3-1.

Angle dependency for ductile and brittle materials are given in the expressions below and illustrated
graphically in Figure 3-2. Ductile materials experience maximum erosion for impact angles in the range 20
to 50°. Brittle materials experience maximum erosion at 90° (n/2) impact angle and erosion is gradually
reduced for smaller angles. The linear F(«) for brittle materials shall be considered an approximation,
however sufficient for most practical applications.

Ductile materials:

F(@) g = A-[Sin(e) + B(Sin(ar) = Sin* (&))" - [1 - exp(~C - )]

T
F(a)e [0,1] for ae [O, 2} (3.3)
A B C k
0.6 7.2 20 0.6
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Brittle materials:

F(@)c :2-70;; F(a)e0,1] for ae [o, ’2’} (3.4)

Ductile

== = Brittle

Flue)

0 10 20 30 40 50 60 70 80 90
Particle impact angle (deg.)

Figure 3|-2 Characteristic particle impact angle dependency for erosion of ductile (steel) and brittle
materials

Erosion potential for a given particle impact characteristic is directly proportional to the amount of particles
exposed to the surface, independent of time. This is valid as long as the particle concentration in the fluid
is sufficiently low (< 500 ppmV)Y) to avoid any significant particle-particle interaction.

1) For erosion testing the sand concentration should conservatively be kept below 100 ppmV (100 cm3 of sand per 1 m3 of fluid).

Within the typical operating temperature for oil and gas facilities (<200°C), variation in plain particle
erosion as function of temperature can normally be neglected.

For velocities lower than 100 m/s, the difference in erosion resistance for relevant steel grades is generally
within £25%. This also applies to Ni-based alloys typically used in piping systems.

Recommended values for the most commonly used materials and an erosive agent equivalent to quartz
sand are given in Table 3-1.

The parameters are determined according to test procedure given in App.B. Correction factors for other
relevant erosive agents than quartz sand are given in Table 5-2.
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Table 3-1 Material properties

Erosive agent:

Quartz sand/Semi round/Angular shape

. _ Angle
3 n
Material P (kg/m>) K (m/s) n dependency
Steel grades
Carbon steel 7800
Duplex 7850
2.0E-09 2.6 Ductile
SS316 8000
Inconel 8440
Alternative materials
GRP/Epoxy 1800 3.0E-10 3.6
GRP/Vinyl Ester 1800 6.0E-10 3.6
Ductile
HDPE 1150 3.5E-09 2.9
Aluminium 2700 5.8E-09 2.3
Brittle materials
DC-05: Tungsten Carbide 15 250 1.1E-10 2.3
CS-10: Tungsten Carbide 14 800 3.2E -10 2.2
CR-37: Tungsten Carbide 14 600 8.8E-11 2.5
95% AI203: Aluminium Oxide 3700 6.8E-08 2.0
99.5% AI203: Aluminium Oxide 3700 9.5E-07 1.2
PSZ Ceramic: Zirconia 5700 4.1E-09 2.5
Brittle
Zr02-Y3 Ceramic: Zirconia 6070 4.0E-11 2.7
SiC: Silicon Carbide 3100 6.5E-09 1.9
Si3N4: Silicon Nitride 3200 2.0E-10 2.0
TiB2: Titanium Diboride 4520 9.3E-09 1.9
B4C: Boron Carbide 2500 3.0E-08 0.9
SiSiC: Ceramic - Silicon Carbide 3100 7.4E-11 2.7
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SECTION 4 EMPIRICAL MODELS FOR SAND PARTICLE EROSION

4.1 General

The following sections provide empirical models for estimation of erosive wear in typical steel piping
components. The models and recommendations have been worked out based on experimental
investigations available in literature, dedicated erosion tests and experience and models available within
DNV GL. The majority of experimental validation data have been obtained at low/moderate pressures in
smaller diameter test facilities. Extrapolation to higher pressure conditions and larger diameter pipes has
been performed based on detailed CFD erosion simulations and also by comparison with field experience.
A selection of controlled validation cases is included in App.E.

4.2 Application and limitations

The models described in the following sections only address plain erosion, i.e. do not account for potential
combined effects of corrosion and particle erosion, flow accelerated corrosion (FAC) or other mechanisms
such as droplet erosion or cavitation. Additional wear due to these effects needs to be considered
separately.

Application of the erosion models should be limited to quartz sand as the erosive agent, unless otherwise
specified. Guidance on how the models may be used for other erosive agents is given in Sec.5 of this
document. The erosion models are developed for what is considered realistic particle concentrations, i.e.
concentrations sufficiently low to assume marginal particle-particle interaction. Hence, the models may be
conservative for particle concentrations above typically 500 ppmV.

All models are based on mixture fluid properties. For single phase fluids (liquid or gas) the single phase
properties shall be applied. For multiphase flow the mixture properties shall be established based on the
superficial velocities and single phase properties according to recommendations given in the current
document. The models are based on the assumption of a minimum straight upstream pipe section
corresponding to 10 pipe diameters. For complex pipework, an appropriate geometry correction factor
according to [4.3] shall be applied. Application of the models should be limited to the range specified for
input parameters in Table 4-1.

Table 4-1 Limitations to model parameters

Parameter Unit Lower bound Upper bound
Particle diameter mm 0.02 5
Particle mass density kg/m3 2000 3000
Pipe inner diameter m 0.01 1
Radius of bend (Number of pipe inner diameters) - 0.5 50

Pipe material mass density kg/m3 1000 16 000
Superficial liquid velocity m/s 0 50
Superficial gas velocity m/s 0 200
Liquid density kg/m3 200 1500
Gas density kg/m3 1 600
Liquid viscosity kg/ms 1.0E-05 1.0E-02
Gas viscosity kg/ms 1.0E-06 1.0E-04
Particle concentration ppmV 0 500
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4.3 Geometry correction factors

The empirical erosion models for particle impact erosion given in the current document are based on the
assumption of a straight upstream pipe section >10 D. When the distance of straight piping between
components is less than 10 D, a geometry correction factor (GF) should be multiplied with the model
prediction. Recommended geometry factors established from a series of CFD erosion simulations are given
in the table below. The geometry factors are given as guidance only.

For geometrically complex pipework and components the current empirical erosion models may be used to
provide an initial estimate of the erosion potential, however the need for performing a more detailed CFD
erosion analysis (ref. App.C) should be considered on a case to case basis.

Table 4-2 Geometry factors

GF=1 GF=2 GF=3-4
Single component Components in one plane Components out of plane
>10D
90° 90° <10D 90° ol 90°
- elbow elbow elbow - elbow
g
=
[*7]
>10D <10D
4
Blind n
- >10D Tee Tee <10D Tee R >10D = Tee
Q
= >10D <10D
3
Reducer
510D Reducer 50° <10D Reducer 90° <10D

= - I D elbow elbow -
g
=
<
Q
e«

>10D
15t elbow
) out of plane

Example: For two pipe bends in the same plane, spaced less than 10 diameters (10 x D), a geometry factor
of GF=2 should be applied. I.e. if the erosion rate calculated with the bend model given in the current
document is (E| 1), the expected erosion rate in the second elbow (E|5) shall be estimated as:

EL2= GF~EL1 = 2’EL1'
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4.4 Model input parameters

4.4.1 Erosion response model

Based on the fundamental erosion response model linking material loss from a surface to particle impact
characteristics, the material loss and wall thickness reduction can be calculated according to the following
expressions:

E,,=K-U. F(a) Relative material loss [kg /kg] (4.1)

E,=E,,m, Actual material loss rate [kg/s] (4.2)
Em m i i

E,, =—"" Relative surface thickness loss [m/kg] (4.3)
P At

E =E,,-m, Actual surface thickness loss rate [m/s] (4.4)

E =E, ~Mp Actual surface thickness loss [m] (4.5)

Material parameters are listed in Table 3-1. For the empirical models described in the following sections the
characteristic impact angles, impact velocities and target area are specified as function of component
geometry, flow condition and particle properties. In the calculation procedure, these effects are accounted
for by empirical model/geometry factors. The model/geometry factors account for possible multiple impacts
of single particles, concentration of sand particles due to component geometry and model uncertainty.

4.4.2 Bulk properties

Particle impact velocity (Up) shall -if not otherwise specified- be determined by the following procedure:

u,=V,= 4 +V; Characteristic particle impact velocity [m/s]  (4.6)
s 4 ml
vV, :m Superficial liquid velocity [m/s] (4.7)
T
. 4-m,
Vv, =m Superficial gas velocity [m/s] (4.8)
g

Physical properties of the fluid are described as mixture properties and are determined by the following
expressions:

_pVrrp Yy

m VetV Mixture density [kg/m3] (4.9)
Ve u, Vs
m = % Dynamic mixture viscosity [kg/ms] (4.10)
Ve+le
_ My _ o _ _
Un _7 Kinematic mixture viscosity [m?2/s] (4.11)
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Unless other PVT models are available to establish the mixture flow properties, these may be derived from

the following black oil formulation with reference to the following input parameters:

