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Abbreviations and Nomenclature

API American Petroleum Institute

BOP Blow Out Preventer

BSEE Bureau of Safety and Environmental Enforcement
CFD Computational Fluid Dynamics

COP ConocoPhillips

FEA Finite Element Analysis

GOM Gulf of Mexico

HSE Health, Safety and Environment

HPHT High Temperature High Pressure

0oCs Outer Continental Shelf

UH University of Houston

WwC Wild Well Control, Inc.

LT Lower Tertiary

UTA University of Texas at Austin

SCP Sustained Casing Pressure

MD Measured Depth

TVD True Vertical Depth

k Thermal conductivity
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I EXECUTIVE SUMMARY
Historically, the concern of thermal stresses induced in a well by completion and production operations was not
considered early in the developing petroleum industry. Wells were completed and assumed to remain functional
and intact for the producing lifetime. As well integrity problems appeared, they were fixed, but a holistic
evaluation of thermal stresses induced on a well by completion, production, and intervention operations was not
routinely considered. Considering the comparatively low thermal and mechanical gradients imposed on early
wells, this is not surprising. In the second half of last century, well depths increased along with temperatures
and pressures. Along with this development, awareness of safety hazards and desire to establish best practices,

guidelines and regulations governing well construction and operation was emerging.

The advent of geothermal wells, HPHT wells and thermal stimulation of viscous hydrocarbons greatly increased
awareness of thermal induced hazards. Instances of casing buckling or wellheads growing out of the ground
emphasized the potential of thermal effects. Additionally, conventional wells were drilled deeper, hydraulic
fracturing treatments were larger in volume, and workover operations became more frequent. All these factors

increased the effect of temperature changes in the well.

It is proposed that the occurrence of a thermal shock may be defined as a magnitude of temperature change over
the time at which it changes. Therefore thermal shock may or may not occur depending on various conditions

in the wellbore.

The intent of this project is to investigate whether or not thermal shock has been adequately considered in the
design and operation of OCS wells and to establish whether or not whether there are any gaps in knowledge.
This final report covers the completion of the Thermal Shock Technology E16PC00010. The summary of

findings is shown below.

1.  Overall Project Summary:
The summary of findings of the overall project goals and objectives are summarized with the initial objective
to investigate whether or not thermal shock has been adequately considered in the design and operation of OCS

wells and to establish whether or not whether there are any gaps in knowledge:

1 Identify source and magnitudes of thermal gradients produced during OCS well drilling,
completion and production.

e Stimulating a well results in significantly higher thermal gradients in the well than drilling,
completion and production. Stimulation also causes more damage to the cement than a normal

production/shut-in cycle and that damage can extend a significant distance up the well bore.
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2

4

5

Develop an acceptable definition of thermal shock and identify operating conditions that could
result in a thermal shock.

Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient
temperature as low as 40°F.

Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient
or by stimulating a well. The thermal shocks are more severe during stimulation and damage is mainly
caused by the cyclical nature of the load.

Thermal shock depends primarily on the temperature range of that shock but also the rate at which
temperature changes. The rate of cooling of the well depend on the operations considered, e.g. natural
cooling post shut-in or cooling during well stimulation for example.

Evaluate thermal shock damage potential to well bore components and barriers.
Thermal shock can potentially cause damage to various well bore components. The consideration of
thermal effects is much better understood with regards to tubulars and is typically accounted for in
well design software such as WellCAT and StressCheck. These are programs that are used for the
design of the casing and tubing used within a well. The damage potential to settable barriers such as
cement carries a greater uncertainty due to the inherent material characteristics of cement. The
severity of this damage to cement is highly dependent on factors such as cement composition used,
quality of the cement itself and placement of cement. It should be noted that damage does not
necessarily result in an actual loss of barrier/zonal isolation

Assess applicability of previously-reported computer simulation or failure analyses to address

thermal shock risks.
The reports recognizes that well design software WellCAT is widely used within the industry in the
design of the components of a wellbore. It is noted that WellCAT is well suited for the determining
the thermal loads on the various components as this is one of its main functions. WellCAT and its
module StressCheck are very applicable to designing the tubulars for thermal shock. However, these
programs assume competent cement sheaths are in place. It would be prudent to examine the
sensitivity of the tubular design to cement barrier breakdown over the course of the well life and
revisit the cement design if the results of that sensitivity analysis warrant it.

Identify ways to mitigate thermal shock effects and ways to avoid the creation of a thermal shock

environment.

While thermal shock environments may not be completely unavoidable due to the inherent nature of
oil and gas wells, proper design of tubulars and the tubular connections in accordance to current
industry recommended practices will help mitigate against thermal shock. The cement composition,
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uniformity of cement mixing and quality of placement of cement is crucial to mitigate the thermal
shock effects. The potential for thermal shock damage to cement should be examined across the
entire well bore.
6 Evaluate thermal shock resistance of various well barriers utilized in the industry, both mechanical
and settable fluid.

e Tubulars, when thermal loading is accounted for in the design have very good thermal shock
resistance when considering typically used steel grades, etc. In addition there are established
guidelines for de-rating steel for various temperature exposures. It was found that the cements used
in OCS wells have a range of resistances; some cements performed poorly against thermal shock
while some performed very well. Thermal shock resistance is needed throughout the cement barrier
system and isn’t just an issue at bottom of the well.

7 “Identify gaps in current well design methods contributing to loss of well integrity caused by thermal
shock.”

e The findings of this project show that the industry has made good strides in ensuring that technology
used in the past for shallower Outer Continental Shelf (OCS) wells is suitable for these deeper and
hotter wells that will experience thermal shock. However a better understanding of the conditions
faced in the deeper and hotter wells and the need to increase the performance of the cement barriers

throughout the well is a knowledge gap that exists.
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2 INTRODUCTION AND PROJECT OBJECTIVES

The background to this project was a request by BSEE for research into the effects of thermal shock on oil wells,
specifically in the outer continental shelf (OCS). In its broad agency announcement, [1], BSEE posed a potential

problem that required further research as follows:

“If a High Temperature well (greater than 350° F) is shut in, the well may go into thermal shock when the

temperature of the well drops to equilibrium.”

In an OCS deep water well, equilibrium could be as low as 35° F (i.e. sea water temperature at the sea bed).
The temperature of the well fluids could be as high as 350° F. Therefore large temperature gradients and
temperature changes can exist during the operation of a well. The magnitude of temperature changes during

well operations as well as the rate of change of temperature could be considered a thermal shock.

The aim of this project was to explore whether shut in and other operations could lead to a thermal shock event
in an oil and gas well, research the circumstances under which a such events could occur and most importantly
quantify whether thermal shock could damage the well barrier systems in place. Well barriers are the means by
which the pressurised fluids in the reservoir are controlled to prevent the unintended release of reservoir fluids

into the environment.

Figure 1 illustrates a Deepwater HPHT well showing various temperature gradients experienced throughout the

life of a well.
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Deepwater well gradients

The geothermal gradient (orange) traces the temperature under static conditions from the surface at 80°F, to the
subsea mudline surface at 39°F, to the bottom of the well at 350°F or greater. The production gradient (blue)
traces the temperature during production from the bottom of the well at 350°F to the mudline at 321°F, to the
surface at 72°F. The stimulation gradient (red) simulates a stimulation operation showing a temperature change
from surface at 80°F, mudline at 65°F, bottom of the well at 127°F, followed by perforation at 350°F. These
three gradients, while illustrative only, are demonstrations of the various temperature profiles potentially
experienced in all wells. This illustration also shows the potential temperature changes that can occur along the
entire well bore during different well operations. The rate of temperature change was also thought to be an
important in consideration in a thermal shock.

A single definition of thermal shock has not yet been widely adopted across the oil and gas industry. A thermal
shock definition must therefore be better defined. Working with the project team and BSEE that definition and
quantification was developed within this project.
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3 FORMATION OF INDUSTRY ADVISORY GROUP

Several major operators with wells in the Gulf of Mexico were contacted to be members of the industry advisory
group (IAG). As expected, there was mixed response for IAG membership, as a significant amount of time and

effort is required on a voluntary basis.

The focus for this task was attracting interest from major operators. While it may be beneficial to also gain
input from drilling contractors and equipment vendors, it was considered a better strategy to wait until the project
had developed specific questions. This approach to seek advice was used rather than adopting a blanket invite

approach.

Some operators had indicated a willingness to participate in the project but expressed concern over some of the
terminology used in the project description with ‘thermal shock” in particular causing some concern, particularly
in the context of shut-in. Some operators do not consider a shut-in as an event that will provide a significant

thermal shock.
The following operators were willing to participate in the project:

e ConocoPhillips
e Chevron

e Apache

The following shows companies and their respective personnel that represented the IAG for the project.
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3.1 Industry Advisory Group - Feedback

Feedback on the literature review of current guidelines and proposed thermal shock load histograms respectively

was received from Chevron and ConocoPhillips (COP) and was considered in the project:

ConocoPhillips:

The definition of thermal shock was queried by ConocoPhillips; maximum and minimum temperatures at
depth are common well design parameters, however rate of change of temperature is not. COP suggested
clarifying the definition of thermal shock being used for the project and to provide some plausible examples

of how “thermal shock” can be detrimental to the well.

Chevron:

Chevron suggested that some of the failure modes such as radial cracking from tensile failure, shear failure,

de-bonding, etc. are defined. Also, suggested emphasizing that failure of the cement does not necessarily

result in loss of isolation.

Chevron queried the bottom hole temperature for Lower Tertiary operations in Deepwater suggesting 350°F

was on the high side for static temperature, with 250°F being more typical with some starting to approach

300°F. Also reaching 350°F at 25,000 ft as the initial well schematic depicts would be a very high

temperature gradient to achieve for Deepwater.

- WWOC increased the true vertical depth (TVD) of the wells to reflect Chevron’s input.

Chevron also suggested that surface pipes be cemented to mudline, as per CFR 250.421

- Since this well is based very closely on an OCS well completed in the GOM it was decided to have only
the cement in the 36x28 annulus cemented to mudline.

Chevron questioned how the FEA model is managing the mud left behind pipe above the top of cement.

- This was addressed within Section 6 Well Barrier Design and Response.

Chevron also suggested conditioning the hole for days seemed long and would have expected this period to

be measured in hours but accepted that things vary from operator to operator.

- The times listed were initial estimates and the sensitivity to this was addressed in the FEA.

The initial temperature profiles provided to the IAG were just the starting position. The speed at which

temperature changes occur was explored in the FEA, however it was found that analysis convergence issues

limited the rates of change that could be achieved in certain cases.

Chevron also questioned the well schematics showing each string cemented back into the previous string

and pointed out that this is not very common. To assist in alleviating annular pressure build up, those annuli

are typically left open on purpose to act as a relief point.

- Feedback was be taken into account in future well configurations
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e Chevron also questioned the choice of 5 /42” and also suggested that the use of vacuum insulated tubing be
considered in the project as it is often utilized to reduce annulus temperatures to reduce annular pressure
build-up.

- This can be taken into consideration for future well configurations, the original 5 %2 tubing was used

since it is based on an actual design.
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4.1

LITERATURE REVIEW
The task definition used for this report is complex and is attached as Appendix B, this differed slightly from the
task definition originally supplied at time of tender. The key items adjusted were the definition of thermal shock

being used in the review, the initial well configuration and the materials used to drive the literature search.

The intent of this task was to ensure that the objectives of this project had not been met by other published

research and to determine whether previously published work would be of use to the current project.

Literature Review Of Thermal Shock Of Well Barriers
Document searches were primarily conducted online in using various key word combinations generated from

the task definition.
This flagged tens of thousands of possible technical paper titles from sources including:

e Society of Petroleum Engineers

e  Offshore Technology Conference

e American Petroleum Institute

e American Rock Mechanics Association

o International Petroleum Tech Conference

o International Society for Offshore and Polar Engineering

o International Society for Rock Mechanics

e  Petroleum Society of Canada
In order to sort through such a large number of titles the searches were restricted, when possible, to peer
reviewed papers only. This restriction enabled a list of a few hundred papers to be generated that meriting

further review.

It was clear from the literature that thermal shock in the context of wells in general has been examined by others.
But the literature review also suggests that thermal shock, as defined in Appendix B and as it effects the entire
well barrier system, has not been thoroughly investigated for OCS wells and the further research within this

project is justified.