Table 4-3 Black Oil model parameters

Constants Symbol Value Unit
Pressure at standard condition Pg 1.0 bara
Temperature at standard condition To 288.9 K
Universal gas constant R 8314 J/kgK
Fluid properties
Oil density at standard condition Po Input (default 800) kg/m3
Water density at standard condition Pw Input (default 1000) kg/m3
Gas Molecular Weight MW Input (default 20) kg/kmol
Gas compressibility factor 4 Input (default 0.9) -
Conditions
Pressure P Input bara
Temperature T Input K
Water cut wC Input Sm3/Sm3
Gas Oil Ratio GOR Input Sm3/Sm3
Oil rate at standard condition Qo Input Sm3/d
Water rate at standard condition Qw Alternative input Sm3/d
Gas rate at standard condition Qg Alternative input Sm3/d
Pipe cross section diameter D Input m
Definition of Water Cut (WC) and Gas Oil Ratio (GOR):
wC = {QW} Water Cut [Sm3/Sm3] (4.12)
0,+0,
GOR = {&} Gas Oil Ratio [Sm3/Sm3] (4.13)
0,
Calculation of mixture velocity:
0,=0, ~{1+ "C_ | Gor. L 'T'Z] ! Actual flow rate [m3/s] (4.14)
1-wcC P-T, 24-3600
Ap,,pe —%Dz Pipe cross section area [m?2] (4.15)
V., = AQ’” Mixture velocity [m/s] (4.16)
pipe
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Calculation of mixture density:

p{)+W7C~pW+GOR-M-105
o = 2 M _ 1-wc R-T, Mixture density [kg/m3] (4.17)
2.0, 1+ "¢ L op. B T2
1-wC P-T
Calculation of mixture viscosity:
P-T-Z
””+1WVIC/C'ﬂw+G0R'OPT' e
M, = _ 7 7 T OZ Mixture viscosity [kg/ms] (4.18)
1+ +GOR-~0 =
1-wC P-T,

4.4.3 Sand content

If the particle concentration is given as 'part per million values' (ppm), the resulting sand flow rate can be
calculated according to the following relations. For particle concentrations given on mass basis (ppmW):

m,=m, - ppmW -107° Mass rate of particles [kg/s] (4.19)

For ppm given on volume basis (ppmV):

P

m,=p, ~%'ppmV~10"6 Mass rate of particles [kg/s] (4.20)

m

Note that ppmV will change with pressure and temperature. Care must therefore be taken to relate the
ppmV to the specific conditions. The particle loading may alternatively be specified as grams per second
(g/s) or ton per year (ton/yr). Considering that particle erosion is directly proportional to sand loading, the
preferred approach is to estimate the erosion rate (E_ ,, [m/kg]) and multiply this with a specified sand load
to obtain actual erosion.

Generally, sand content in the range 1 - 50 ppmW is experienced in well streams upstream of the first stage
separators. Typical sand particle sizes are experienced to be in the range 100 - 1000 ym if no sand
exclusion techniques are applied. When sand exclusion systems are applied, typical particle sizes range
from 20-200 pm.

4.5 Smooth and straight pipes

Sand erosion in smooth and straight pipes is generally low and in most cases not the limiting factor with
respect to erosion risk for a piping system. The main reason for the low erosion potential is related to
generally low particle impact angles.

Figure 4-1 Smooth and straight pipes
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Erosion rate for smooth straight steel pipes under turbulent flow conditions can be estimated from the
following empirical expression:

E, =8.0-107" .Upz"" .D? Relative surface thickness loss [mm/ton] (4.21)
Equ =2.5-107 -Upz‘6 -D™ -m, Annual surface thickness loss [mm/year] (4.22)

The model is established for vertical pipes but may conservatively also be used for horizontal pipes on the
condition that fluid velocities are sufficient to disperse the sand in the bulk fluidl). It should be noted that
the empirical correlation is independent of the fluid density, viscosity and particle size.

1) For fluid velocities where any significant erosion may occur, particles are likely to be dispersed in the bulk flow

4.6 Welded joint

Particle erosion in welded joints with internal reinforcement is based on the initial weld geometry. The
geometrical change of the weld reinforcement when eroded is not taken into account.

Flow facing side of weld Downstream weld
Flow e Flow
» """""""" ///// \ o u »

Figure 4-2 Erosion on flow facing (left) and downstream side of weld joint

Erosion of the flow facing side of welded joints (ref. Figure 4-2) is based on the following 5 step calculation
procedure:

1) Estimate the particle impact angle, o, between the weld and the flow direction. If the angle is unknown,
the conservative value o = 60° should be used.

2) Establish the value of the function F(a) by using the impact angle found in step 1 and Figure 3-2.
3) Calculate the corrected pipe cross sectional area:

r-D* A

= = pipe
" 4.sin(e)  sin(a)

Area exposed to erosion [m?2] (4.23)

Unit conversion factor to convert erosion rate from m/s — mm/year:

C

unit

=1000-3600-24-365=315-10" Conversion factor (4.24)

4) Calculate the particle size and fluid density correction factor C2:

10°-d, 10°-d,
] 7z | <l €= ] 1/2
30-(p,) 30-(p,.)

10°-d,
— =121, C, =1
30-(p,)
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5) The maximum erosion rate (mm/year) of the weld is then found from the following expression:

E, =K -F(e)-U"- sin(@) C..C -m Flow facing part of weld
Ly — 2 unit
! " Apipe ! Annual surface thickness loss (4.26)
[mm/year]

K=2.0E-09, n=2.6

It should be noted that erosion on the flow facing part of the weld will result in rounding and smoothing of
the weld, generally not affecting the integrity of the pipe. Erosion of the weld will therefore normally not be
a limiting factor with respect to dimensioning or operation of the pipe.

Maximum erosion in the steel pipe downstream a weld is found to be larger than for the smooth part of the
pipe. This is due to the turbulence caused by vortex shedding on the downstream side of the weld. With
reference to the height of the weld h [m] the erosion rate can be estimated by using the following empirical
expression:

oy ) 26 Downstream side of weld (4.27)
E,,=33107-(7.5-10"+h)-U,"-D~-m,  annual surface thickness loss [mm/year]

4.7 Pipe bends

Particle erosion in pipe bends can be estimated with the following procedure:

1) Calculate the characteristic impact angle, Note: Radius of curvature (R) is given as the Number of Pipe
Diameters:

o = arctan( Characteristic impact angle [rad] (4.28)

L
V2 R

2) Calculate the dimensionless parameter groups A and :

_py-tan(a)-U,-D  Re, tana

A
P, M, B

» Dimensionless group [ - ] (4.29)
p="r
pm

3) Use the dimensionless group, A, from step 2 in the following equation in order to obtain the relative
critical particle diameter:

P = ! 7.<0.1

p,[1.88-In(4)-6.04] B-[1.88-In(4)-6.04] ~

d

pc

D

:7/C:
0.1 , 7.>01vy <0 (4.30)

y= dJ , where d, (m) is the average particle size
D

4) Calculate the particle size correction function G by using the critical particle diameter found in step 3:

4
s }/< }/c
G= Ve Particle size correction function [ - ] (4.31)
L rzy.
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5) Calculate the characteristic pipe bend area exposed to erosion:

z-D? 4

= = pipe
" 4.sin(er)  sin(o)

Particle impact area [m?2] (4.32)

6) Determine the value of the function F(a) by using the angle, o, found in step 1. The value of F(a) is in
the range [0, 1], ref. 0.

7) The model geometry factor (C,) is set equal to:
C1= 25

8) The model/geometry factor accounts for multiple impact of the sand particles, concentration of particles
at the outer part of the bend and model uncertainty.

9) The following unit conversion factor must be used (m/s to mm/year):

C

unit

=1000-3600-24-365=3.15-10' Conversion factor [ - ] (4.33)

10) Maximum erosion in the pipe bend is found by the following expressions:

K-F(a)U! .
E, = ﬁ’G’CI -GF -10 Relative surface thickness loss [mm/ton] (4.34)
t t
K -F(a)-U,
Ly = W-G-Cl -GF-m,-C,,  Annual surface thickness loss [mm/year] (4.35)
t t
K -F(a)-U" .
E= piA‘G -C,-GF-M ,-10 Actual surface thickness loss [mm] (4.36)
A

The geometry factor (GF) shall be selected according to [4.3]. If no information is available on the
complexity of the piping isometric a geometry factor of GF=2 should be used.

Calculation example: A 4” steel (D = 0.1 m) pipework system is operated with a superficial liquid velocity
of 5 m/s and a superficial gas velocity of 10 m/s. The properties of the liquid phase is characterised by

pr = 800 kg/m3 and g = 1.0E-03 kg/ms and the gas phase is characterised by p; = 100 kg/m? and

Ug = 1.5E-05 kg/ms.The pipework consists of elbows with radius of curvature R = 1.5 X D spaced more than
10 x D. Particles are characterised by semi angular quartz sand with a dsp particle size of 250 um. The
annual sand load for the system is estimated to 0.1 ton.

For the pipework elbows the erosion rate is from the elbow model calculated to 0.014 mm/ton. I.e. more
than 7 ton of sand is required to cause 0.1 mm erosion at this operating condition. For the expected annual
sand load of 0.1 ton, this corresponds to an estimated wall thickness reduction of 0.0014 mm/year.

4.8 Blinded tee

Particle erosion in blinded Tee can be estimated with the following procedure:

1) Calculate the following non-dimensional parameters:

d . . . . .
y=le Ratio of particle size to pipe diameter (4.37)

D [-]
ﬁ:& Ratio of particle to fluid density (4.38)

Pu [-]

V -D
Re, =—* Reynolds number [ - ] (4.39)
vm
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For 5 < 40
d,. 0.4 Normalised critical particle diamet
y, = oo o [_o]rma ised critical particle diameter (4.40)
D B
_D ey
In(Re )’ ‘ (4.41)
07 72 70
C = 3
IV TE Model factor [ - ] (4.42)
For b > 40

-0.6
b=l R i1l -12
10000

ﬁ)b
= 0.0035(
Ve 40

19 Model factor [ - ] (4.43)
. In(Re,) ~ y<r.
-03-(1-1.01“"), y=7,
C, =10

2) Calculate the particle size correction factor:

G= [7J Particle size correction factor [ - ] (4.44)
7e

3) Calculate the characteristic area exposed to erosion:

_rm-D?

4=

Characteristic particle impact area [m2]  (4.45)

4) The following unit conversion factor must be used (m/s to mm/year):

C

unit

=1000-3600-24-365=315-10" (4.46)

5) Maximum erosion in the blinded tee is found by the following expressions:

K .U"
E, = A” -G-C, -GF -10° Relative surface thickness loss [mm/ton] (4.47)
P4,
m, KU’
E,, =7A-G-Cl “GF-m,-C,, Annual surface thickness loss [mm/year] (4.48)
P-4,
K-U, 3
E= y -G-C,-GF-M ,-10 Actual surface thickness loss [mm] (4.49)
Pi 4

Geometry factor (GF) shall be selected according to [4.3]. If no information is available on the complexity
of the piping isometric a geometry factor of GF = 2 should be used.
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4.9 Reducers

The tapered section of reducers are exposed to erosion due to change of flow direction combined with flow
acceleration. The figure below indicates location of erosion (red) and notation for the model parameters.

The model is considered valid for reducer angles in the range [10, 80°].

B

27
L

Figure 4-3 Schematic, flow reducer

Particle erosion in reducers may be estimated according to the following 7 step calculation procedure:

1) Establish angle dependency F(«a) from specified correlations (ductile) and a as defined in Figure 3-2.

2) Calculate the area exposed to particle impact (directly hit by the particles):

i (D} -D3) Characteristic particle impact area [m?2]

" 4.sing

(4.50)

3) Calculate the ratio between area exposed to particle impact and the area before the contraction:

2
A4..=1- D, Area aspect ratio [ - ] (4.51)
Dl
4) The particle impact velocity is set equal to the fluid velocity after the contraction:
D
U,=V,,=V,, ~(D—1)2 Characteristic particle velocity [m/s] (4.52)
2
5) Calculate the particle size and fluid density correction factor C,:
6 6
10°-d, <1, C. = 10°-d,
30( )1/2 2 30( )1/2
p)n pm
Particle size correction factor [ - ] (4.53)
10°-d,
W 2 1 Vi C2 =1
6) Conversion factor (m/s to mm/year):
C,.=1000-3600-24-365=315-10" Unit conversion factor [ - ] (4.54)
7) Maximum erosion in the contraction is then found by the following expressions:
K-F(a)-U, ¢
= piA'A”’”“ -C,-GF-10 Relative surface thickness loss [mm/ton] (4.55)
(e
K-F(a)-U,
E = o4 Ao C,-GF-m,-C,. Annual surface thickness loss [mm/year] (4.56)
t t
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Geometry factor (GF) shall be selected according to [4-3]. If no information is available on the complexity
of the piping isometric a geometry factor of GF=2 should be used.

Ay C, GF M, 103 Actual surface thickness loss [mm] (4.57)

4.10 Intrusive erosion probes

Intrusive erosion probes are extensively applied both subsea and topside for continuous monitoring and
control of pipework wear /19/. The probe erosion elements are normally made of materials with erosive
properties similar to the pipework. The model should be limited to probe surface angles between 10° and
90°. Typical probe angels are 45° + 15°. It is implicitly assumed that the particles are homogenously
distributed over the pipe cross section. It should be noted that depending on the location and orientation
of the probe and the effects of upstream pipework this may not always be the case.

— —~
- ) a Y @
_______________________________________ = 2 R SO B
~ //
/// //
.
Centre mounted Wall mounted
Figure 4-4 Intrusive erosion probe
Probe erosion is estimated by the following steps:
1) Calculate representative particle impact area:
T 1 Equivalent particle impact area for (4.58)
= .Sin(a) homogenously distributed particles [m?2]
2) Calculate F(a) from correlation curve, or conservatively set F(a)=1, ref. Figure 3-2
3) Calculate particle correction factor C2:
10°-d 10°-d
For| — % _|<1, C,=|— 2
30-(p,)"* 30-(p,)'"*
(4.59)
10°-d
For | ——— |21, C, =1
30-(p,,)
4) Conversion factor (m/s to mm/year):
C,., =1000-3600-24-365=315-10" Unit conversion factor [ - ] (4.60)
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5) Calculate the probe erosion rate:

K-U! Fla
E = Pi() - C, -10°
Az'pt d

m/kg

Relative surface thickness loss [mm/ton] (4.61)

——
p—correction

At'pt

m/ kg

K-U" F(a)
k., :[ - ] sy My "Cuii  Annual surface thickness loss [mm/year] (4.62)
d

p —correction

In many cases it is of interest to use the “real-time” measured erosion rate from the probe to assess the
“real-time” amount of solids produced.

L.e. the real time sand production can be determined from the measured erosion rate E| measured (MmM/
year) and the equation above:

E
m, =Lt ¢ e=3.15-104 Mass rate of sand [kg/s] (4.63)
EL,M -C

unit

It should be noted that this approach may involve uncertainty, particularly at low bulk flow velocities.
Orientation of the pipe in which the erosion probe is installed also needs to be considered with respect to
distribution of sand over pipe cross section. Due to this uncertainty the approach should not be used when
bulk flow velocity (V) is less than 5 m/s.

4.11 Flexible pipes with interlock carcass
Flexible pipes normally consist of a multilayer composite structure with an internal interlocked steel carcass
to prevent pipe collapse and to protect the polymer pressure sheet from mechanical or abrasive damage.

With reference to API 17] (specification for unbonded flexible pipe), the manufacturer shall demonstrate
with tests -or analytical data based on tests- that the carcass has sufficient erosion resistance to meet the
design requirements for the specified service life and service conditionsl).

1) For carcass erosion test reference is given to API 17B, section 7.7.7.

Tolerable erosion to the interlock carcass should be limited with reference to risk of carcass collapse,
unlocking of the carcass (tensile load) and potential for direct exposure or collapse of the polymer
containment barrier following a carcass failure. Based on industry best practice the tolerable erosion to the
interlock carcass should be limited to maximum 10 to 30% of the carcass steel plate thickness for the
specified service life of the pipe. Considering a characteristic plate thickness of 1 mm, the erosion allowance
will typically be 0.1 to 0.3 mm?3).

2) Tolerable erosion normally less than for rigid steel pipes

The erosion potential should be assessed for the part of the pipe expected to have the worst combination
of curvature (bending radius) and operating conditions3).

3) Conservatively the minimum bending radius (MBR) as per design may be used

Flow ‘
Leading edge

AN
w:’t ;Q’ E E ! ! Carcass (interlock)

Pressure Sheet

Figure 4-5 Interlock carcass structure (left), typical carcass erosion damage (right)
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Curved sections of a flexible pipe will experience erosion comparable to an equivalent rigid pipe bend.
Effects of rougher surface structure of the interlocked carcass compared to rigid piping are experienced to
have moderate effects on the average surface erosion. From controlled erosion tests /16/ on interlock
carcass and from detailed CFD erosion simulations, localised hot spot erosion is expected on the leading
edge of the carcass, ref. figure above. The erosion model for pipe elbows specified in the current document
is applicable to flexible pipes up to a radius of curvature of 50 times the internal diameter of the carcass.

When applying the pipe elbow erosion model given in the current document to flexible pipes, the following
guidance is provided:

a) The internal diameter of the pipe should be taken as the minimum internal diameter of the interlock
carcass.

b) The radius of curvature should be taken as the minimum bending radius in operation, also considering
dynamic behaviour.

c) A minimum geometry factor of GF=2 for the leading edge of the interlock carcass should be applied on
top of the elbow model, ref. figure above?).

d) Tolerable erosion of the interlock carcass should be limited to 10% of the carcass plate thickness unless
otherwise specified by manufacturer.

4) The geometry factor may vary depending on carcass geometrical layout. This may be visualised with a detailed CFD model. A geometry
factor of GF=2 implies that the erosion rate calculated with the elbow model for a flexible pipe should be multiplied with a factor of 2.

The above approach is considered sufficient to document compliance with the requirements specified in API
17] related to plain erosive wear of the carcass. Additional degradation due to corrosion needs to be
considered separately as found relevant. Further details on the distributed erosion on the interlock carcass
may be obtained from detailed CFD erosion simulations, ref. example below.

Figure 4-6 Example of interlock carcass CFD erosion contours, showing higher erosion on leading edge in
the extrados of the pipe

4.12 Production chokes

4.12.1 General

Production chokes generally stand out as the components in oil & gas production systems that are most
susceptible to erosion, which is also reflected in the statistics on erosion failures. This is primarily due to
the potential for high flow velocities created by the pressure let-down across the choke. In addition to the
risk associated with erosion, production chokes are also susceptible to plugging in case of high sand
concentrations or particles larger than the passage through the throttling part of the choke. This may cause
both operational problems and accelerated erosion. A brief description of typical choke designs is included
in App.D.
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Figure 4-7 Schematic; angle style choke relative to adjacent piping

4.12.2 Choke selection

Selection of choke for a given sandy service applications should consider the following:

Appropriate choke body sizing relative to upstream piping to ensure that the choke body does not stand
out as a significantly weaker link with respect to erosion potential.

Choke orientation to reduce risk of plugging by sand and other particles or debris (depending on choke
design)

Appropriate sizing of flow capacity (Cy) to prevent operating the choke at unfavourable conditions that
may shorten the service life of the choke trim components. An appropriate trim size may reduce the risk
of loss of containment. A given choke body should be able to accommodation a sufficient range in trim
sizes to fit the variation in operating conditions during field life.

Minimum acceptable flow path through choke (i.e. ports or channels) shall be evaluated with reference
to expected size of particles that may be produced from the well (depending on lower well completion).
Trapping of erosive particles in the choke may cause erosive wear significantly above what is expected
for the observed sand load due to particle re-circulation. Minimum passage should be evaluated
according to standard bridging theory, i.e. dimension of minimum passage should be at least 3 times
the expected size of particles.