The literature review identified a number of key areas of research and sources of relevant information that will

be given further discussion, namely:

e Researched published literature on thermal stimulation to enhance rock fracturing. [3 et al].
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4.1.1

4.1.2

e Research into the effects of injecting cold fluid into cased or uncased holes, [4 et al]. Similar research
work that was identified during the previous BSEE project, [7], “Well Stimulation Effects on Annular
Seal of Production Casing in OCS Qil and Gas Operations™ also appeared during this review.

e There are many technical papers relating to thermal shock in the context of geothermal and steam
assisted gravity drainage (SAGD) wells that have been published by multiple authors, [4 and 6 et al].

e  Thermal effects on well tubular design is well recognized in literature, [12, 13 et al]
e Guidelines already exist for design and construction of well heads and wells in general for HPHT
condition, [18, 19 and 20]

Thermal Shock Due To Cold Fluid Injection
Since the increased usage of unconventional oil extraction methods, such as fracking, multiple authors have
investigated the effects of injecting cold fluid into the well bore, [3, 4, 7and 11]. This is clearly relevant to this
project as well stimulation will be part of the load history for the OCS wells. However, the literature review
suggests that most if not all of the work of this type is focused on the open hole or last cased hole section of the

well, where the temperature difference are typically the greatest (perhaps understandably).

Objectives 1 through 5 of this project were to examine thermal shock more widely both in terms of location
within the well and the circumstances where a thermal shock can occur and do damage to the barrier systems
within the well, particularly the cement. There appears to be little attention paid to the upper sections of the well
during stimulation, presumably because the assumption has always been that lower temperature deltas result in

less damage. Therefore it is reasonable to state that the project objectives have not been met elsewhere.

Thermal Wells and SAGD - Lessons to be Learned
The temperatures involved in Thermal wells may exceed those likely to be encountered in OCS wells, even
those with HPHT, nevertheless it was felt prudent to review this arena to confirm whether or not relevant

information or lessons learned could be applied to the current project.

The review found a number of papers that looked at the well in its entirety including the interaction of all the
constituent parts, [5 is typical]. This was generally contrary to what had been found in literature relating to OCS
wells where individual parts have been considered by many but the well as a system less so. It should be pointed
out that many of these wells, particularly of the SAGD type are typically much shallower and their construction
differs from typical OCS wells in a number of ways, e.g. fewer casings. Nevertheless, lessons were learned
from this work to apply to the current project, particularly in terms of the possible merits of adopting a more

holistic approach to numerically modelling the well.
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4.1.3

4.1.4

4.2

Thermal Shock on Well Components and Barriers

Design of well tubulars is well documented throughout literature and the importance of thermal effects is also
clearly recognised and design guidelines exist for well tubulars and other well components all acknowledging
the importance of temperature and temperature cycling in the loads to be considered in the design, [18,19 and
20]. There does not appear to be much if any literature concerning the specific effects of thermal shock on a
well bore as a whole. As per Section 4.1.1, the focus seems to have been on the bottom hole section. Based on
the limited returns during the literature search from the key phase “thermal shock” there does not appear to be
a consensus within the oil and gas industry over what that term means and therefore objective 2 remains to be

satisfied within this project.

Thermal Shock due to Shut-in

Note that also within the objectives for this project is the need to examine the temperature changes caused by
shutting in a well and what damage they may do to the barrier systems. Literature review has uncovered very
little work specific to shutting in a well and any negative consequences that may have. API recommended
practice identifies that in an HPHT context shut-in temperature effects may be relevant, [19], and identifies a
survival load condition post shut-in when cooling of the tubulars at the top of the well may increase tension
while shut-in pressures are still acting. This is the closest description to what BSEE outlined in its BAA found
in regulatory related documents. This is also supported by work done by a joint industry project (JIP) for the
Minerals Management Service in 2001, [16].

Otherwise, literature review has not uncovered any particular concerns over shut-in. In fact most of the papers
reviewed did not identify shut-in as a design driver, at least for well tubulars, [13 is typical]. This supports one
operators view that shut-in does not result in a thermal shock.

Other literature examines the temperature effects of shut-in on well bore and annular fluids but doesn’t describe

a thermal shock.

It is clear from the design guidelines that are available that the cold shut-in condition may be important to certain

barriers, tubing in particular, and merits further investigation.

Literature Review Of Computer Models Investigating Thermal Shock
The purpose of this subtask is to review the capabilities of the simulation tools proposed, identify any gaps and

make recommendations on how to fill those gaps.
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4.2.1

4.2.2

Research was done to explore the capabilities of commercially available software that is specifically used for
the design and planning of oil and gas wells.

After reviewing various commercially available software packages it was identified that very few offer a
combined capability that can accommodate the entire wellbore system throughout all phases of its life cycle. It
was determined that of the software’s reviewed WellCAT, [22], is best suited to handle the tasks involved in
modelling the wellbore architecture relevant to this project. A potential gap identified was the modelling of the
cement with regards to a stress analysis of the cement interaction with the casings. The only material properties
used as inputs for cement are density, specific heat and conductivity. It assumes that axial loads in cemented
casing sections result in no axial displacement. This assumption is reasonable for casing analysis, but the cement
in the annulus needs to be analysed as part of the system to determine if there is any damage to the cement or

potential for de-bonding/micro-annuli development in the cement.

Therefore a combination of WellCAT and ABAQUS, [23], were used to model the wellbores. This will allow
for the use of the capabilities of WellCAT such as the load sequencing, thermal profile development for inputs
in ABAQUS. The use of ABAQUS will allow for more detail modelling and analysis of the cement and failure
of the cement. The modelling techniques used in ABAQUS in the FEA was an extension of the FEA performed
in “Well Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations”
(BSEE#728) and was validated by physical testing.

The literature review of this software included the following:

Drill Bench — Schlumberger

Drill Bench, [25], is software that is used for understanding the hydraulics during all phases of the drilling
operations. Its core function is built around the well-control workflow, covering pressure control, well control
and blowout control. The functions of this software would not be considered directly applicable to the type of

modelling that is required for this project since it is not a tool typically used for the casing design of a well.

EDrilling - EDrilling AS

EDrilling, [25], has various modules of software available that are used for planning to deliver a “Life Cycle
Drilling Simulation with advanced dynamic drilling models and diagnosis technology. It is similar to Drill
Bench as it is primarily focused on the hydraulics during drilling and also production. The functions of this
software would not be considered directly applicable to the type of modelling that is required for this project

since it is not a tool typically used for the casing design of a well.
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4.23

4.2.4

4.2.5

4.2.6

TubeFlowPIC - BTechSoft

TubeFlowPIC, [26], is software that is designed for wellbore intervention, drilling and completions. It has the
capability to model complex well configurations with its database of standard pipe sizes for configuring well
tubulars, capillary strings, coiled tubing and drill strings. It has the capability to calculate the transient
temperature history of a well, but it currently does not have this information available as an output. The company
is currently modifying the software to add this output, but it will not be available in time for use in this project.

At this time the availability is not known.

WellCAT - Landmark Solutions

WelICAT, [22], is software that is intended to design and model the entire wellbore. It has the capability to
handle most, if not all loading situations that a well might experience throughout its life cycle. This includes
drilling loads, cementing loads, production loads and external loads applied to the well head such as loadings
on the blowout preventer (BOP). It has the capability to analyse tubing/casing loads and movement, buckling
behavior, design integrity and can simulate fluid flow and heat transfer to allow for full transient analysis. It

also has the capability to model various tubing hangers, packers, connections.

WellCAT is widely used throughout the industry to design wells both onshore and offshore and is used in HPHT
well design. WellCAT software is suited for the tasks of this project due to its vast capabilities and is used by

many operators.

ABAQUS -Dassault Systemes

The general purpose FEA software ABAQUS, [23], will be used in combination with WellCAT to fill in any
gaps. ABAQUS is well suited to the type of analysis required as it can accommodate advanced models for all
the materials likely to be encountered from the steel casing to the cement and the formation. It has an extensive

failure modelling capability which can include de-bonding, fracture and crack growth as well as cyclic plasticity.

Proprietary software developed by others

The literature review did uncover work done by others that is similar in principal of designing for thermal shock
which is similar to the work required for this project. Total developed a coupled thermal and structural model
of a SAGD well to improve the design of such wells, [5]. This software is the property of the operator and so

will not be available to this project, but the principals guiding its development may be of use.

There are also other FE software tools that have been used by others investigating well structural behaviour,
[27], but these don’t offer anything above and beyond what ABAQUS can provide.

Document ID Document Owner Page Template ID / Revision No.

TM-PM-17 Alistair Gill TM-PM-17 (01)




THIS INFORMATION IS DISTRIBUTED SOLELY FOR THE PURPOSE OF PRE-DISSEMINATION PEER REVIEW UNDER
APPLICABLE INFORMATION QUALITY GUIDELINES. IT HAS NOT BEEN FORMALLY DISSEMINATED BY THE

BSEE. IT DOES NOT REPRESENT AND SHOULD NOT BE CONSTRUED TO REPRESENT ANY AGENCY DETERMINATION OR POLICY.

Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010

CONTROL

4.3

Literature Review Of Failure and Risk Assessments Of Thermal Shock

The search for literature concerning failure of well barriers uncovered limited published information concerning
the failure of well barrier elements as a result of thermal shock. There is much literature concerning well barrier
and well integrity failure in general. As recently as 2016, Wu et al, [118], performed a study that provides failure
rates for well barriers, but does not attribute failure to a specific mechanism, though failure mechanisms are
categorised. King et al, [14], also conducted a review of well and well barriers though concluded that the failure
rate of oil and gas wells that result in a release of hydrocarbons to the environment as extremely low and while
barrier failures occur with greater frequency, provided a multi-barrier philosophy had been adopted in the well
design this rarely led to a loss of well integrity. This work also categorises the failures by barrier type, age of
the well, its geographic location and its type. Tubular connections were found to be the dominant barrier failure
type but modern connection designs have drastically reduced their prevalence. High Pressure/High Temperature

wells were found to have a higher failure rate than their lower pressure and temperature counterparts.

There have been various studies surrounding the prevalence and management of sustained casing pressure
(SCP). A 2001 JIP, [16] looked at best practice for the prevention and management of SCP and recognised the
importance of temperature cycling and designing all pressure barriers for the correct temperature extremes.
While there was no mention of thermal shock per se, the need to consider the cold shut-in condition, (when
production fluids have cooled during an extended shut in), in the design of tubing and casing strings was
recognised and provides the closest description yet found of the BSEE BAA posed definition of thermal shock,

[1].

More recently, work has been performed to predict SCP build-up and gas influx rates as functions of time given
a cement column of known permeability exists in the annulus, [17]. However, the assumption here is that even
an intact undamaged cement column will allow gas migration through it. The gas influx rate being inversely
proportional to the length of the cement column. This doesn’t account for damaged cement or the presence of

a micro-annulus between cement and casing nor the causes of the same.

US regulatory guidelines recognize the challenges of SCP and that all parts of the well should be designed with

extreme temperature considerations per API, [21]; although thermal shock is never mentioned explicitly.

It would reasonable to conclude that thermal shock has not specifically been investigated in the context of SCP

and that the current research work was not repeating previous work.
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5.1

5.2

DETERMINE THERMAL SHOCK AND WELL LOAD HISTOGRAMS

The section outlines the approach used to develop the thermal loads and wellbore load histogram that were used
to investigate the effects of thermal shock in OCS well bore integrity. Thermal shock refers to thermal changes
generated during well construction or operation that contribute to stresses in various well barriers. The well and

its barriers must withstand these stresses and remain a closed flow path for produced well fluids.

The process used for this task was to use the information gathered as part of the literature review and to develop
the various following subtasks:

o Obtain wellbore schematics of a well that would be typical for a HPHT well in the OCS;

e It was intended that wells would be categorized to account for water depth, target depth and pressure and
temperature ranges; shelf, deep-water and HPHT would seem a sensible split of likely well profiles and
construction and analyzed. However, due to the complex nature of modelling the entire well a single well

design with varying cement mixes was used.

These various subtask lead to the development of the well load histograms and well configurations that will be
used in the more detailed modelling of wells subsequent tasks if required.

It is proposed that the occurrence of thermal shock may be defined as a magnitude of temperature delta over the
time at which it changes. Therefore thermal shock may or may not occur depending on various conditions in
the wellbore. The results of this task will be used to investigate the potential of thermal shock in Task 4.

Depending on the results of Task 4, the definition of thermal shock may be modified as needed.

Objectives
The objective of this task was to develop and present the proposed well schematics and well loading histograms
developed from information compiled earlier in the project. The results will be used for the modelling of various

well configurations in subsequent tasks.

Obtain Wellbore Schematics for OCS Wells

Various searches for publicly known wellbore schematics of a HPHT OCS in the GOM were performed. This
included online searches using the BSEE well data query as well as discussions with operators. Wellbore
schematics are considered proprietary information and are not public knowledge, especially if the well is still
under construction or still in the production phase. Information regarding various HPHT wells throughout the
world is available, particularly in the North Sea. Using available information from various sources a “generic”

well was developed. The casing/tubing, hangers, connections etc. will be comprised of commonly used sizes
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and material grades. This generic schematic will be considered a base case and may be modified as required

based on the feedback from the industrial advisory group and BSEE and or if analysis findings warrant.

The focus for this project is OCS wells. In particular it was felt that the Lower Tertiary (LT) GOM would be a
good starting point given the target depths in that play, (25000°F t to 35000°F t TVD range) would be deep
enough to generate the bottom-hole temperature of 350°F to be compatible with the definition of thermal shock

shown in Appendix B.

Figure 2 shows a well design similar to GOM wells. Since actual well schematics are proprietary and generally

not available to the public, WWC presented the proposed configuration to the advisory group for feedback.
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‘Water surface: 100 MD BRT ft

Mudline @ 6200 MD BRT ft.
TOC @ 6200 MD BRT fr. 36" Cond., 552.63#, X80
36" Cond. @ 6550 MD BRT ft.
TOC @ 7000 MD BRT ft 28" Casing, 218.20#, %52
2B" Surfacecasing @ 7750 MD BRT ft
TOL @ 9200 MD BRT ft. 22" Casing, 276.924, %80
TOC & TOL @ 8500 MD BRT ft.
22" Casing @ 9500 MD BRT ft.

18" Liner, 1178, P110
18" Liner @ 12500 MD BRTfL.

16" Liner, 105#, TN135DW
TOC @ 15500 MD BRT ft.
16" Liner @ 17585 MD BRTft.

14" Casing 1134, Q125
TOC @ 20450 MD BRT fr.
TOL @ 22225 MD BRTft. a3 B
14" Casing @ 22550 MD BRT .

=] ==

117/8" Liner, 71.8#, Q125HC
TOC @ 26500 MD BRT ft.
TOC @ 27550 MD BRT ft.
TOL@ 27550 MD BRT ft.
117/8" Liner @ 27850 MD BRTft.

93/8" Liner, 39%, Q125HC
93/8" Liner @ 31250 MD BRTft.

51/2” Tubing, 23.8%, T95
51/2" Tubing @ 35000 MD BRTft.

Figure 2 Representative Wellbore Schematic
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5.4

Categorize OCS Wells

At least 3 categories of wells were originally envisaged to account for water depth, target depth and pressure
and temperature ranges to provide a sensible split of likely well profiles and construction; for example shelf,
deep-water and HPHT. However, the project team considered it more appropriate to start with the generic
wellbore as defined previously and obtain feedback from the advisory group to categorize as necessary and to
allow for sensitivity studies to analyze the effects various well depths, casing programs, etc., have on the
response to thermal shock. After initial results it was determined that it is more beneficial to the project

objectives to focus on varying the cement mixes and stimulation rates.

The use of a generic wellbore still provides the ability to achieve the project objective but allows a more efficient

analysis approach in the FEA.

Develop Temperature Profiles and Load History for Wells

Primary outputs from this subtask are appropriate load histograms and a clear definition of thermal shock. This
sub-task made use of the range of tools available. Since developing a single computer model of the well and all
barriers is not feasible due to the length scales involved in the well; and the potential need to resolve the
temperature and pressure fields and subsequently the stress field in 3D. Therefore a combination of models and
tools was used. For this study the commercially available well design software. Any gaps found in the software
with regards to thermal shock of a well is addressed by the use of the general purpose FEA software ABAQUS.

The drilling and completions phase of a well is a small part of the life a well when compared to the production
phase. Also in the production phase the fluid flows through the well at different temperatures, pressures and
viscosity than that is used for drilling/completions. However, to fully understand the effects thermal shocking
may have on the well, this phase must be considered. The load history has been simplified to assume that there
were minimal issues during this phase. Table 1 shows a representation of the load sequencing histogram for the
drilling and completion phase of the well. This histogram was considered as the base load history for the wells
and was modified as required based on feedback from the industrial advisory group and BSEE regarding the
proposed well schematic. However, based on modelling limitations the drilling and completion phase did not
include the actual temperature changes from circulation during cementing.
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Table 1 Well load histogram for drilling and completion phase of well life cycle

Time Duration

Operation (Scale) Comments
1. Drill Surface Casing Hole Days

2. Log Surface Casing Hole Hours

3. Condition Surface Casing Hole Hours

4. Run Surface Casing Hours

5. Cement Surface Casing Hours

6. Drill Intermediate Casing Hole Days Thermal shock of surface casing #
7. Log Intermediate Casing Hole Hours

8. Condition Intermediate Casing Hole Hours

9. Run Intermediate Casing Hours

10. Cement Intermediate Casing Hours

11. Drill Production Casing Hole Days Thermal shock of intermediate casing
12. Log Production Casing Hole Hours

13. Condition Production Casing Hole Hours

14. Run Production Casing Hours

15. Cement Production Casing Hours

16. Drill Production Liner Hole Days Thermal shock of production casing
17. Log Production Liner Hole Hours

18. Condition Production Liner Hole Hours

19. Run Production Liner Hours

20. Cement Production Liner Hours

21. Clean-up Production Liner for Tie-back Hours

22. Run and Set Production Tie-back Days

~ depends on shoe depth

The majority of the well life is in the production phase which may be anywhere from 10-20 years for a deep-
water well. For this investigation at life cycle of 20 years has been assumed for the development of the loading
histogram. The main purpose of this histogram is capturing a set and sequence of likely loads a well will be
subjected to during its lifespan, such as shut-ins, well stimulations, etc. The load history was based on experience

for wells in the GOM region. It includes mandatory shut-ins when testing safety equipment, storms and planned
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stimulations/reservoir management. The base load histogram for the production phase is shown in Table 2. This
load history was considered a base case to study the entire production life of the well. Other comparative cases

were performed as well.

Table 2 Well load histogram for 20 year production phase of well life cycle

Duration

Operation Events per year (Scale) Comments

Shut in to test actuated master valve 12 Hours-Days Potential for thermal

Shut in to test subsurface safety valve 2 Hours-Days shock during any
shut-in

Shut in due to weather induced events 3 Days

Shut in due to production/equipment problems 4 Hours-Days

Shut in for reservoir management 1/1.5 years Days

Stimulation 1/ 4 years Days Thermal shock

Potential number of shut ins over a 20 year life cycle 438

5.5

Additional casing loads from BOP’s, over-pull, etc. is accounted for well configurations. It is anticipated that

these loads will have a small contribution to overall loading when compared to the thermal loads.

WellCAT Analysis

The commercial software tool WellCAT was used to develop the global thermal profiles for the well. The
loading histogram previously mentioned was used as input for both the drilling and production phases.
Temperature profiles for the well were generated for the various construction and production operations. A
temperature vs time history profile is generated for the entire depth of the wellbore for the various strings. The
temperature profiles and preload conditions will be applied to a global and local FEA model in The FEA. A
various range of temperature conditions will be assessed. Initial temperature profiles are based on ambient air
temperature of 80 deg. Fahrenheit, mudline temperature of 40 deg. Fahrenheit and bottom hole static
temperature of 350 deg. Fahrenheit.

Figure 3 shows the representative temperature versus depth profile of the wellbore at various points in time

during the drilling and completion phase for the production casing string. Profiles for the annulus, conductor,
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surface casing, etc. are generated and used for input as well. The resulting profiles for the wellbore temperatures
are used as inputs into the FEA models in the FEA.
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Figure 3 Temperature profile for well during final cementing phase of drilling
Figure 4 shows the representative temperature versus depth profile of the wellbore at various points in time
duration the production phase for the production casing string. Profiles for the annulus, conductor, surface
casing, etc. were generated as well. The resulting profiles for the wellbore temperatures were used as inputs into
the FEA models in the FEA.
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Figure 5 shows the representative temperature versus depth profile of the formation near the wellbore at various

points in time during the production phase. The resulting profiles for the wellbore temperatures were used as

inputs into the FEA models in The FEA to set initial geostatic conditions and use as validation of the resulting

temperature distribution in the formation in the FEA model.
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Figure 5 Temperature profile in formation near wellbore

5.6 ABAQUS FEA

ABAQUS FEA was used to develop further the thermal profile and load histogram of the well and its
constituents. The intent of this subtask was to develop efficient methods for building a global FEA model that
the loading history and conditions is applied.

A global axisymmetric finite element model of the entire wellbore was selected as this best modelled the global
wellbore system while maintaining computational efficiency. This model could simultaneously account for
thermal and mechanical loads imposed on the well.

The formation surrounding the wellbore was explicitly accounted for in the axisymmetric model. The formation

is modelled as a homogenous solid which is vary in layers vertically along the wellbore to allow for varying the
elasticity of the formation. .
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5.7

5.7.1

Task Findings

Potentially there are various thermal loadings and well configurations that could cause a thermal shock scenario
for OCS wells that could result in a loss of one or more well barriers. However, based on the temperature
profiles; stimulating operations particularly when injecting with a fluid that is substantially cooler than the
temperature of the producing wellbore, seem to pose the highest risk to damaging components of the well. It
was observed that stimulation operations generate a larger temperature gradient from the production
temperatures when compared to the gradients caused by the production phase followed by shut-in conditions at
the same time points.

Thermal Shock Definition

At the outset of the project the definition of thermal shock was developed from the statements in the BSEE
BAA, [1] as:

e Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature as
low as 40°F.

e Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by
stimulating a well.

e Thermal shock not only depends on the temperature range but also the rate at which temperature changes.
The rate of cooling of the well would depend on the operations considered, e.g. natural cooling post shut-in

or cooling during well stimulation for example.

It is proposed that thermal shock may be defined as a magnitude of temperature change over the time at which
it changes. Therefore thermal shock may or may not occur depending on various conditions in the wellbore.

The results of this task were used to investigate the damage potential of various thermal shocks in the FEA.
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6 WELL AND BARRIER RESPONSE

6.1 Summary

The FEA modelling performed revealed some significant findings, namely:

That a shut-in of a producing Deepwater HPHT well does represent a thermal shock that can damage cement,
particularly in the upper part of the well, however a large accumulation of production/shut-in cycles is
required to significantly damage the barrier.

The HPHT well investigated was able to maintain zonal isolation for a complete production life of 20 years,
assuming a good cement job had been completed in the first instance.

Stimulating a well does significantly more damage to the cement than a normal production/shut-in cycle and
that damage can extend a significant distance up the well bore. It therefore represents a greater risk to the
well barrier.

Because the FE model encompasses the entire wellbore, damage locations can be readily identified in one
well model. To WWC’s knowledge this is the first time this has been achieved for a deep water well.

The modelling indicates that production/shut-in damage is restricted to the upper cement annuli whereas
stimulation damages the deeper cement barriers because the temperature changes are greatest in each case
at the top and bottom of the well respectively.

The cement designs and quality of placement of cement in the wellbore during completions is critical to the
performance of the well. Although one cement mix design is not always adequate for all situations and
environments it was found that in general more brittle cements are less durable and failure will occur at
fewer cycles. This is true for all wells but is more pronounced in the HPHT variety. A high compressive or
tensile strength does not always indicate the ability to withstand a greater number of load cycles; rather a
balance of high compressive strength or tensile strengths coupled with a lower elastic modulus seemed to
perform the best.
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6.2

FEA Global Response Modelling And Tie In Known FEA Model Data

A finite element model of the full measured depth (MD) of the well bore has been constructed, see Figure 6.
This takes into account all tubular strings from conductor to production tubing along with both liquid and cement
filled annuli through the full depth of the well.

The Explicit FEA solver was used in the scale modelling performed in the previous BSEE work “Well
Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations” (BSEE#728) as it
is better suited to handle the extreme non-linearity behavior of cement. However when modelling the entire
wellbore geometry there are considerations regarding the selection of the FEA solver used due to the
computational requirements of the large model involved. To reduce the computational expense required of
modelling an entire well an axi-symmetric model was used and was therefore only able to model vertical well
configurations. In addition, the Explicit solver was not compatible with axi-symmetric models and thus the
Standard Implicit FEA solver within ABAQUS was used. Material models used in Task 4 and 5 were selected
to allow for interoperability between the Standard and Explicit solvers. Due to the complexity and convergence
issues that were encountered during the project a single geometry wellbore was investigated instead of multiple

configurations to achieve the objectives of the project.