Tolerable erosion to the choke body should be established in co-operation with the choke vendor’s
recommendations, considering material selection and any additional internal CRA cladding.

Any trim parts that may be exposed to high particle impact velocities should be of erosion resistant
material. Erosion resistance and resistance to brittle fracturing should be qualified from testing.

Certain choke trim designs may cause high risk of erosion in the choke outlet. This is a particular concern
for trim designs that generate distinct jet streams in the choke outlet. In some cases a certain length
of the choke outlet needs to be protected by an extended wear resistant outlet bean or sleeve.

Brittle fracturing of wear resistant trim components may cause a sudden increase in flow to downstream
systems. The capacity of the downstream system -including the pressure protection system- needs to
consider a choke collapse scenario. The risk of choke collapse varies between different choke designs
(ref. App.D).

A philosophy for well clean-ups needs to be established, i.e. will the production choke be exposed to
clean-up operations or will clean-up be performed with a dedicated trim/choke. Potential effects of
expected debris, particles and sand during the clean-up operation on choke integrity and performance
should be evaluated.

Potential for reverse flow through the choke (e.g. alternating injectors/producers, clean-up wells and
injection wells). It should be acknowledged that reverse flow in combination with sand production may
be a significant threat to the integrity of the choke. Such operations should always be subject to a risk
assessment.
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4.12.3 Operation

To reduce erosive wear of the choke trim components, operating the choke at less than typically 20% of
the maximum choke capacity (Cy)1) in combination with confirmed sand production should be avoided to
prevent reduced service life of the trim. For most choke designs this is primarily a controllability issue and
not a safety concern. However, for some choke designs that generate distinct jet streams or swirl in the
choke outlet under throttled condition, low choke opening may also be a significant safety concern.
Similarly, biased flow caused by partial plugging or excessive wear of the throttling mechanism can be an
issue for any choke design.

1) Due account shall be taken for uncertainty in actuator position
When the production forecast implies that the choke will be operated at a choke opening less than typically

20% with confirmed sand production for a long time period (>1 year) it should be considered to temporarily
install a choke trim with a smaller Cy,.

Figure 4-8 below provides a general guidance on minimum choke opening for plug/cage and cage/sleeve
types of chokes, referring to the throttling flow velocity in the choke and sand loading. The table is intended
as an example and should be adjusted according to recommendations from a specific choke vendor.

Recommended choke operating range (% of maximum trim Cv)
as function of choke throttling velocity (Vc) and sand load
Oil field Gas field
Sand load Sand load
(&/s) e Vc=0-50 m/s Vc=50-100 m/s Vc=100-200 (m/s) Vc=200-400 (m/s)
0.1-1+ 3-30+ 10% - 100%
0.01-0.1 03-3 3% - 100% 10% - 100%
<0.01 0-03 5% - 100% 5% - 100% 10% - 100% 10% - 100%
1/2
Ve o (4-(& *Pz)) !
(Pl.m + P2,m)

P, = Choke upstream pressure [Pal
P, = Choke downstream pressure [Pa
P1m = Fluid mixture density upstream choke [kg/m3]

Pam = Fluid mixture density downstream choke [kg/m3]
Figure 4-8 Example: Guidance on minimum choke opening for cage chokes

4.12.4 Inspection and condition monitoring

Due to the complex shape and variation in material properties for the different parts of the choke, inspection
of the choke body using conventional UT methods is in most cases not feasible or in best case associated
with high uncertainty. Inspection will therefore normally require splitting for visual access through flanges
or bonnet. For a properly sized choke body, inspection of the adjacent pipework (e.g. UT) should normally
be a sufficient safeguard for controlling risk of erosion. For an undersized choke body this may not be the
case.

For certain choke configurations it is considered feasible to detect erosive wear by monitoring changes in

flow characteristics. This requires a sufficiently accurate model for calculating the theoretical Cy, of the choke
at the given operating conditions. The calculated value is then compared to the actual choke setting. For

multiphase operating conditions in combination with single stage trim designs this has proven to be difficult.
For multistage or labyrinth cage designs where internal wear of the cage gives a significant effect on the

flow capacity of the choke the approach is considered feasible. Interpretation of any changes in Cy that is
perceived to be due to erosion needs to consider the accuracy of the theoretical Cy, model and should be

based on trend curves for a sufficient time period.

Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 38

DNV GL AS



An alternative method for detecting erosive wear in the choke trim is to assess the internal leak through
the choke at closed choke position and then compare this with an as-new condition. Erosion to the choke
trim components will in most cases reveal itself as an increase in internal leakage. The test may be
performed as part of a planned well shut-in or as separate operations if severe trim erosion is suspected.
Continued operation with confirmed severe choke trim erosion should be subject to a risk assessment.

Typical combinations of abnormal choke response and root causes linked to sand production given in Table
4-4 may be used as background for making qualified decisions on required corrective actions.

Table 4-4 Guidance for RCA of chokes

Sandy service operation of production chokes - typical combinations of failure modes and root-cause

Cause of failure
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4.12.5 Erosion model for choke gallery

Establishing erosion models that are applicable to a wide range of choke configurations is challenging due
to their relatively complex geometrical layout compared to other piping components such as elbows and
reducers. Different choke vendors also have specific design features both related to geometrical layout and
material selection that may affect the performance in sandy service operation. In most cases a detailed CFD
erosion simulation is the preferred option for determining erosion potential. The current models are
therefore limited to what is considered generic for a wide range of choke designs and relevant from a
perspective of choke selection and operation.

Erosion in the choke gallery for an angle style choke design is a potential concern particularly in the case
where the choke body is sized significantly smaller than the adjacent piping or the choke is designed with
a narrow gallery between body and cage. The difference between a wide and narrow gallery is shown in the
figure below.

Key

Choke Body
Gallery
Cage

EaE o S o

Inlet Flange ™

Figure 4-9 Generic choke gallery; wide gallery (left), narrow gallery (right); gallery highlighted with red line

The choke gallery erosion model is based on the erosion model for a standard bend described in [4.7] with
input parameters according to Table 4-5.

Table 4-5 Choke gallery erosion mode

Parameter | Input

R (m) Radius of curvature should be taken as the radius of the choke gallery
D (m) Diameter shall be taken as the gap between the cage and choke body
H (m) Height (effective) of gallery

Ag (m2) The effective gallery area shall be taken as the 2 x Hx D

Up (M/s) Velocity shall be taken as: % x Actual flow rate (m3/s) / Ag (m?)

G () C, shall be taken as 1.25

The model is validated towards a selection of representative CFD simulations and a limited set of full scale
erosion tests. The model shall therefore not be considered to be more accurate than a factor of £3 on the
predicted erosion rate.
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SECTION 5 MODEL PARAMETERS FOR OTHER EROSIVE AGENTS

Operation of oil and gas facilities also involves other erosive particles than typical quartz sand. Different
types of solid materials are used as weight materials for drilling, completion and kill fluids.

Related to well completions and fracturing, different types of artificially made particles are used. For certain
operations or where an artificial gravel pack is set in combination with a screen failure, proppants may be
produced back to surface.

Physical properties of calcite, barite and proppants relevant from the perspective of erosion are given in

Table 5-1 below.

Table 5-1 Properties of other erosive agents than quartz sand

- Hardness Mass density o e
Erosive agent (Moh) (kg/m3) Shape Application
Quartz sand 7 2650 Semi angular - angular From reservoir
Calcite 3 2710 Spherical - Semi angular Weight material
(chalky)
. Spherical - Semi angular . .
Barite 3.5 4400 Weight material
(chalky)
) Spherical / sharp Screen completions/
Proppants 2710 (crushed) fracturing

Based on material erosion testing, using steel as target material, guidance on relative erosion of the
different erosive agents compared to quartz sand is given in Table 5-2.

Table 5-2 Relative erosion for other particles than quartz sand

Erosive agent

Guidance: Relative erosion

Calcite, Barite

Erosion of steel by typical barite and calcite particles can for practical applications be
approximated to be at least a factor 50 lower than erosion by typical quartz sand. With reference
to

Table 3-1, the material constant shall for calcite and barite read:
K=4.0E-11.

The recommendation is based on material erosion testing using barite, considering a range in
particle impact velocity from 50-90 m/s at impact angle of 30 degrees.

Erosion of steel can be approximated as equal to quartz sand. With reference to

Proppants Table 3-1 the material constant shall for uncrushed proppants read:
(uncrushed)
K=2.0E-09.
Erosion of steel can be approximated as three times higher than quartz sand. With reference to
Proppants Table 3-1 the material constant shall for crushed proppants read:
(crushed)
K=6.0E-09.
Associated with well clean-up operations a smaller amount of metal debris from well perforation
Metal chips may be entrained in the fluid. Erosion of steel by metal chips may conservatively be assumed as
for quartz sand.
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SECTION 6 SOFTWARE MODEL

Erosion models described in the current document are incorporated in a software application that is
commercially available and licenced through DNV GL Software. The application enables a simple and time
efficient assessment of erosion potential for standard piping components as a function of operating
condition and sand loading.
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APPENDIX A SAFEGUARDS - MANAGING SAND PRODUCTION AND
EROSION

A.1 General

The current appendix provides a description of potential safeguards for controlling and managing the
consequences of sand production and erosion. The safeguards are included both for educational purposes
and to serve as a reference for a sand management strategy risk assessment.