Various cement designs based on mixes in use today in various OCS cementing operations for surface,
intermediate, and production depths were utilized in the analysis to study the effects of cement these designs on

the response of the wellbore when exposed to thermal events.

Large departure well effects were studied using local FEA model to compare a deviated versus non-deviated

section of a well and are discussed in Section 6.3.

The model also included an appropriate representation of the formation, with stiffness varying as appropriate
with depth.

The material strength properties defined for laboratory scale testing were used; to help with convergence issues
and model stability the individual components were assembled using “hard contact” or tie constraints. De-
bonding and micro-annulus cracking are therefore investigated using the individual damage intensities in tension

or compression respectively as well as the cracking strains.

The run in and cementing sequence for each tubular is accounted for by performing a series of analysis steps
that form the open hole and progressively activates elements representing the tubulars according to the well

construction sequence. The cementing process is reflected during the well construction steps in a similar fashion.
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Cement is added to the annulus to ensure the string buoyant weight is correct and then either tie constraints or

hard contact between the cement and tubulars is activated after the cement placement has occurred.

100ft radius formation

35,000ft total depth

Wellbore and surrounding formation

Figure 6

Wellbore

Model scaled for clarity

Wellbore at start of run in Wellbore after run in

Global FE model

The analysis included a 20 step process to simulate the well construction phase as follows:

Step 1 — Geostatic equilibrium of formation
Step 2 — Remove open hole material
Step 3 - Run-in conductor

Step 4 — Cement conductor

Step 5 — Run-in casing 1

Step 6 — Cement casing 1

Step 7 — Run-in casing 2

Step 8 — Cement casing 2

Step 9 — Run-in casing 3 / liner
Step 10 — Cement casing 3

Step 11 — Run-in casing 4 / liner
Step 12 — Cement casing 4

Step 13 — Run-in casing 5
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e Step 14 — Cement casing 5

e Step 15— Run-in casing 6 / liner

e Step 16 — Cement casing 6/liner

e Step 17 — Run-in casing 7

e Step 18 — Cement casing 7

e Step 19 — Run-in production tubing

e Step 20 — Lock production tubing at packer.

Intermediate steps were also included during the cementing process not shown in the above list.

The well was modelled as an uncoupled heat transfer problem. The temperature field is calculated without
consideration of the stress/deformation of constituent parts of the well, which is reasonable in the context of an

oil well as the deformation of the steel tubulars does not alter the heat transfer characteristics of the well.

The FE model also accounted for thermal convection as well as conduction for any fluid filled cavities such as
annuli. The effects of fluid convection could not be captured explicitly by the FE solid model. However, the
effective conductivity of the fluid regions was been modified to account for this. See later discussion under

validation, Section 6.2.2.

Once the well run- in sequence was complete the well was brought onto production and the well warmed up to

its steady state production temperature. Thermal shock load cases were then carried out.

6.2.1 Thermal Shock Load Cases:
The entire well structure was initialised with the geostatic temperature profile, in this case assuming a mudline
temperature of 40°F and bottom-hole temperature of 350°F, see Figure 7.
e Production — bottom hole temperature = 350°F, well flow rate set as 20,000 bpd. Solved until steady state
delivery temperature was reached, see Figure 8.
e Shut-in — well flow was halted and the well allowed to cool to ambient, Figure 9 and Figure 10 show profile
at 5 days and 60 days respectively
e Stimulation — post shut-in well flow direction was reversed and surface ambient fluid injected — rates 20,000
bpd for 48 hours and 60,000 bpd for 24 hours — cooldown of the hot end of the well, Figure 13 show contours
after 48 hours injection at 20,000 bpd, 60,000 bpd is similar.
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Figure 7 Global FE model - Initial temperature profile

Note this view has the x and z coordinates magnified x100 for clarity.
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Figure 8 Global FE model - Production temperature profile 20kbpd

Note this view has the x and z coordinates magnified x1000 for clarity.
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Figure 9 Global FE model — Shut in temperature profile at approximately 5 days

Note this view has the x and z coordinates magnified x1000 for clarity.
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Figure 10 Global FE model — Shut in temperature profile at approximately 60 days

Note this view has the x and z coordinates magnified x1000 for clarity.
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Cement Production/Shut-in Response
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Figure 11 Global FE model — Well production/shut-in temperature response for 10kbpd

Figure 11 shows typical temperature histories at different casing shoe depths throughout the well during a
production/shut-in cycle. Despite the low ambient temperature at the top of the well the higher temperatures at
the base of the well, the maximum temperature range occurs some distance down the well, in this case at the

18” casing shoe.
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Figure 12 Global FE model — Well stimulation temperature profile

Note this view has the x and z coordinates magnified x100 for clarity

6.2.2 FEA v CFD modelling — convective heat transfer verification
The mechanical stresses introduced as a result of temperature effects are dependent upon both the temporal and
spatial temperature gradients in addition to temperature magnitudes. Therefore it was considered critical to the

objectives of this project that temperature effects were accounted for as accurately as possible.

Finite element models typically can only model conductive heat transfer. Convection within a fluid cannot be
simulated directly using solid based finite element models. A fluid’s ability to transfer heat may be dominated
by convection (fluid movement) if heated from below or from the side. To overcome this, the effective thermal
conductivity, Kes, can be adjusted so that the solid transmits thermal energy at the same rate its fluid counterpart.
However, the kess value changes with temperature gradient and hence time, so a single effective conductivity

value could not be used here.
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To determine appropriate Kerr values for both the production tubing and any liquid filled annuli a series of
simulations were performed using computational fluid dynamics (CFD) to determine the correct thermal
response. A finite element analysis was them compared against the CFD to confirm the correct ket had been

determined.

An example is shown in Figure 13. Here a test model, comprising a 30m section of production tubing was filled
with flowing water. Flow and temperature was solved to achieve a delivery temperature using both an FE model
and a CFD model. The k value within the FE model was varied. The flow is then stopped and the model is
allowed to cool.

Cooldown - CFD v FEA
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Figure 13 Local FE model - cooldown response

Itis clear from the cooldown response that the k value chosen made a significant difference. It was also apparent
that a single value of k in the FE model fails to match the cooldown response of the CFD model.

However, when the same test was repeated with a variable k value, a good match was achieved. See Figure 14.
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A series of larger CFD models of different sections of the wellbore were developed to determine ke for different

elevations and wellbore cross-sections. An example is shown in Figure 15. The fluid with the main bore and

the annuli is being cooled following a shut-in. The velocity vectors within the main bore and the two adjacent

annuli are shown. As can be seen the vectors within the annuli travel upwards near a warmer wall at smaller

radius and downwards near the cooler wall at bigger radius due to density variations (i.e. natural convection).
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Local CFD model - thermal response matching - velocity vectors in multiple annuli

The thermal response model was checked against WellCAT with good agreement.

6.2.3 Global Model Mesh Sensitivity Check

To ensure that the finite element mesh used in the global well models was suitably refined, local highly refined

mesh models were used to compare to the thermal response of the coarser global model. See Figure 16. In this

case the local model represented a 2D horizontal slice at 1000°F t below mudline.

The 2D local and global models were in very good agreement.
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Figure 16 Mesh refinement checks — Global v Local FEA model
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6.2.4

Thermal Shock Response and tie in known FEA model data

The ABAQUS FE model that solves the thermal and structural response used a similar finite element mesh,
simply swapping heat transfer elements for their structural equivalent. The temperature field from the thermal
analysis was mapped onto the structural model and the structural response solved. A nominal annular pressure
ranging from 25-250 psi due to the thermal expansion of the annular fluids was applied. It was assumed that the

annular pressure was monitored and managed per API requirements.

The global model also includes damage models for the cement to identify when and where cement damage

occurs. These damage models are validated against experiments — see Task 5.

The cement damage can cause solution stability issues in the global response model that can been difficult to
predict. As a result some of the cement materials defined in Task 5 was found to have convergence difficulties
in the global model. However, some of the cement properties previously known and validated were used to

analyse the well’s response with various cement mixes.

Table 3 Cements use in global well

ID Young’s Poisson’s Strength
Modulus Ratio
[psi] Comp. Tensile

[psi] [psi]
HDV09675-5-2¢ “2c” 2.20E6 0.26 6310 706

Previously defined in “A” 4.80E5 0.31 324 58
prior BSEE project
E14PC00037

Previously defined in “B” 1.93E6 0.23 3207 387
prior BSEE project
E14PC00037

To evaluate the response and performance of the well over its lifespan the loading histogram as defined in Table

2. The cement used in this load case was the 2¢ design as shown in Table 3.

In addition to the twenty year life cycle case, a case to perform a comparative analysis to check the well’s
response to different stimulation rates and cement mixes was completed. In this scenario the well was cycled 4

times with each complete cycle consisting of production, shut-in and stimulation. Due to long analysis times no
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intermediate production/shut-in cycles were included, however these cases provide valuable information. Table

4 shows the load cases analysed.
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Table 4 Well load cases investigated

Case Cement Injection Rate = Comments

Full 20yr life cycle “2c” 20,000 bpd

Cycle-4x-20-6310 “2¢” 20,000 bpd No intermediate prod/shut-in
Cycle-4x-60-6310 “2¢” 60,000 bpd No intermediate prod/shut-in
Cycle-4x-20-3207 “B” 20,000 bpd No intermediate prod/shut-in
Cycle-4x-60-3207 “B” 60,000 bpd No intermediate prod/shut-in
Cycle-4x-20-324 “A” 20,000 bpd No intermediate prod/shut-in

6.2.4.1 Thermal shock response results

The results of the twenty year life cycle case indicate some damage in the lower portions of the cement in the
well. However, the damage does not propagate the entire height of the cement column. It is also observed that
the magnitude of damage from stimulating the well is much greater than a typical production and shut-in cycle
and occurs at the lower end of the well.

The damage in the cement from after the first year of production/shut-in cycles is shown in Figure 17; and after

four years of production/shut-in cycles (prior to the first stimulation occurrence) is shown in Figure 18.

The damage to the element (SDEG) shown is not an indicator that loss of isolation has occurred, a more complete
explanation of SDEG is given in Figure 27.
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Figure 17 Cement damage after first year of cycles

Note this view has the x and z coordinates magnified for clarity.
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Figure 18 Cement damage after first four years of cycles

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement immediately after the first stimulation and warm-up occurrence is shown in Figure
19.
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Figure 19 Cement damage after first stimulation occurrence

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement after four more years (8 total) of production/shut-in cycles (prior to the second
stimulation occurrence) is shown in Figure 20.
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Figure 20 Cement damage after eight years of cycles

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement immediately after the second stimulation and warm-up occurrence is shown in Figure

SDEG
(Avg: 100%) =

e

Figure 21 Cement damage after second stimulation occurrence

Note this view has the x and z coordinates magnified for clarity.
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CONTROL

The damage in the cement after four more years (12 total) of production/shut-in cycles (prior to the third

stimulation occurrence) is shown in Figure 22.
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Figure 22 Cement damage after |2 years of cycles

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement immediately after the third stimulation and warm-up occurrence is shown in Figure
23
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Figure 23 Cement damage after third stimulation occurrence

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement after four more years (16 total) of production/shut-in cycles (prior to the forth

stimulation occurrence) is shown in Figure 24.
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Figure 24 Cement damage after 16 years of cycles

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement immediately after the fourth stimulation and warm-up occurrence is shown in Figure
25.
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Figure 25 Cement damage after fourth stimulation occurrence

Note this view has the x and z coordinates magnified for clarity.
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The damage in the cement after four more years (20 total) of production/shut-in cycles (end of assumed
production life) is shown in Figure 26
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Figure 26 Cement damage after 20 years of cycles

Note this view has the x and z coordinates magnified for clarity.

This represents the highest localized damage (SDEG) in the cement. The SDEG values from the FEA have been
normalized with respect to 100%, meaning that elements that have reached 100% damage in the model are areas
that indicate likelihood for the development of localized cracks/micro-annulus etc. and not a loss of isolation.
The validation performed in Task 5 show that it is the magnitude of damage couple with the extent and location
of damage is a better indicator of a seal barrier failure. The maximum damage in the cement over the life of the
well is shown graphically in Figure 26.
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Figure 27 Maximum local cement damage progression
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The results of the Cycle-4x-20-6310 case are shown in Figure 28 to Figure 31
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Figure 28 Cycle-4x-20-6310 Case cement damage after first stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 29 Cycle-4x-20-6310 Case cement damage after second stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 30 Cycle-4x-20-6310 Case cement damage after third stimulation
Note this view has the x and z coordinates magnified for clarity.
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Figure 31 Cycle-4x-20-6310 Case cement damage after fourth stimulation

Note this view has the x and z coordinates magnified for clarity.
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The results of the Cycle-4x-60-6310 case are shown in Figure 32 to Figure 35.
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Figure 32 Cycle-4x-60-6310 Case cement damage after first stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 33 Cycle-4x-60-6310 Case cement damage after second stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 34 Cycle-4x-60-6310 Case cement damage after third stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 35 Cycle-4x-60-6310 Case cement damage after fourth stimulation

Note this view has the x and z coordinates magnified for clarity.
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The results of the Cycle-4x-20-3207 case are shown in Figure 36 to Figure 39.
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Figure 36 Cycle-4x-20-3207 Case cement damage after first stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 37 Cycle-4x-20-3207 Case cement damage after second stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 38 Cycle-4x-20-3207 Case cement damage after third stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 39 Cycle-4x-20-3207 Case cement damage after fourth stimulation

Note this view has the x and z coordinates magnified for clarity.
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The results of the Cycle-4x-60-3207 case are shown in Figure 40 to Figure 43.
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Figure 40 Cycle-4x-60-3207 Case cement damage after first stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 41 Cycle-4x-60-3207 Case cement damage after second stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 42 Cycle-4x-60-3207 Case cement damage after third stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 43 Cycle-4x-60-3207 Case cement damage after fourth stimulation

Note this view has the x and z coordinates magnified for clarity.
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The results of the Cycle-4x-20-324case are shown in Figure 44 to Figure 47 .
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Figure 44 Cycle-4x-20-324 Case cement damage after first stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 45 Cycle-4x-20-324 Case cement damage after second stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 46 Cycle-4x-20-324 Case cement damage after third stimulation

Note this view has the x and z coordinates magnified for clarity.
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Figure 47 Cycle-4x-20-324 Case cement damage after fourth stimulation

Note this view has the x and z coordinates magnified for clarity.
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CONTROL

The SDEG values from the FEA have been normalized with respect to 100%, meaning that elements that have
reached 100% damage in the model are areas that indicate likelihood for the development of localized
cracks/micro-annulus etc. and not a loss of isolation. The validation performed in Task 5 show that it is the
magnitude of damage couple with the extent and location of damage is a better indicator of a seal barrier failure.

The maximum localized damage in the cement for each case configuration is shown graphically in Figure 48.

00 0% -~
90.0%
B0
T0.0%
/,/
E 60.0% s
a /
E . - — Gyl aX-20-6310
E S0.0% // Cycle-aX-60-6310
i o / —c«,—:le--jx-m-mn
& H_,»-’ — gl AX-60-3207
/"/’ Cyhe-4X-10-314
30.0%: #
20.0%
10:0%
0%
p p P H
& & & &
Figure 48 Maximum localized cement damage comparison
6.3 Local FEA Modelling and Tie in known Data
Since a deviated well cannot be modelled axi-symmetrically a segment representing a down-hole section of a
well was generated for a vertical well and a well that contains a departure angle approximately 0.5 deg/ft. The
techniques used to create the structural models and the heat transfer models are similar to the scale modelling
and are detailed in the Task 5 section. The computational expense of the local models was reduced by modelling
a 375ft diameter x 1,000°F t depth section of soil assumed to be about 30,000°F t below the ocean floor. The
formation temperature was assumed to be 350°F and an injection temperature for the stimulation fluid case was
assumed to be 80°F.
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The well was assumed to have a casing size of 7-5/8” outer diameter with a wall thickness of 3/8”. The diameter

of the hole was assumed to be 9-5/8” diameter with the casing placed concentrically.

The models were constructed using the same element types and element count for each. The formation was
assumed to be fixed in the vertical direction at the top and bottom of the down-hole segment and fixed in the
horizontal direction around the perimeter of the formation limits. To facilitate the comparison of the deviated
versus non-deviated wells only thermal effects from the injection case into a very hot environment were
considered. To limit analysis run times only one cycle was considered. This allows for a comparison of the two

wells.

6.3.1 Local FEA Modelling-Results
The heat transfer analysis results for both the non-deviated well and the deviated well are shown in Figure 49

to Figure 50 respectively.
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Figure 49 Heat transfer analysis results for vertical well

Note this view has the x and z coordinates magnified for clarity.

Document ID Document Owner Page Template ID / Revision No.

TM-PM-17 Alistair Gill TM-PM-17 (01)




THIS INFORMATION IS DISTRIBUTED SOLELY FOR THE PURPOSE OF PRE-DISSEMINATION PEER REVIEW UNDER
APPLICABLE INFORMATION QUALITY GUIDELINES. IT HAS NOT BEEN FORMALLY DISSEMINATED BY THE
BSEE. IT DOES NOT REPRESENT AND SHOULD NOT BE CONSTRUED TO REPRESENT ANY AGENCY DETERMINATION OR POLICY.

WiILD WELL

CONTROL

Title:
Client:

Project:

Final Report
BSEE

Thermal Shock Technology / E16PC00010

NT11

350.000
329.076
308.152
287.228
266.304
245.380
224,456
203.532
182.608
161.684
140.760
119.837
98.913

Figure 50

Heat transfer analysis results for deviated well

Note this view has the x and z coordinates magnified for clarity.
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The cement element damage results for both the non-deviated well and the deviated well are shown in Figure
51 to Figure 52 respectively.
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Figure 51 Cement damage results for vertical well

Note this view has the x and z coordinates magnified for clarity.
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Figure 52 Cement damage results for deviated well

Note this view has the x and z coordinates magnified for clarity.
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6.4

Conclusions

The FEA modelling performed has indicated that the definition of “thermal shock™ as defined in Task 2 and
Appendix A is a reasonable definition. It also confirmed some of the response from operators in the advisory
group that production/shut-in is not as significant driver of damage in the well as stimulation. The long term

durability of the well is highly associated with proper cement selection and quality of the cement placement.

A shut-in of a producing deep water HPHT well does represent a thermal shock that can damage cement,
particularly in the upper part of the well, however a large accumulation of production/shut-in cycles is required

to significantly damage the barrier. This is in line with the opinions from some of the members of the advisory

group.

Stimulating a well does significantly more damage to the cement than a normal production/shut-in cycle and
that damage can extend a significant distance up the well bore. It therefore represents a greater risk to the well

barrier system. However, damage in the wellbore cement does not always indicate a loss of isolation.

The HPHT well investigated was able to maintain zonal isolation for a complete production life of 20 years. As
mentioned above stimulating the well did significantly more harm to the well than just production/shut-in cycles
alone. It was noticed that after a stimulation event the damage in the upper portion of the well would undergo a
slight increase for the first couple of cycles then level off and hold steady until the next stimulation occurs. This

further suggests that stimulation is more significant concerning damage in the well.

The two injection rates investigated of 14 bpm and 42 bpm (20 kbpd and 60 kbpd) revealed that the rate of
injection increase of three times did cause an increase in damage in the cement, however the increase in the
damage was around 10%. This indicates that the wellbore is likely more sensitive to the change in temperature

than rate of change.

The stresses in the tubulars were well within the working limits for typical grades of steel used in a wellbore.
Based on findings from Task 2, it appears that standard practices in the design of the tubulars, while not
explicitly calling it thermal shock, do account for it in the process of checking them against thermal induced

stresses. In addition the behavior of steels at higher temperatures also has been better understood historically.

The cement designs and quality of placement of cement in the wellbore during completions is very critical to
the performance of the well barrier system. Although one cement mix design is not always adequate for all
situations and environments it was found that in general the more brittle the cement is, the less durable and
failure will occur at fewer cycles. This is true for all wells but is more pronounced in HPHT wells. A high

compressive or tensile strength does not always indicate the ability to withstand a greater number of load cycles;
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rather a balance of high compressive strength or tensile strengths coupled with a lower elastic modulus
performed the best.

It was also revealed that a deviated well is potentially more susceptible to a higher magnitude of damage

compared to a vertical well when compared under identical loading scenarios.

Mitigation recommendations are included in Task 6.
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7 LABORATORY SCALE TESTING

7.1 Physical Property Testing
A series of mechanical tests have been performed to characterize material properties for the cement for input to
the FEA. These are listed below:

e Shear Bond

e Tensile Strength — Indirect “Brazil test” + Direct pull
e Tensile Modulus

e Compressive strength

e Compressive modulus / Poisson’s ratio

e Impact resistance

Significantly more effort was placed on this stage of the testing than in previous projects. Previously the quality
of the mechanical properties, particularly the tensile strength and modulus were not at the desired level, meaning
that the FE work has to estimate certain characteristics. For this project the higher fidelity achieved to gather

the tensile strength and modulus means better inputs to the FE have been established.

The shear bond test apparatus used both for curing and testing the samples is shown in Figure 53, impact testing

in Figure 54 and compression testing in Figure 55.

The direct tensile test utilized a new test sample set up. Instead of the more usual “dog bone” type test, a cylinder
of cement was cast and cured with steel bolts embedded into it was used, see Figure 57. This allowed for a

more accurate measurement of the tensile strength and modulus.
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Figure 53 Shear bond testing set-up

Ball
Weight 66.88 g
?1.00°

Figure 54 Impact testing set-up LEFT / Compression testing RIGHT
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Figure 55 Compression testing — pre-failure LEFT / post failure RIGHT

Figure 56 Tensile testing — Indirect Tension — “Brazil Test”
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Figure 57 Tensile testing — direct test mould and test sample

Cement blend samples judged to be representative of various depths through the well, typical of those used on
GOM, were cured and tested. The data sheets for those cement blends are provided in Appendix A. The results

and mechanical properties are summarized below.
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Table 5 Cement Property Summary

ID TVD Casing/ Density Young’s Poission’s Strength
[fe] Liner Ib/eal Modulus Ratio
[Ib/gal] ) Compressive  Tensile
[psi] _ _
[psi] [psi]
HDV09675-5-4d 4500 20 in 16.4 I.11E6 0.21 1309 243
HDV09675-5-1b 4200 4 in 12.0 3.18E5 0.26 448 69
HDV09675-5-5a 6700 16 in 13.5 7.35E5 0.28 1858 253
Liner
HDV09675-5-2¢ 12100 95/8in 17.0 2.20E6 0.26 6310 706
HDV09675-5-3b 16500 5in - |.67E6 0.27 5044 571
Liner
HDV09675-5-6d 17000 95/8in 16.4 |.67E6 0.27 10732 1114

7.2

FEA Modelling

3D finite element models of the test setups were created using ABAQUS 2017 [23] and solved using the Explicit
solver. The Explicit solver was chosen as modelling unreinforced concrete/cement materials can sometimes
cause convergence problems in the Standard (Implicit) solver due to the extreme non-linearity caused by
cracking, ( as was encountered in the global model), which is even more pronounced on the smaller scaled
models. The Explicit solver is computationally efficient for analysis of extremely discontinuous events, such as
cracking in cement, and can be used to perform quasi-static analyses with complicated contact conditions. Time
increments in the Explicit solver are influenced by the overall event time scale, element shape and mass of the
system; therefore in order to reduce solve time a combination of mass scaling and reduction of step times were
used. To ensure that this method did not influence the solution, energy histories for the systems were checked

and the mass scaling used was varied as required.

To reduce computational expense, a one-fourth of the test setup was modelled by using symmetry planes in both
the small and large scale models. The extent of the sand bed at the bottom of the cement was limited to reduce
the computational expense of the model. The sand is to allow for the placement of cement in the pipes and create

a space where the bottom of the cement can be pressurized when testing.
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The small scale assembly is shown in Figure 58 and the large scale assembly is shown in Figure 59.

Quarter Shown

For Scale
Cement
‘\
Outer Pipe

Heating Element '

z

Lb X

Sand Bed
Figure 58 Small scale FEA model assembly
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Figure 59 Large scale FEA model assembly
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Where possible, 8 node reduced integration brick elements (C3D8R) were used. General views of the mesh used

in the models are shown in Figure 60 and Figure 61.

Figure 60 Small scale FEA element mesh
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ot

Figure 61 Large scale FEA element mesh

Note this view has the x and z coordinates magnified for clarity
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7.2.1 Boundary Conditions and Initial Conditions

The small scale and large scale models were restrained by fixing the base of the outer pipe in the vertical and
horizontal directions. Symmetry planes were used in the X and Y planes. Boundary conditions for the small
scale model are shown in Figure 62. Note that the large scale model is similar.