A.2 Sand control

Different methods are applied to limit size and amount of sand from entering the wellbore. Selection of the
optimum solution is a balancing act between effective sand control and increased cost of well completion
together with potentially negative effects on well productivity. Various down-hole sand screen (filter)
solutions are available and tailored to specific field or well conditions and reservoir sand particle size
distributions (PSD). The normal approach is to select a screen design that retains particles above a certain
size, allowing smaller particles to enter into the wellbore. Preventing particles from entering the well bore
may increase the risk of plugging and reduced productivity (PI). Sand screens may be stand-alone solutions
or screens backed e.g. with a gravel pack.

Other solutions for sand exclusion are oriented perforated/slotted liners utilising the difference in vertical
and horizontal formation strength. Various methods for chemical sand consolidation in operation have been
attempted, however with moderate success. With reference to statistics, sand screen failures during well
service life should normally be expected. To minimise risk of screen failure the differential pressure across
the screen needs to be controlled to prevent particle erosion and breach of screen. Partial plugging of the
screen is difficult to control or monitor and may lead to reduced inflow area and hence hot spots for erosion.
In case of screen failure the well may in some cases be re-completed, however the standard approach will
be not to repair/replace the screen. Hence, in most cases, sand production after screen failure needs to be
managed and controlled by other means.

For completions with down-hole sand screens the required response time (e.g. shut-in of well) before critical
erosion occurs to the system should be established. This erosion assessment should consider characteristic
particle sizes relevant for the unfiltered formation sand including any gravel/proppants in the well. It should
be evaluated whether the methods available to detect sand screen failure will capture a sand screen failure
within the required response time. A screen failure will normally lead to both increased sand load and
production of larger particles.

A.3 Draw-down control

Controlling draw-down is a possible safeguard for limiting the amount off sand transported with the
reservoir fluid from formation to well bore. Controlling draw-down will also reduce differential pressure
across sand screen completions, hence reducing the risk of screen failure. The criteria for maximum
allowable draw-down should be based on expert judgement by reservoir and production engineers and
should be revised according to changes in reservoir conditions. Controlling draw-down directly affects the
well production performance; hence a compromise between well production rate and tolerable sand
production is necessary.

A.4 Optimisation of lift mechanism

Optimisation of artificial lift mechanisms such as gas lift or ESP in combination with choke operation is a
potential safeguard for controlling sand production and erosion. It should also be acknowledged that
different concerns are associated with gas lift as compared to ESP related to sand production. ESPs may
experience reduced service life in sandy service. Injection of lift gas increases the bulk flow rate, hence also
the bulk flow velocity in the system downstream the injection point. Systems operated with artificial lift
mechanisms are often associated with a low process pressure. Particularly for gas lift operated systems the
effects of gas expansion may result in a high class of erosive service.
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A.5 Periodic valve testing

According to regulatory requirements, safety critical valves shall be subject to function and internal leak
testing at specified intervals. Periodic valve testing may be a sufficient safeguard to detect abnormal valve
response due to any valve clogging or erosion, but needs to be considered on a case to case basis.

A.6 Continuous monitoring of sand production

Continuous (online) measurement of sand production is a potential safeguard for ensuring that the specified
limitations in sand handling capacity are not exceeded. Combined with appropriate erosion models, online
sand measurements may be used to continuously keep erosion within safe limits. The most commonly used
technology is based on sensors correlating the distinct acoustic signal created by sand impacting on the pipe
wall to sand concentration in the process flow. With proper calibration the systems are able not only to
distinguish between sand and no sand, but also to provide a quantitative sand rate (g/s) that can be
presented in the control room. Systems are available both for subsea and topside applications.

Constraints on detection limits and precision are a function of flow condition and particle characteristics and
need to be considered on a case to case basis. The acoustic signal from the sand particles is normally
reduced with increased density and viscosity of the fluid and with reduced flow velocity and particle size.

Sand production may alternatively be indirectly quantified from intrusive erosion probes by applying an
appropriate erosion model, ref. [4.10]. The method is considered applicable for bulk flow velocities above
5 m/s and requires proper placement and orientation of the erosion probe.

A.7 Spot-check monitoring of sand production

Spot-check measurements based on direct sampling of sand production from topside streams in a dedicated
sand trap or by routing the well through the test separator is a potential safeguard to detect onset or
changes in sand production. Based on changes in particle size distribution a direct sampling technique may
also reveal a sand screen failure (increase in particle size). It should be acknowledged that sand production
may vary between samples. Samples from processed streams will help detect carry-over of particles to
systems downstream of the separator. An increase in particle content in downstream systems may indicate
solids build-up in the separator.

A.8 Continuous monitoring of erosion

Intrusive erosion probes based on direct measurement of material loss is a potential safeguard to directly
monitor and control pipework erosion within acceptable limits. The location and orientation of the probe is
essential for whether the probe signal constitutes a representative estimate of pipework erosion. Combined
with erosion models the output from an erosion probe may be used to asses condition of adjacent pipework.
The probe element material should preferably be similar to pipework material with respect to corrosive and
erosive properties.

For topside applications the erosion probes can normally be replaced by a relatively simple operation, and
it can therefore be allowed for sensor elements with shorter service life (erosion) and higher sensitivity.

For subsea applications the standard practice is to select erosion probe elements that are aligned with the
tolerable erosion in the pipework which it is supposed to monitor for the target service life of the production
system. Current practice is to use erosion probes with a maximum range up to 1 mm material loss.

A.9 Erosion modelling

Erosion modelling is a potential safeguard for determining the erosion potential for a given system design,
operating condition and sand load. In certain cases the erosion potential for a given system design and
operating condition can be neglected for realistic sand loads, hence the requirements to sand and erosion
monitoring may be evaluated accordingly. In the opposite end of the scale a given system design and
operation may tolerate marginal sand before erosion becomes critical. Hence, erosion modelling is a
valuable tool to correlate a given system design and operating condition to determine tolerable sand load.
Empirical erosion models for standard pipework and components are provided in this document. For
complex geometrical layouts or when the exact location of the erosion attack is important Computational
Fluid Dynamics (CFD) erosion simulations may be the preferred option.
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A.10 Monitor bulk flow velocities

Considering the strong dependency between erosion potential and the flow velocity converting the operating
process conditions into bulk flow velocity is considered crucial. Monitoring the bulk flow velocity at specific
locations in the process system will enable the operator to determine the class of erosive service. Unless
other methods are available in the data acquisition and processing system the simple black oil model
provided in [4.4.2] may be applied.

A.11 Monitoring and controlling choke erosion

Service life of production chokes is significantly affected by sand production due to the effects of both trim
and body erosion. Performance in sandy service operation depends strongly on choke design. Reference is
made to description of state-of-the-art choke designs given in App.D.

The primary safeguard to control erosion is to use trim components of erosion resistant material, even when
the expected sand production is low.

Oversizing of the choke trim (Cy/) should be avoided as this may lead to operation at very low choke opening,
hence increasing the risk of trim and choke outlet erosion. For production chokes expected to be operated
at low opening with sand production for a significant time period, the option of installing a choke trim with
reduced Cy should be evaluated.

Choke trim erosion may lead to both increased flow capacity and reduced sealing performance in closed
position. Performing an internal leak test for choke valves as part of the periodic well barrier testing may
be utilised to assess choke trim condition and to identify onset or changes in sand production.

A.12 Monitor sand build-up in separators

Monitoring sand build-up in process vessels (e.g. inlet separator) is a potential safeguard to limit carry-over
of particles to downstream systems and detect sand production when no other means of sand monitoring
are installed. The liquid stream outlets from separators normally extend a certain distance into the tank,
hence allowing for a certain sand build-up. However, at a certain point the sand level becomes too high and
particles are carried over to the liquid outlets. Areas of sand build-up will due to lack of exposure to the
warmer production stream appear as colder on the external vessel surface. Different methods for measuring
the temperature variations on the outer shell have proven to be a simple and effective way to assess sand
build-up. Feasibility of this option needs to be considered on a case by case basis, particularly considering
the vessel thermal insulation.

A.13 In-line de-sanders

In certain cases installation of in-line de-sanders may be an effective method for reducing the amount of
sand into the downstream process system. De-sanders physically remove sand from the unprocessed
stream and may be installed in individual well lines or in a gathering line upstream e.g. inlet separator.
Properly designed to the flow and process condition, de-sanders may be highly efficient for sand removal.
Constraints associated with weight, space as well as installation and operational cost need to be considered.

A.14 Use of chemicals to improve efficiency of sand separation

Sand trapped in emulsions may cause reduced separation efficiency and increased potential for carry-over
of particles with the liquid phases to downstream systems. Potential effects of sand may be considered in
the optimisation of emulsion breakers.

A.15 Removal of sand from process vessels

Requirements to systems for removal of sand from process vessels need to be evaluated depending on
expected or actual sand production. For process vessels not equipped with automatic systems for sand
removal, significant downtime must be foreseen to manually remove sand. Inlet process vessels should as
a minimum be prepared for a retrofit sand removal system.
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A.16 Hydraulic pigging

In cases where the operating condition of a flowline is outside the envelope for safe transport of solids; (low
production rates/velocities), temporary increase in flow velocities, either by increasing flow rate or changing
operating conditions may be an effective safeguard to identify any solids build up or to mobilise and remove
solids from the line. Typical sand transport regimes are illustrated in the figure below. In cases where sand
accumulation may be critical for the flowline, appropriate sand transport models should be used to address
the risk or to determine conditions required for hydraulic sand removal.
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Figure A-1 Sand transport regimes

A.17 Mechanical pigging

Mechanical pigging may be an effective method for removal of smaller amount of solids from flowlines,
however, the risk of stuck pig should be accounted for when designing the pig train.