Symmetry
Plane

Fixed Boundary

Figure 62 Small scale boundary conditions

7.2.2 Contact Interactions

The assembly of parts used to create the test model was held in space using contact interactions true to how the
parts interact in reality. Surface to surface contact definitions were defined at the cement to coil tubing interface

and at the cement to formation pipe interface. In previous lab validation the contacts were assigned a cohesive
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behavior utilizing a traction separation based contact enforcement method. However, the cement designs that
were applied to the global model contact was modelled as either “hard contact’ or using tie constraints for the
scale models since contact damage was not explicitly modelled in the global model due to convergence issues.
De-bonding and micro-annulus formation is still accounted for by other diagnostic means such as element
damage in either tension or compression as well as the plastic strains in close proximity to the cement to pipe

locations.

See Figure 63 for typical contact pairs in the small scale model, the large scale model is similar.

Assembly
Contact
Interactions

Figure 63 Small scale interactions

7.2.3 Cement damage modelling
The cement sheaths were modelled using the concrete damaged plasticity model in ABAQUS. It provides a
general capability for modelling concrete and other quasi-brittle materials in all types of structures by using the
concepts of isotropic damaged elasticity in combination with isotropic tensile and compressive plasticity to
represent the inelastic behavior of concrete. It consists of the combination of non-associated multi-hardening

plasticity and scalar (isotropic) damaged elasticity to describe the irreversible damage that occurs during the
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cracking process. The concrete damaged plasticity material model is interoperable between the Explicit and
Standard solvers, therefore the defined materials can also be used in the global FEA models.

The model is a continuum, plasticity-based, damage model for concrete and cements. It is based on the
assumption that the main two failure mechanisms are tensile cracking and compressive crushing of the material.
The evolution of the failure surface is controlled by two hardening variables, tensile and compressive equivalent

plastic strains that are linked to failure mechanisms under tension and compression loading, respectively.

The fracture energy criterion was used to model the cements brittle behavior by using a stress-displacement
relationship. The stress-strain behavior of the cement in uniaxial compression outside of the elastic range is

modelled by using compression hardening and strain softening.

The concrete compression damage and concrete tension damage optional parameters were used to simulate the
loss of stiffness of the cement as damage occurs. Maximum compressive stiffness reduction was set to 99% and
90% for tension. Once these values are reached a complete loss of stiffness is assumed to occur. Element
deactivation was enabled to remove these elements from the stiffness matrix at complete failure.

7.2.4 Thermal analysis approach

Thermal loads were applied by means of a sequentially un-coupled thermal stress analysis. To accomplish this,
a transient heat transfer analysis was first solved. The nodal temperature values from the heat transfer analysis
were then mapped onto the structural solution model. The material definition in the structural model included
a thermal expansion coefficient and thus the model developed thermal strains with the addition of a AT and
thermal stresses when expansion was resisted by the stiffness of the structure. Since the heat transfer analysis
and stress analysis are in different time period thermal properties and convection coefficients were converted

into the appropriate time scale.

A heat transfer analysis was performed for the small and large scale models. The temperature was varied over
time using the load amplitude feature within ABAQUS to replicate the thermal cycling that was performed in
the lab testing. A complete thermal cycle for the small scale testing consisted of activating the interior heating
element for 150 minutes at approximately 215°F, then turning the heating off and then chilling the exterior of
the testing fixture at 50°F for 150 minutes. The heat transfer analysis results were then mapped on to the
structural model and allowed to cycle up to 50 complete cycles. The small scale testing consisted of curing the
cement in the fixture at 190°F and then allowing the fixture to cool back to ambient; therefore the initial

temperature of the large scale model was assumed to be at an ambient temperature of 72°F. The results from the
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small scale heat transfer analysis are shown in Figure 64. Note that the cooldown from ambient was accounted

for but not shown in the figure.

Figure 64

Time-Hours

Small scale heat transfer analysis results

Thermal cycling for the large scale test was similar to the small scale with the exception that the interior pipe

was cooled by circulating chilled water and the exterior was heated. A complete thermal cycle for the small

scale testing consisted of circulating chilled water through the interior pipe for 150 minutes at approximately

50°F and then turning off and then heating the exterior of the testing fixture at 230°F for 150 minutes. The heat

transfer analysis results were then mapped on to the structural model and allowed to cycle to failure or up to 50

complete cycles.

The large scale testing consisted of curing the cement in the fixture at 190°F and then subsequently starting the

temperature cycling without allowing the fixture to cool back to ambient; therefore the initial temperature of the

large scale model was assumed to be at a temperature of 190°F. The results from the large scale heat transfer

analysis are shown in Figure 65.
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Figure 65 Large scale heat transfer analysis results

7.2.5 Thermal properties

Thermal expansion coefficient, conductivity and specific heat values for the cement mixes were determined by
CSl and are shown in Appendix A. In order to reduce computational time, average values of the cement thermal

properties were used to reduce the number heat transfer analysis required.

The thermal expansion coefficient for steel was assumed to be 6.7x10-6 in/in-°F and 4.4x10-6 in/in-°F for the

soil.
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7.2.6 Thermal boundary conditions
Surface boundary conditions were defined by giving the outer surfaces a convection coefficient and a sink
temperature (water temperature or ambient air temperature). The surfaces exposed to water were applied with
a film coefficient that was set to 580 W/m2K and for surfaces exposed to air a film coefficient of 15 W/m2K

was used.
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7.3 Small Scale Lab Tests

CSI performed the small scale thermal tests on the cements previously identified in Table 5

The thermal shock test apparatus is explained below and shown diagrammatically in Figure 66.

Electric heater input [W]

Cold water Input Water

Thermocouples

TR

i |

A sz

Cold water return

|

T - Air supply

Flow meter

Figure 66 Thermal shock test schematic

The test specimen comprises of an electric heater element embedded in a cylinder of cement which itself is
surrounded by a metal sheath inside a metal cylinder. A brass coil supplying cooling water then surrounds the

outside metal cylinder.
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A compressed air supply charges the base of the cement sample and flow is monitored through an inline flow

meter. Thermocouples are embedded in the cement, just inside the outer wall and just outside the inner wall

respectively.

Once cured, the test begins by heating the sample for a prescribed time until both thermal couples measure

steady temperatures. Then the heating input is switched off and the cold water flow switched on to cool the

sample. The rates of heating and cooling can be adjusted to accommodate different temperature ramps by

adjusting the energy input and the cooling water temperature. This process is repeated to subject the sample to

repeated thermal shocks until air bubbles appear at the top of the sample indicating the cement has failed through

the height of the sample.

The actual test lab test setup is shown in Figure 67.

Figure 67

7.3.1 Small Scale Thermal Shock Testing — Results

Thermal shock test apparatus

Instant failure occurred on some of the tests where the air passed through the cement sample immediately;

suggesting a failure of the curing process, see Figure 68. Test that failed immediately were attempted again and
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successful results were achieved in all but two of the cement designs as shown in Table 6. An example of a
successful test is shown in Figure 69. This sampled eventually failed through a delamination of the cement to

casing bond on the outer radius of the cement.

A

in cement |

Figure 68 Thermal shock test fail — pre-mature failure
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Figure 69 Thermal shock test - failure on outer radius of cement
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The cycle history for a typical sample is shown in Figure 70; note that the number of cycles vary per sample.

200
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Temperature F
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Time
—— QOuterTemp —— InnerTemp
Figure 70 Thermal shock example - cycle history
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The structural response for HDV09675-5-2¢ is shown in Figure 71. Note the magnitude has been capped to
identify potential leak paths. A possible leak path is represented as the yellow line. This failure mode was
observed to be similar for the other samples that failed as well.

SDEG

(Avg: 100%) U, U1 (CS5YS-1)
0.9850000 0.0101251
0.9738336 0.0093104
0.9626669 0.0084957
0.9515002 0.0076810
0.9303335 0.0068664
0.9291669 0.0060517
0.9180002 0.0052370
0.9068335 0.0044224
0.8956668 0.0036077
0.8845001 = 0.0027930
08733334 0.0019783
0.8621667 0.0011637
0.8510000 0.0003430
0.7590240 -0.0130540

Areas of

Yellow lines indicates

compression :
P potential leak path
damage
Area of
tension
damage

Figure 71 Small scale failure example - FE response
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Table 6 Comparison of FEA Results and Small Scale Tests

ID Lab results FEA Results
Nrest Location Nrea Estimated location

HDV09675-5-4d 70 cycles Outer pipe 50 cycles No fail up to 50 cycles*

HDV09675-5-1b Instant Failure Inconclusive lcycle Path goes from inner to outer

HDV09675-5-5a No Failure N/A No Failure No fail up to 50 cycles

HDV09675-5-2¢ 8 cycles Outer 7 cycles Path goes from inner to outer

HDV09675-5-3b Instant Failure Inconclusive 2 cycles Path goes from inner to outer

HDV09675-5-6d No Failure N/A 50 cycles No fail up to 50 cycles
AFEA was performed up to a max of 50 cycles based on the low cycles to failure on early tests performed and
prior to all of the lab tests completed.

7.4 Large Scale Lab Tests
Four attempts to perform the large scale tests were tried using the HDV09675-5-2c mix. However, only one
was able to achieve usable data suggesting that the sealing of the test fixtures is sensitive to the curing process.
The test that was successfully run failed after only a few cycles. The results of this test are discussed later on.

The schematic for the large scale test fixture is shown in Figure 72.

! This FEA model will be re-started and the cycle count will be increased until failure — results will be incorporated into
final report.
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Figure 72 Large scale test setup

The test specimen comprises of a heater on the exterior of the fixture. Chilled water is circulated through the

interior pipe to cool the system.

A compressed air supply charges the base of the cement sample and flow is monitored through an inline flow
meter. Thermocouples are embedded in the cement, just inside the outer wall and just outside the inner wall

respectively similar to the small scale tests.

The heating and cooling can be adjusted to accommodate different temperature ramps by adjusting the energy
input and the cooling water temperature. This process is repeated to subject the sample to repeated thermal
shocks until air bubbles appear at the top of the sample indicating the cement has failed through the height of

the sample.
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7.4.1 Large Scale Thermal Shock Testing — Results

As mentioned previously the test that was successfully run failed after only a few cycles in the lab testing. Lab
testing confirmed that the seal failed at the inner diameter of the outer pipe. The damage observed in the FEA
analysis indicates that failure of the cement occurs at about 1 to 3 cycles. Significant damage starts to initiate at

the onset of the first cycle and progresses rapidly throughout the cycle. The FEA results for the large scale test
are shown in Figure 73.

SDEG U, U1 (CSYS-1)
(Avg: 100%) Suoes
-0.0001000
0.8740949 -0.0001042
0.8012536 -0.0001083
0.7284123 -0.0001125
0.6555711 -0.0001167
0.5827299 -0.0001208
0.5098886 -0.0001250
=t 0.4370474 -0.0001292
0.3642062 -0.0001333
0.2913650 -0.0001375
0.2185237 -0.0001417
0.1456825 -0.0001458
0.0728412 -0.0001500
0.0000000 -0.0136048

Areas of
damage

Yellow line indicates
potential leak path

Area of
tension
damage

Figure 73 Large scale FEA at failure
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7.5 Large Scale Thermal Shock Testing - Conclusions
The lab testing and FEA modelling performed show that the FEA analysis can predict the failure of the cements

used in the wellbore with very good accuracy.

Although some of the samples experienced immediate failure, likely as a result of the thermal cycle induced by
the curing process, it was observed that the same mixes experienced early failure in the FEA as well. It was
generally observed that the samples that did not fail or had a significant number of cycles to failure in the lab
also performed well in the analysis. It should be noted that cement response is influenced by many different
factors such as loading conditions, confinement, etc. Meaning that one mix that does poorly in a certain scenario

may perform well in another.

A positive validation of the modelling techniques was provided by the HDV09675-5-2c cement sample. It
showed an excellent match at small scale test as it had 8 cycles to failure in the lab and approximately 6 cycles
to failure in the FEA. The large scale test had immediate failure in one attempt and failure at 2 cycles in the lab

and approximately 1-3 cycles to failure in the FEA.