A.18 Monitoring flow velocities in processed liquid streams

Liquid process streams are often associated with moderate flow velocities. To prevent solids build-up in
liquid lines, the liquid velocity should exceed 1 m/s Ref. ISO 13703. In case of multiphase flow a more
sophisticated analysis is required. Models which can be used to assess the potential for sand accumulation
in multiphase pipelines are, however, available.

A.19 Online NDT

Different methods are commercially available for online monitoring of pipework wall thickness. Online wall
thickness monitoring will normally be limited to one or a few locations on the pipework and should for that
reason not be considered a substitute for a conventional inspection programme. There are also constraints
on pipe diameter, wall thickness and proximity to flanges and inline equipment. Any online techniques for
monitoring wall thickness should be at a location where the maximum erosion is expected based on erosion
modelling. Failing to do so may give a false impression that the system is not experiencing erosion.

A.20 Inspection

Inspection of pipework and components should be considered as a second line of defence. Hence the
consequences of sand production should be managed through other safeguards than inspection alone.
Feedback from the inspection programme is however essential for establishing confidence in the sand
management strategy.

Also, actual erosion in components not accessible for inspection can be estimated using a combination of
inspection results from adjacent piping and suitable erosion models.

A.21 ASR test

An Acceptable Sand Rate (ASR) test may be performed to test whether a production well can operate on a
higher production rate and still be within the steering criteria for acceptable sand production. The test is
normally performed as part of the periodic well test program.
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A prerequisite for performing an ASR test is that a sufficiently accurate system for monitoring sand
production during the test (and subsequent operation) is in place.

A typical flow diagram for execution of an ASR test is shown in the figure below. For a specific field

application the flow diagram should be detailed in the well specific procedures alternatively included as part
of the well test procedures.

START: Route well to test separator and confirm that sand rate is
acceptable for continuous operation

¥

Step-up well production rate and keep for minimum 3 hours
(Ensure sand production within criteria for temporary operation)

Continue producing for 2 hours.
(Ensure sand production within criteria for temporary operation)

Sand production from well
within acceptance criteria for

Sand production continuous operation?

acceptable for
continuous
operation?

Target
production rate
reached?

Reduce-production

Step-down well production rate

|

Continue producing and monitor sand production for minimum 3 hours

Sand production
next 3 hours within
acceptance criteria
for continuous
operation?

J

o Yes Sand production from well
Well OK. Re-rout to main process 41‘ e o e
END: ASRTEST COMPLETED TGl
continuous operation?

Figure A-2 Schematic illustration of an ASR test
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APPENDIX B MATERIAL EROSION TESTING

B.1 General

The current section provides guidance on how to test different materials for erosion resistance subject to a
given erosive agent. The procedure is included for transparency and to ensure consistency in how the
coefficients in the particle impact erosion response equation presented in the current document are derived.

B.2 Test set-up

The standard test for determining the erosion resistance of a material is to expose a material test sample
to a given amount and size of particles at different impact velocities and angles. A typical test rig applying
high pressure air as carrier fluid is shown in the figure below.

The sand particles are injected into an air flow and accelerated to the target particle impact velocity in the
2.0 m (ID 6.0 mm) acceleration tube. The test sample is placed at the exit of the acceleration tube and
oriented relative to the centre line of the acceleration tube to obtain the target impact angle. The test
sample should be placed sufficiently close (<5D) to the tube exit to prevent any attenuation of particle
velocity, i.e. to control particle impact velocity.
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Figure B-1 Schematic test set-up for material impact erosion test

B.3 Test medium

The test fluid may be either liquid (typically water) or gas (typically dry air). For erosion testing at high
velocities, testing with air is considered the preferred option.
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B.4 Test coupons

The test samples should be of a size that enables the use of a high precision scale (typically £ 0.1 mg).
Recommended coupon diameter size is 25 mm (1”).

B.5 Erosive agent

The characteristics of the erosive agent (e.g. sand) shall be documented in terms of particle size distribution
{d10, d50, d90} and other relevant characteristics. The sand applied in the erosion tests performed by DNV
GL has been compared with samples of sand taken from Norwegian Continental Shelf (NCS). The test sand
contains more than 90% of erosive solids (quartz).

i

0.12.mifl

Figure B-2 Example of typical quartz sand - field sample

B.6 Velocity

As a minimum the material should be tested at three different particle impact velocities (Up). The velocity
range may vary depending on what applications the material is intended for. The following range is
recommended: {20, 50, 200} m/s.

B.7 Angle

As a minimum the material should be tested at two different impact angles. For ductile materials it is
recommended to test at impact angles 30° and 90°. The impact angle dependency test should be performed
at the intermediate test velocity. With the recommended test set-up, the precision of the tests are reduced
at impact angles below approximately 20°. This is a result of some particles impacting multiple times and
that some particles are deflected off the test sample without impacting on the surface, ref. Figure below.

Figure B-3 Typical erosion pattern on test specimen at perpendicular (left) and low angle impact (right)
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B.8 Reference test

As part of a material erosion resistance test, a reference sample of known erosion performance should
always be included as part of the test programme to ensure calibration of the test results. It is
recommended to use SS316 as reference material.

B.9 Procedure

For each test condition {Upli, a;+ the test sample shall be cleaned and weighed a minimum of three times
at intermediate intervals. A linear relationship between weight loss and the total amount of erosive solids
the test sample has been exposed to shall be demonstrated to ensure that potential incubation effects are
accounted for.

B.10 Calculation of material erosion resistance parameters
The average material erosion resistance exponent (n) shall be calculated according to:

In E90(up,i+l)

1 ﬁ Eoo(”p,i)

N_l i ln[up’“'l:l
u,,

The material erosion constant shall be calculated based on test data at F(a)=1 according to the following
expression:

K= 1 i EQ,,)
N ul
Parameter Unit Description
n [-1] Average material exponent.
N [-] Number of test velocities.
Up,i [m/s] Test velocity for test #i.
) Recorded material loss per amount of solids for test velocity #i, at impact

E(Up, 1) [ka/kg] angle where F(a)=1
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APPENDIX C COMPUTATIONAL FLUID DYNAMICS - EROSION
SIMULATION

C.1 General

Computational Fluid Dynamics (CFD) involves numerically solving the Reynolds averaged Naviér-Stokes
equations for a specified fluid domain. The approach enables a more detailed representation of the flow
pattern inside complex components. Several of the commercial CFD solvers have built-in options for particle
tracking and erosion calculations providing more accurate prediction of level and location of maximum
erosion.

s PT for Sand dErosion
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€0.00 0.100

0.090
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010

0.000
m]

Figure C-1 CFD simulation of material erosion test, particle trajectories (left), erosion contour on test
sample (right)

The following sections provide some general guidelines and limitations on issues specifically related to
application of CFD to particle erosion simulations.

C.2 Solver requirements

For erosion simulations the CFD solver needs to include validated models for tracking of solid particles with
a specified mass and characteristic shape and size. Due to low particle concentrations one way coupling is
normally considered sufficient, i.e. the fluid is allowed to affect the particle trajectories but the particles do
not influence the flow field. The particle drag model needs to account for turbulent particle dispersion.

The CFD solver needs to have incorporated particle impact erosion models or a user interface that enables
add-on routines for implementing tailored erosion response models as described in the current document.

C.3 Limitations

Considering the current limitations in commercially available state-of-the-art CFD technology (as per 2015)
certain simplifications are required.

The limitations of particle tracking models for multi-phase flow needs to be acknowledged. In a multiphase
condition different flow regimes are possible, depending on the gas-liquid ratio, flow rates and geometry of
the system. This may further affect the distribution of particles in the individual phases and the
characteristic particle impact velocity and distribution. For flow conditions where erosion usually is a
concern, the local fluid velocities are normally sufficiently high for a dispersed flow regime to be established.
Depending on the gas-liquid ratio, this means that either liquid droplets are dispersed in a gas phase or that
gas bubbles are dispersed in a liquid phase. Modelling the fluid phase as a single phase mixture is therefore
considered a valid approach.

Most particle tracking models are not able to sufficiently account for particle degradation, neither in terms
of gradual wear nor break-up. The assumption that the particles remain unchanged through the flow domain

Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 51

DNV GL AS



will in some cases be a simplification. E.g. particles trapped in re-circulation zones may cause scouring
erosion at the same time as the particle itself is worn. Flow through a choke valve at high differential
pressure may to some extent cause particle break-up affecting both particle size and sharpness. These
issues need to be considered when establishing the simulation model and to some extent by sound
engineering judgement.

Erosion will to some extent (due to loss of material) change the internal geometry of the flow domain.
Changes to the flow domain boundaries may modify the flow pattern and subsequently the particle
trajectories and erosion pattern. Continuously adapting the geometry to the erosion contour is feasible but
extremely complex and computationally demanding. In most cases the tolerable erosive wear is on a
significantly smaller scale than the typical length scale of the geometry and it is considered acceptable to
perform the erosion simulations on a static geometry. In some cases sensitivity simulations may be required
to evaluate the effects of erosion damage by manually changing the geometry according to the initial
erosion contour.

In some cases, erosion estimated by CFD and particle tracking is extremely mesh-dependent and the near
wall mesh resolution and shape is particularly important. It is absolutely necessary to perform mesh
sensitivity analyses for different first-layer thicknesses in order to minimize mesh dependency.

C.4 Methodology

CFD erosion simulations may be performed either as steady state simulations or transient simulations.

In a steady state approach, a “Frozen flow field” is first established. A large number of particles are then
tracked on the “frozen flow field”. This approach is less computationally demanding than the transient
approach and is recommended when the fluid-induced transients (i.e. vortex shedding effects) are
moderate. If significant transient effects are expected, this approach may cause distinct locations of
maximum erosion that are non-realistic.