Therefore a high degree of confidence in the modelling methodology was gained.
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8.1

PROPOSE MITIGATION TECHNIQUES

Conventional cement systems are at times unable to maintain an effective seal under cyclic stressing conditions
in the changing environment of the wellbore. These stresses are from thermal changes, and pressure changes
such as stimulation activities like fracturing the wellbore. However, the industry has improved the cement

systems that are used in wells.

e Computer simulations and models can help in the cementing design process for these challenges. It was
found that many operators are including some type of computer simulations. The use of FEA programs to
gain insight to better determine how the cements and mechanical barriers are behaving will help improve the
cement systems and have the potential to provide information that can improve the software currently being
used.

e Cement to casing bond is dependent on numerous mechanical properties, not just compressive strength.
While one cement system may not be the best selection for all situations it was observed that the cements
that exhibited more ductile behavior performed better in the lab and in the FEA simulations. These mixes
generally had a lower Young’s Modulus coupled with higher compression and tensile strengths.

o Excellent cement job execution is also critical to create a good bond. Mud removal, density control and other
aspects of cement placement are important in creating a durable bond. The consequences of a poor cementing
job are difficult to quantify. A better understanding of the effects of poor cementing on the durability of the
bond can be gained by using FEA similar to the simulations performed in the lab in this project. The FEA
could be used to perform sensitivity studies to investigate the wellbore response with reduced bond strengths.

e Quality control of the cement blending and mixing should be monitored to ensure that the strengths placed

in the wellbore meet or exceed the intended design.

Cement barrier failure modes

Stresses induced on typical deep-water wells by stimulation operations result from increased casing pressure
and thermal shock/cycling of the casing by fracturing fluids. The magnitudes of these stresses are not generally
sufficient to be the primary cause of damage to the casings. However, the stresses can be sufficient to cause
failure of the cement or to destroy the bond of cement to casing or cement to formation. This failure of the

cement to casing bond can potentially increase the loading of the casing overstressing it and cause a failure.

Potential failure modes of cement from thermal shock during the combination of production-shut in cycles and
stimulation can be attributed to tensile stress, compressive stress, and shear stress. The casing-cement-formation
system integrity depends on mechanical properties of the cement such as Young’s Modulus, Poisson’s Ratio,

and tensile strength. Cement failure in tension during stimulation is considered very common due to the
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intrinsically low tensile strength of most Portland cement systems. This can be amplified if the low tensile

strength system is has a higher Young’s Modulus.

Additionally, the quality of cement placement and control of unwanted fluid migration in the cemented annulus
after cement placement dictate the initial condition of the system and affect the potential for stress-induced seal
failure. Finally, since Portland cement mechanical properties are governed by extent of chemical hydration
occurring in the cement, where this hydration rate depends on time, temperature and cement design, the
mechanical properties of the cement component must be measured after curing for appropriate times at

simulated down-hole conditions to accurately assess performance.

In addition to time dependence, mechanical performance of Portland cement can degrade under cyclic stress
that is far below failure stress for the material. This degradation is due to the porous nature of set Portland
cement and localized failure of the pore walls that can result from stresses in the elastic region. Thus, stresses
lower than failure strength of cement can cause plastic strains. Stress repetition from thermal shock/cycling can

result in additional plastic strain thus creating channels that allow flow at lower-stresses.

In general, failure of the casing-cement-formation system as a result of thermal shock-induced stress is complex
and is not accurately described by solely one or two cement mechanical property values. Primary failure points
are within the cemented annulus. Failure is governed by cement composition, quality of cement placement,
extent of hydration as governed by time interval between cement placement and stimulation treatment, and

stimulation treatment temperatures and pressures.

8.2 Mechanical barrier failure modes
In general, a failure to a casing/tubular in the wellbore would occur after a failure or significant damage occurred
within the cement annulus. While the design of the tubulars typically does not consider thermal shock explicitly,
it is accounted for in the thermal loading applied. If a failure to a tubular is the primary cause of failure in the
wellbore, the most likely cause will be due to a failed connection. This type of failure is not typically caused by
thermal shock alone, but rather an additional factor such as:
e Improper design or exposure to loads exceeding rated capacity
e Failure to comply with make-up requirements
o Failure to meet manufacturing tolerances
e Damage during storage and handling
e Damage during production operations
- e.g., corrosion and wear
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The most common failure modes of the tubulars would be characterized as:

e Ballooning
e Collapse

e Connection Failure

Existing design tools are considered adequate to design tubular barriers for thermal shock, see Section 4.2.
Mitigating against the effects of temperature variation in the design of the tubulars depends upon the failure
mode but design solutions are likely to be available provided the temperature loading is accounted for in the

first instance.

Mechanical seal failure could be caused by high temperatures but provided the design basis for the seal
components account for the temperatures and the temperature range the seals will be exposed to then the seal

designs should be able to mitigate against the risk of barrier failure.

In the case of the HPHT Deepwater wells being considered in this project, thermal shock caused either by
shutting in a producing well or by stimulating a well should not pose a particularly onerous design constraint
for mechanical seals at or near the mudline. Seals near the mudline, for example in the well head, are likely to
benefit from the temperature being higher in the bore than in the environment, provided the seal materials are
rated for the highest temperatures they will be exposed to. The temperature gradient from bore temperature to
environment should assist sealing, as the inside will want to expand rather than contract assisting rather than
compromising sealing. For seals deeper in the well, for example the production packer, the opposite is true and
cooling of the inner string, for example during stimulation, would result in a less favourable temperature
gradient. But provided the temperature conditions surrounding the packer are accounted for in the packer basis

of design, the risk of packer failure can be mitigated through design.
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9 GUIDELINES AND BARRIER RISK RANKING

The work performed in this study has highlighted that thermal shock can damage the cement barriers throughout
the well bore. The magnitude of the damage to cement is governed by the amplitude of the thermal shock and
design of the cement. A significant finding of the simulation work performed is the importance of designing
cement sealants for durability up and down the well. Intervention or remediation can induce sufficient thermal
stresses to induce cement failure in well locations not usually considered high risk (mud line or mid well). While
induced stresses may not be as high as those deeper downhole, typical mechanical properties of the cement
design for these locations may be much lower for those seemingly lower-risk applications. If the cements

designed for these regions are not subjected to extra design evaluation the risk of seal failure increases.

The risk of cement barrier damage and hence barrier failure is also dominated by stimulation conditions rather
than the production/shut-in cycles as the amplitude of the thermal shock is greatest in these circumstances.
Provided appropriate consideration is given to thermal shock in the cement design, the risk of barrier failure can
be mitigated. It should be noted that this project considered a maximum bottom hole temperature of 350°F. As
oil and gas exploration goes even deeper and hotter, then as bottom hole temperatures exceed 350°F the risked

posed by thermal shock will increase.

While the term thermal shock is not prevalent in most of the regulations surrounding the construction of a well,
CFRs, [28,29,30], do capture the need to address the well design conditions throughout the life of the well and
for the cement design to be certified by a licensed professional engineer that is it fit for purpose, [29].
CFR 250.415 makes reference to APl RP 65 Part 2, [31], which does acknowledge that the mechanical
parameters of the cement are critical to the integrity of the cement over the life of the well. The API also
acknowledges that cements with high tensile strength and low Young’s modulus tend to resist damage more
effectively. This is supported by the findings of this study as this combination performed the best. CFR 250.415
further requires a written description of how the well designer has evaluated the best practices included in API
RP 65 Part 2. Therefore there does not appear to be a need to generate a raft of new guidelines concerning well
design to accommodate thermal shock, however, temperature variations within the well lifetime and how they
will be accommodated by the cement design should be given greater scrutiny to ensure the intent of the existing
regulations is met.

From the work performed the impact of thermal shock on the cement system appear to be dominated by the
amplitude of the temperature change experienced by the well, rather than the rate of change of temperature.
Design guidelines and recommended practices for HPHT well design do emphasise the need to consider the
well conditions the barrier system will be exposed to over the life of the well, even if the specific term thermal
shock is not used regularly.
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For mechanical barriers, both the amplitude and the rate of change of temperature could be a more important
factor. If there is a significant temperature gradient across the barrier and that gradient changes with operating
conditions, the sealing effectiveness could be impacted, albeit perhaps only temporarily. Therefore as well as
taking into account the temperature amplitude the differential temperature across the barrier and how that
changes with time should be accounted for in the design of the barrier. Under normal production-shut-in cycles
the timescales of temperature change should limit this effect but the impact may be greater during stimulation
when a sudden cooling of the well bore is much more pronounced. However good design practise and a proper

understanding of the loads those barriers are exposed to should be adequate to mitigate the risk of barrier failure.

The mechanical barriers deeper in the well may be more susceptible than at the mudline. At the wellhead the
environment is always colder than the bore, even during stimulation, and so the temperature gradient in the well
cross-section should act in favour of the seal. The risk of this type of failure is consider low since it can be

mitigated through design, provided temperature is correctly address in the design basis of the barrier elements.

Tubulars are undoubtedly affected by the temperature changes resulting from thermal shock but as with
mechanical seals the design tools currently available should be sufficient to allow barriers to be designed to
meet the temperature changes over the life of the well provided temperatures and temperature changes over the
well life and their impact on the cement sheaths are adequately addressed at the design stage. It is also important
to note that some design tools widely used for that purpose assume a competent cement sheath exists at all times.
The integrity of the tubular or other aspects of the well design could be compromised if the cement fails. This
emphasises the importance of getting the cement design correct. Furthermore, prudent engineering design

should examine the impact of a degraded cement sheath on the tubular system.

In attempting to rank the risk to the cement barriers it would be convenient to simply use the magnitude of
thermal shock as the governing metric. However an important conclusion of this study is that, while clearly the
highest thermal shock occurs deeper in the well during stimulation, the damage to the barrier, if poorly designed,
can extend across a significant length of the well and the vulnerability of the cement barrier to temperature
change is dependent upon the design of the cement. Lower modulus high tensile strength cements tend to
perform better in response to large changes of temperature but it is also apparent that one cement design that
does well in one circumstance may not perform as well in another and simple designing for the maximum
compressive strength may not be sufficient to produce a cement barrier that will last the lifetime of the well.
Use of appropriate analysis, such as described in this study, would help ensure the cement is fit for purpose
regardless of its location in the well.
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Overall risk ranking for the barriers within a well is primarily a task that should be carried out on a well by well

basis taking the overall well integrity into account. While it may be more likely that a cement barrier is damaged

during the operating life of the well, leading to barrier failure if the damage is extensive enough, the impact of

that failure would be governed by the overall barrier philosophy of the well design. A risk assessment of the

well’s integrity should be carried out and the susceptibility of the cement designs to temperature change

throughout the entire well should be included as part of that risk assessment. This study recommends that

approach rather than attempting to produce a generic risk ranking for barriers in a well.
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10

ACADEMIC SCRUTINY
University of Texas at Austin has been added to the team to provide independent scrutiny of the FE and testing
activities, Task 4 and 5, as well as providing input during Task 6 which will look at mitigating the effects of

thermal shock.

Dr Richard Schultz was approached by the WWC project team to engage with them on this project as an
Academic Partner. This engagement draws upon Dr Schulz’s work in reservoir geomechanics and subsurface
asset integrity as Senior Research Scientist with the Center for Petroleum and Geosystems Engineering at The
University of Texas at Austin (UT), and industry-funded research programs at UT including the Fracture
Research and Application (FRAC) Consortium. The Petroleum and Geosystems Engineering Department’s
undergraduate and graduate degree programs were consistently ranked as #1 in the nation (again through 2018)
by U.S. News and World Report; the Center is the research arm of the Department. While at UT Dr Schulz was
also an instructor in subsurface integrity with TopCorp, a multi-university consortium that provided technical
training to state oil and gas regulators; prior to that he was Principal Geomechanicist and a key member of the

company-wide subsurface containment assurance team at ConocoPhillips.

Dr Schulz’s role in this project is to support and assist the Wild Wells team in three main tasks described above,
froma partnering and advisory role; the intention is not to duplicate efforts but to apply his academic perspective

to supplement the execution and interpretation of the technical work of these tasks.