In a transient approach the particles are tracked on a transient field. This means that the particles are
influenced by the constantly changing flow field. When significant transient effects are present, this
approach causes increased particle dispersion, thus preventing unrealistic erosion hotspots. For prediction
of erosion in e.g. the choke outlet, the transient effects induced by the centre point stagnation zone needs
to be taken into account. Therefore, this type of simulation should always be performed in a transient mode.

Steady State Combined Particle Tracking and
Approach Geometry Mesh Steady State Flow Erosion Simulation on “Frozen Field
Transient Modelling e Simulation Transient Combined Flow, Particle
Approach Tracking and Erosion Simulation

Figure C-2 Steady state vs. transient erosion simulation

C.5 Geometry representation

The CFD geometry model should include sufficient details to account for the effects imposed by the
geometry on the flow field and to enable identification of erosion at specific locations of interest. A sufficient
part of the system upstream the point of interest should be included to obtain the correct flow and particle
distribution. In some cases the model needs to be extended both on the upstream and downstream
boundary to prevent model boundary effects at the point of interest.

C.6 Mesh representation
With respect to mesh representation, the following should be considered:

— Orthogonal mesh near walls is of particular importance in order to get correct representation of the
boundary layer and particle impact angle.

— Non-symmetrical mesh may cause biased flow effects and non-physical results.
— Mesh sensitivities should always be performed and documented. This particularly relates to resolution
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of the near wall regions. First-layer thicknesses in the same order of magnitude as particle diameter are
known to cause non-physical results. Similar effects are experienced for high element aspect ratios.

Figure C-3 Typical mesh representation with refined mesh in areas of complex geometry

C.7 Fluid specification

When a multiphase flow is approximated by a synthetic single phase fluid, the mixture properties should be
established based on an appropriate equation of state (EOS) model. The need of implementing response
functions to capture changes in fluid properties as a function of operating conditions (e.g. pressure and
temperature) should be considered on a case to case basis. See Sec.4 [4.4.2] for calculations of mixture
properties.

C.8 Particle representation and tracking

For a given particle size distribution the simulation should be set up using a normal distribution with a
standard deviation of 0.1 times the d50 value%. Typical sand particles may vary in shape, however
assuming spherical particles is considered a valid approximation.

For one erosion simulation, a minimum of N=50.000 individual particles should be tracked. Sensitivity in

number of particle tracks should be performed to ensure that the resulting erosion contours are based on
a sufficient particle impact statistics. Geometry shape and flow regime has a strong effect on the required
number of particles for obtaining acceptable impact statistics.

In the definition of particle tracking, the parallel and perpendicular particle restitution coefficients need to
be specified. The restitution coefficient is one for an ideal reflection, and denotes the reduction factor of the
wall-parallel and perpendicular velocity after the impact. A restitution coefficient of E;| = 1.0 is
recommended on the wall parallel velocity, and Ey = 0.8 - 0.9 on the wall perpendicular velocity.

C.9 Erosion response model

To link the material loss to each particle impact, the erosion models given in this recommended practice
should be used as default. Any applied erosion response model should as a minimum take into account the
effects of particle impact velocity and angle together with material erosion resistance.
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C.10 Post processing of results

When interpreting the erosion contours it is important to evaluate the significance of the erosion as it is
displayed:

— A certain degree of engineering judgement must be applied when interpreting the erosion contours, e.g.
the hot spot areas needs to be of a certain size (at least 10% of governing length scale, e.g. ID) to be
considered a “stable” hot spot

— Is the area with a specific erosion rate large enough to be a representative erosion rate - or can it be
the effect of spurious or singular high velocity impacts?

— Is the erosion displayed a result of particle scouring rather than direct impact erosion?

INVGL

Figure C-4 Typical erosion contour in complex piping geometry

When evaluating the precision of CFD erosion simulations the following factors should be considered:

— Particle tracking routines are considered to be more mesh sensitive for smaller particles than for larger
particles. This relates to the near wall resolution of the flow field and the subsequent interaction with
the particle drag model.

— Erosion response models are considered more uncertain for smaller particles due to the larger fraction
of particle impacts at low impact angle. In the low angle range material test data are limited.

— The models in this document have limited ability to predict scouring type of erosion.

— Are multiphase flow effects captured to a sufficient extent?

Prediction of erosion using the CFD approach has shown good comparison with experimental test data both
for single and multiphase flow. However, it is strongly recommended that the simulation results are to the
extent possible compared to specific test data or operational experience. To simulate the erosion rate within
a model uncertainty factor of £2 is considered achievable.

Recommended practice DNVGL-RP-O501 - Edition August 2015 Page 54

DNV GL AS



APPENDIX D PRODUCTION CHOKES

D.1 General

The current appendix provides a general description of the most common choke designs and potential issues
to be considered in sandy service operation. It should be noted that this is based on a generic assessment

not accounting for vendor or product specific details.

D.2 Multistage/Labyrinth cage with internal plug

Key

1. Cage

2. Plug

3.  Cage port/channel

4. Pressure balance
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Working principle: The effective flow area through the cage is controlled by changing the position of the internal plug.
Multiple configurations of the stack /labyrinth are available both in terms of geometrical design and materials. The

trajectory of the labyrinth port may be two- or three-dimensional. The number of turns/stages in the stack/labyrinth
port determines the relative dissipation of energy inside the stack/labyrinth. The stack/labyrinth may be tailored to a
certain operating envelope for optimum performance.

Possible benefits in sandy service ( + )

Possible downsides in sandy service ( + )

Since the labyrinths wear gradually, the cage functions
as a sacrificial part, thereby protecting the plug, seat
and outlet of the choke. Level of damage may be
monitored by monitoring deviation (increase) in Cv.
Greater erosion can be tolerated inside the labyrinth
passage than on critical guiding and sealing surfaces.
The labyrinth design leads to reduced particle impact
velocity on the plug nose compared to single stage
designs, and therefore reduced plug erosion potential.
Typically, labyrinth style cages have a thicker cage
wall, generally resulting in higher cage impact strength
compared to single stage TC (not composite) cages.
Multistage let-down provides:

— Reduced noise levels compared to single cage
configurations

— Reduced vibration levels for improved seal life and
less potential for brittle fracture of tungsten
carbide components

— Reduced isentropic cooling due to near-isenthalpic
let-down (Reduced Joule Thompson cooling effect)

In high pressure drop erosive service, the labyrinths
wear over time causing an increase in Cv which might
exceed that of equivalent single stage chokes.

The multistage choke body may have to be larger than
for a single stage choke to maintain a properly
designed gallery due to the larger outer diameter of
the cage. However, similar face to face dimensions can
normally be met.

Compared to cages with large ports, multi-stage cages
have a higher risk of plugging at large sand
concentrations or when exposed to particularly large
particles (the risk may to some extent be reduced with
a proper stack/cage design, e.g. expanding paths and
multiple entrances, and the addition of ported holes to
the top of the cage).

Potentially higher risk of plugging during well clean-up,

due to complex flow path through cage/labyrinth/
stack.
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D.3 Single stage cage with internal plug

Key

1 Cage

2 Cage port

3. Plug

4 Pressure balance

- ports
5. Pressure balance ()
chamber ><

6. Seat

Working principle: Effective flow area through the cage controlled by changing position of the internal plug. Seat seal
surface on inside of cage. Energy dissipation primarily in the centre point stagnation zone.

Possible benefits in sandy service ( + ) Possible downsides in sandy service ( + )
— Effective flow area in the gallery not influenced by the | — Impaired controllability in case of plug nose erosion
position of the plug (choke opening). — Impaired sealing performance (internal leakage at
closed position) in case of erosion to the plug nose and
seat
— Brittle fracture / collapse of TC cage.

Note: Dead band may affect the criticality of plug nose and seat erosion.

D.4 Single stage cage with external sleeve

| Fi—
Key
4

1 Cage O
2 Cage port C
3. Sleeve ‘
4 Pressure balance @

ports @
5. Pressure balance <>

chamber <
6. Seat

Working principle: Effective flow area through the cage is controlled by changing position of the external sleeve (ES).
Seat seal surface located on outside of cage. Energy dissipation primarily in the centre point stagnation zone.

Possible benefits in sandy service ( + ) Possible downsides in sandy service ( + )

— Reduced erosion potential on the sealing surfaces — Reduced effective gallery flow area at reduced choke
(sleeve and seat), since these are located on the opening, potentially increasing the risk of erosion in
outside of the cage where the particle velocities are the gallery.
lower relative to the inside of the cage. —  Brittle fracture / collapse of TC cage, also since the

cage is only fixed in the lower end.
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D.5 Composite cage with internal plug

Key
1. Cage (TC)
2. Cage port
3.  Plug
4. Pressure balance
ports
5. Pressure balance
chamber
6. Seat 2

7. External steel cage

Working principle: Same working principle as for single stage cage with internal plug. The steel and TC part of the cage
is tightly fitted with no gap. The ports in the outer steel cage/carrier are of equal size to and aligned with the ports in
the inner TC cage.

Possible benefits in sandy service ( + )

Possible downsides in sandy service ( + )

Large objects produced with the fluid impact on ductile
material (steel) rather than brittle material (TC)
Collapse of inner TC cage (either due to brittle fracture
or sudden collapse) will not cause Cy, significantly
exceeding the maximum specified C, of the trim. If the
outer steel cage is shrink fitted to the inner TC cage,
the TC cage is set in compression. The strength of TC
normally increases when set in compression.

Erosion to the seal surfaces (plug nose and seat) as for
single stage cage and internal plug

Erosion to the outer steel cage ports (for a proper
design this should not affect the integrity or
functionality of the cage).
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D.6 Single stage cage and internal plug with external protection
cage

1 Cage

2 Cage port

3. Plug

4 Pressure balance
ports

5. Pressure balance
chamber

Seat

External protection
cage

4

L

Working principle: Working principle as for single stage cage - internal plug. The outer steel cage and inner TC cage of
cage are separated by a gap and the ports in the outer steel cage are not necessarily aligned with the ports in the inner
cage. The pressure drop taken by the external steel cage is normally low, i.e. the CV of the outer cage is normally

significantly higher than that of the inner cage. The purpose of the outer steel cage is primarily to act as a “brick stopper”
protecting the inner cage from impacts.

Possible benefits in sandy service ( + )

Possible downsides in sandy service ( + )

Larger objects produced with the fluid impact on
ductile material (steel) rather than brittle material
(TC), i.e. reducing the risk of collapse to the inner TC
cage. Note: Objects transported with the fluid having
a size smaller than the outer steel cage ports may still
cause impact on the inner TC cage.

In case of collapse of the inner TC cage the maximum
flow is limited to the Cy of the external steel cage. It
should be noted that the Cy of the external cage is
normally significantly higher than the Cy of the inner
TC cage.

Erosion to the seal surfaces (plug nose and seat) as for
single stage cage and internal plug

Erosion in the outer steel cage ports (for a proper
design this should not affect the integrity or
functionality of the cage assembly).
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APPENDIX E MODEL VALIDATION

Table E-1 Bend model - single phase gas - high velocity

Large Scale erosion test with gas/sand. 4” elbow, located six
(6) diameters downstream of the outlet flange of a plug and
cage choke. Choke outlet oriented vertical downwards. /DNV/
ADVANTICA/UK/Bishop Auckland/2000/

1. Choke
2.4” Bend

6xD

ENS

Parameter Symbol Unit Value |Description

Pipe internal diameter D mm 97.8

Radius of curvature R - 1.75 Reference to internal diameter

Particle size ds dp um 280 BASKARP #6, semi-angular quartz sand

Total sand load Mp ton 2.4 Sand feed rate 15 g/s (20ppmVol)

Gas pressure P bara 32.5

Gas Temperature T °C 20

Gas molecular weight Mw kg/kmol 19 Natural gas

Test results

Erosion E mm 0.5 Localised maximum_erosion @ 40° from bend inlet
Measurement technique: UT

Erosion rate E” mm/ton 0.21 E”=E’/Mp

RP-Bend model

Gas velocity Vgs m/s 29.3 Dry gas

Gas density Pg kg/m3 30.0

Gas viscosity Hg kg/ms 1.5E-05

Liquid velocity Vs m/s 0.0 NA: no liquid

Liquid density Pg kg/m3 1000 | NA: no liquid

Liquid viscosity Hg kg/ms 1.0E-03 | NA: no liquid

Material density Pt kg/m3 7800 |SS-316

Material constant K - 2.0E-09 |Default value

Material exponent n - 2.6 Default value

Geometry factor GF - 1 Dispersed sand flow at choke outlet

Calc. Erosion rate ELm mm;/ton 0.26 Maximum erosion predicted by model

Difference EL,m/E” - 1.2 RP model conservative, within £2 of test result
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Table E-2 Bend model - single phase gas - high velocity

5" gas flow erosion test performed at DNV GL test facilities as Ht
part of qualification test for intrusive erosion probe /2015/. @ >
/
1. Elbow ; :J EE‘
2. Intrusive Erosion = :
probe
A 4xD
[ ]
D
|
Parameter Symbol Unit Value |Description
Pipe internal diameter D mm 128
Radius of curvature R - 1.5 Reference to internal diameter
Particle size dsg dp um 250 Semi angular quartz sand
Total sand load Mp ton 9.7 Sand feed rate 97 g/s (95 ppmVol)
Gas pressure P bara 1 Gas density specified to 1.2 kg/m3
Gas Temperature T °C 18 Gas density specified to 1.2 kg/m3
Gas molecular weight Mw kg/kmol 29 Air
Test results
- - - 5 -
Erosion E mm 0.78 Localised maX|mum.eros.|on @ 45° from bend inlet
Measurement technique: UT
Erosion rate E” mm/ton 0.1 E”"=E'/M,

RP-Bend model

Gas velocity Vg® m/s 30 Dry gas (air)

Gas density Pg kg/m3 1.2

Gas viscosity Hg kg/ms 1.5E-05

Liquid velocity VS m/s - NA: no liquid

Liquid density Y kg/m3 - NA: no liquid

Liquid viscosity W kg/ms - NA: no liquid

Material density o kg/m3 7800 C-Mn

Material constant K - 2.0E-09 | Default value

Material exponent n - 2.6 Default value

Geometry factor GF - 1 Upstream straight vertical pipe > 30 x D

Calc. Erosion rate EL,m mm/ton 0.17 Maximum erosion predicted by model
Difference B, m/E” - 1.7 RP model conservative, within £2 of test result.
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Table E-3 Bend model - single phase gas - high velocity

Small scale - 2” gas flow erosion test. Simulation case
recaptured from test performed by NEL - 2003 /15/

Parameter Symbol Unit Value |Description

Pipe internal diameter D mm 55

Radius of curvature R - 1.5 Reference to internal diameter

Particle size dsg dp um 250 BASKARP #6, semi angular quartz sand
Total sand load Mp ton 0.75 Sand feed rate 15 g/s (20ppmVol)

Gas pressure P bara - Gas density specified to 1.2 kg/m3

Gas Temperature T °C - Gas density specified to 1.2 kg/m3

Gas molecular weight Mw kg/kmol 29 Air

Test results

Erosion E’ mm 0.7

Localised maximum erosion @ 40° from bend inlet

Erosion rate E” mm/ton 0.93

E"=E'/M,

RP-Bend model

Gas velocity Vs m/s 40-50 |Dry gas (air)

Gas density Pg kg/m3 1.225

Gas viscosity Hg kg/ms 1.0E-05

Liquid velocity A m/s - NA: no liquid

Liquid density Pl kg/m3 - NA: no liquid

Liquid viscosity m kg/ms - NA: no liquid

Material density Pt kg/m3 7800 SS-316

Material constant K - 2.0E-09 |Default value

Material exponent n - 2.6 Default value

Geometry factor GF - 1

Calc. Erosion rate ELm mm;/ton 1.9 Maximum erosion predicted by model
Difference EL,m/E" - 2.0 RP model conservative, within £2 of test result.
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Table E-4 Bend model - multiphase gas - high velocity

Small scale - 1” gas/liquid flow erosion tests /1993/

Parameter Symbol Unit Value |Description

Pipe internal diameter D mm 26.5

Radius of curvature R - 5 Reference to internal diameter

Particle size dsg dp um 250 BASKARP #6, semi angular quartz sand

Results

Case vie Vg® Vim Measured GLR Pm Hm caIcEIF;tion RP/
(m/s) (m/s) (m/s) (mm/ton) (kg/m3) (kg/ms) (mm/ton) Measured

1 6.2 9.0 15.2 0.18 1 415 4.1E-04 0.3 1.6
2 1.5 14.4 15.9 0.23 10 103 1.1E-04 0.4 1.9
3 1.5 14.6 16.1 0.42 10 102 1.1E-04 0.4 1.0
4 0.4 15.3 15.7 0.25 38 35 4.0E-05 0.4 1.6
5 2.1 34.0 36.1 2.8 16 67 7.2E-05 3.6 1.3
6 1.0 35.0 36.0 6.6 35 37 4.2E-05 3.6 0.5
7 0.5 34.3 34.8 7.2 69 24 2.9E-05 3.3 0.5
8 0.7 37.0 37.7 8.0 53 28 3.3E-05 4.0 0.5
9 0.5 38.5 39.0 8.0 77 22 2.8E-05 4.4 0.5
10 1.5 44.0 45.5 10.5 29 42 4.8E-05 6.0 0.6
11 0.6 51.0 51.6 13.4 85 21 2.6E-05 9.1 0.7
12 0.7 52.0 52.7 13.3 74 23 2.8E-05 9.7 0.7

Difference RP model within £2 of test result.
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Table E-5 Erosion probe - single phase gas

Large Scale erosion test with natural gas and sand. Intrusive erosion
electrical resistance probe installed in 4” vertical downward piping, :‘_&f
located six (5) diameters downstream outlet flange on plug and
cage choke. /DNV/ADVANTICA/UK/Bishop Auckland/2000/

The validation case is representative for a condition where the sand ‘ ‘
is homogenously distributed over the pipe cross section. Key ‘ a1

1. Choke

2. Erosion probe 5xD

Parameter Symbol Unit Value Description

Pipe internal diameter D mm 97.8

Probe angle o ° 45 Reference to internal diameter

Particle size dsg dp um 280 BASKARP #6, semi angular quartz sand
Total sand load Mp ton 2.4 Sand feed rate 15 g/s (20 ppmV)

Gas pressure P bara 32.5

Gas Temperature T °C 20

Gas molecular weight Mw kg/kmol 19

Test results

Erosion E’ mm 0.36 Erosion recorded by probe

Erosion rate E” mm/ton 0.15 E"=E'/Mp

RP-Bend model

Gas velocity Vg® m/s 29.3 Dry gas

Gas density Pg kg/m3 30.0

Gas viscosity Hg kg/ms 1.5E-05

Liquid velocity Vs m/s 0.0 NA: No liquid

Liquid density Pl kg/m3 1000 NA: no liquid

Liquid viscosity m kg/ms 1.0E-03 NA: no liquid

Material density Pt kg/m3 8000 SS-316

Material constant K - 2.0E-09 Default value

Material exponent n - 2.6 Default value

Geometry factor GF - 1

Calc. erosion rate Elm mm/ton 0.16 Maximum erosion predicted by model
e |- | | e w42 of et et
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