Several meetings between U of T and WWC and CSI have taken place and U of T has reviewed the work
performed by the WWC team.
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API 17 TR8 HPHT Design Guidelines, 1st Ed, 2015

API RP 90-2 Annular Pressure Management for Offshore Wells, 1% Ed, April 2016

WelICAT Casing design software, https://www.landmark.solutions/WELLCAT

ABAQUS Finite Element Software, https://www.3ds.com/products-services/simulia/

Drillbench Dynamic Drilling Simulation Software, https://www.software.slb.com/products/drillbench

eDrilling, http://edrilling.no/products-services/wellsim/

TubeFlowPIC, http://www.btechsoft.com/TubeFlow_ PIC.aspx

DIANA FEA, http://dianafea.com/content/TechDatOilGas, General Purpose FE code with Oil and Gas

applications

CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling
Operations, Subject Group 81, General Requirements 250.400 through 250.409

CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling
Operations, Subject Group 82, General Requirements 250.410 through 250.418

CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling
Operations, Subject Group 83, General Requirements 250.420 through 250.428

APl RP 65-2 Isolating Potential Flow Zones During Well Construction, Second Edition, December 2010
Reaffirmed, November 2016
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Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010
CONTROL
HDV0965-5- 4d

*2CSI TECHNOLOGIES

A SUPERIOR ENERGY SERVICES COMPANY

Laboratory Data Summary

Tost Date: May 18, 2017 Dopth MD (ft): 4,500 Job Swa /! Type: 20 (i) Casing
Project No: HOV0965-5 - 4d Dopth TVD {f): 4,500 Woll Fluid Donsity (Ib'gal): 10.5
Compary: WWCESEE BHST OF): 80 Tost Schadule: Casing- 9.4

0 BHCT (°F): (53

0 Tost Pressure (PSE): 2840

Cement 51.'1 Design

Slurry Dorusity (b/gall: 16.4 Sturry Yiold (#zk): 1.06 Total Mixing Fluid (gal'zk): 435
Sack Weight, % of Total Prod Weight,
Ca i Tl b Sack Weight bisk CSlLog#
Coment - Class H (Lohigh) 3¢ 100 84.00 |abstock
Mox Water Concentration Units CSiLog#
Detorized Wakr 4.272 gal'sk |abatock
Function Additive Concentration Units CSlLog#
Foamor APF-27 0.080 galsk R5083
Test Resuits
i Slury Mwng
Comont {io/gal): 18.4 Additicnal Time 1o Mic: 10s0c

Vortax at Low RPM: Yoz
Macmum RPM: 12,063

Desired Thickening Time 10 hrs De sired Free Fluid 0.00
ickep - 40 Bc 708c Eme Flad
BHCT (°F): 85 05:22 06:44 hemin Cenditicning Tomp. °F): 85
Tost Anglo: Vertical
Moasurod Froe Fluid: 0.0 ml ! 250 ml
Caloulatod Froa Fluid: 0.00%
i Y Gl Swength
Fluid / Mox tuse Temp F 300 200 100 - 0 6 3 2] YP 10220 10 min
Camont 80 76 80 44 33 32 16 12 &0 21 15 17
Comont &5 100 a0 &0 0 40 20 16 1412 33 19 19
Notke: Fhoology measured using R1-B1-F2.0 confirguration and reported as Hi-BI-F1.0 cP Ib, 10016 b/ 1001°
Hydraulic Bond Splitling Tensile Strength ~ Unconfined Compressive Strength  Young's Modulus  Poisson's Batio  Coupon Pull Test
Flow Fak Tost 1211 psi 1309 pei *  1DIE06 0.212 Tost 1 42.5 psi
bz |Pipo ! |Pipa 2| Pipo 3|  Tost 2259 ps Tost 2 220 psi
K| 0 |00 Tost 3243 pei
100 0 0 0 Awrage 243 ps
20| 0 0 0
[0 0 [0 [ 0 i Thermal Diffusivity Specific Heat
40| 0 0 0 0.8459 WimK 0.3081 mm'ls 2747 WIm'K
80| 0 0 0
&0 o 0 0 Shear Bond Impact Tagt
00| 0 0 0 Tost 1 1.9955 inch plug traveled 7 in at 370 pai Woight of Ball 56.89 gme, Distanco 11.25 inchos
ea| 0 o 0 Tost 2 1.928 inch plug traveled 7 in at 333 pa Tost 1 4.5035 x 1.0035x 1.018 inch samplo broke cn 3 impact
00 | max | max | mm | Tost32.007 inch plug travaled 7 in at 488 psi Tost 248175 x 1.0125x 1.0085 inch samplo broko on 4 impact
1000 Aworage shoar bond 399 psi

Shoar Bond Tost 1 1.948° ID, 2547 pipo longth, 0.2305" top 1o coment, 0.321° bottom to coment; Test 2 1.952° ID, 2.4815° Pipo length, 0.225” 1op to comernt, 0.3285" bottom to
coment; Tost 3 2.0185° ID, 2.5585 Pipo langth, 0.255" top 1o comont, 0.3035" bottom to comprt.

Coupen Pull st 1: 2.8¢55" coupen bngth, 0.5 coupon width, 0.0855" coupon thicknoss, 2.398"pipa length, 2.003° Pipo ID, 0.513" top of coupon 1o top of comont, 0.254°
bottom of coupaon 10 bottom of camont, 115.9bf achioved a broak; Test 2: 2.955° coupen longth, 0.5835" coupon width,

0.0845" coupen ticknoss, 2.5150° Pipe length, 2.005"Pipa ID, 0.8385" top of coupon to top of comant, 0.2380" bottom of coupon to bottom of comont, 599 Ibf achioved a beoak.

Tonsike Tost 1: 1.15" Long®, 2.006" Diamoter, 773.6 Iof; Tost 2: 1.023" Length, 2.002° Diamotor, B65.2 Ibf; Tost 3: 0.784" Longth, 2.000" Diameter, £12.3 Ibf.
UCS sample 3.389" Langth, 2.012" Diameter; YWPH sample 3.4225" Length, 2.0115° Diamobr.
Al reported mochamical propecly Bats wore parformod on the foamad dosign 1o 13.5 bigal.

Project Coordinator: Paul Sonnier Position:
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Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010
CONTROL
HDV0965-5- 1B
-2 CSI TECHNOLOGIES
A SUPERIOR ENERQY SEAVICER COMPANY
Laboratory Data Summary
Tost Dato: March 13 2017 Dopth MO {ft: 4,200 Job Sz / Type: 14 {n) Casing
Projoct No: HOV0985-5- 1B Dopth TV {it: 4,200 Woll Flad Donsiy (Ib/gal: 85
Company: WWCOBSEE BHST °F): 122 Tost Schodule: Casing- 9.4
BHCT R 101
Tomp. Grad. ("H'100ft): 1.
Tost Pessuo (PSI): 2440
Cement Siwry Design
Siurry Donsity (b/gal): 120 Shurry Yiokd (isk- 223 Total Mixing Fluid (g X): 12.81
Sack Waight, % of Total Prod Waight,
Comont Blond b Sack Weight b5k CSiLog#
Coment - Class H (Lohigh) 3¢ 55 £1.10 L4550
POZMIX (72) 74 35 2590 L3577
Mix Waer Concentration Units CSilog#
Doicniod Water 12808 gal'sk 0
Function Additive Concontration Units CSlLog#
Doloamer Dofoamar 7011 0.300 Fbwoo (DE) La87m
Tight Woig Gol {Bontonita) 2000 Twos (08) P2272
Test Resuits
Measured Dopssyy Siurry Miing
Comont {b/gall: 120 Additional Timo to Mix: Osoc.
Vorex at Low FPM: Yos
Maximum RPM: 12016
Dosired Thickening Time LEhrs Comoressive Suength
Total Thickening Time - Coment 40 Bc 70Bc Tost Tampeeatura 7F): 122
BHCT (%F): 101 04:17 hrzmin 50 paiat 1051 hexnin
500 psiat | NA hremin
52 paiat ~ 12300 hesmin
Dosired Fre Fluid 2% Sheer Bord impact Test
Eme Fluid Tost 1 2.02 inch plog *avelod 0.2 in a1 75 psi Woight of Bal 65.9 gms, Distance 11.25 nchos
Conditicning Tomp. (°F): 101 Tost2 1.96 nch phg vavolod 0.7 inat 52 psi Tost 1 4.99 x 1.013x 991 inch sampb broko on 1 smpact
Tost Anghc Vorscal Tost3 1.99 inch phag *velod 021 inat €3 pai Tost 24,93 x 1.001 x 0.384 inch sampb becka cn 1 impact
Moasumd Froo Fluid  4.0ml/ 250 el Avorage shoar bond 170 pai
Calodawd Froo Fluid: 1.50%
Bheolegical Properies Gel Strangth
Fluid / Maxture Temp F 300 200 100 &0 30 € 3 w e 10 mc 10 min
Coment 0 52 50 48 4€ 44 z7 20 24 3 19 19
Coment 101 58 62 58 54 Z7 21 4 38 19 3
Nolo: Fhaclogy measured using A1-B1-F2.0 confirguration and oported as F1-B1-F10 cP bysoon’ By 10087
draulic Bond Splitting Tonsik Swsngth Unconfinod Compressive Strength  Young'z Modulus  Poizgson's Batio  Counen Pull Test
Tiow Paio Tost 1 58 pai 448 psi £ 3.1BE05 028 Tost152psi
psi | Pipo 1| Pipo 2| Pipo 3| Tost2 B4 pai Tost254 pai
50 0 0 0 Tost 3 85 pai Average 53 pei
00| OF | 05 | 08 | Avwrage 207 ps
200|] 08 1 2
0] 05 ] 1 | 25 e Thecmal Diffuseeizy Specific Heat
00| 085 32 | ma 0.749 WimK 0.198 mm¥s. 3.828 MK
500 1.2-4.3] max
500 [4.4.4.5
700| max
800
900
1000]
Propct Coordinator: Paul Sonner Position: Fosoarch Manager

The atove dita = suppicd s0bY Tor formational purposes.  Supsrior Encey Services MaKss no Of WIrTaTIGa, Ghhar
Impicd wih respect 10 the aocuracy of Intarprstation of this Bpot. The resulls of Ihs BoOM 26 ProVICSd “2s (5™ based on the mommation
Provided by the cdibrt. Ary ussr of his report agees that Superior Enpagy Servias shall not bo Radic for any loss o damage,
regardic s of causs, Including ary act or omission of Supcricr Enemy Sevices ssuling from the use themal.
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Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010

CONTROL

2CSI TECHNOLOGIES HDV0965-5 - 2¢

% SUPERION ENERGY SERVIGES CONMPANY

Laborstory Dgra Summary

Test Dut: Aged 04, 2007 Dopti MO QU: 2702 Job Sra | Tyme 958 0 Lrer
Project No: HOVO9ES 5 - 20 Doph VD 0U:__ 12100 Wolk Fusd Donaty (u/gal): 164
Company: WNCESEE BHST PF): 245 Todt Schodus: Liner- 920

BHCT PR 130

Tomp. Grad (F100M: 136
Test Prossum (PS): 11230

Coment Surry Design

Suny Doratty fbigal): e Shury Viekd 0¥ s 140 Total Mydng Fiusd (k) 508
Saok * % of Towad 5
Comem Exnd e Srogn  ProIWei s Loge
Comant - Ciass H (ehgh) 34 100 24.00 Lass0
Mix Wawr Conm nration Unhs Loge
Dol od Waksr 5077 ga'sk ansiock
Funcdon Rodive Concentrasion Units CSilege
mlmﬁ Hona 2200 Fbwoc (D8] PO4E1E
) S8ca Fowr 10.000 Fbwoc (DF) Lar
Dakoamar Daloamer 7011 0.100 Hbwoc (D8) Laa?8
Fusd Loss FL7 0.500 Sbwoo (08) P74
Do rsant NC-51 0200 Sbwoc (DF) ca
Stangih Sanc. 100 Wozh 25000 Swoc (D8] Taa73
R FR-1 0.100 Xbwoc (D) L4869
Test 8otz
M asurod Donsty Slury Mung
Camart Jbigalc 170 Addona Tre o Mx 10 sec

Vomxat Low RPME Yo
Modmum RPM 12174

Dasirod Thickening Time E10nrs Comrgresswe Seength
ol Thickoning Tiop - Compos 40Ec 08¢ Tast 3} 245
BHCT (F% 150 At 958 temin 50 peiz (328 N
500 pelat @31 hemin
3224 pelat 1200 nemhn
A% gelat | 2400 nemn
pelat - hours
Dosied Fuld Loss <100mis Dosind Froo Fhuid 000
S Figd Loss
Tost Temg (°F): 190 Condiioning Temp. {°F): 190
Cotlacied Fud (mL): 3 TestAngle: vVercd
Collection Tins (min): 30 Moanmd Foe Flue  0.0mL/ 250 m
APIFIK Lozs (mLiS0mi): 52 Cacuatd Fras Flue 000%
22000031 OYIRrIQs Gl Sirwngh
Flusd/ Mxium Temp ¥ %0 200 0 [ 0 & 3 o P 10 me 10min
Comant 0 284 209 18 7€ 2 1n 3 22 14 3 5
Comart 190 350 07 = = = 8 B 5 0 [ E3
Noks: FIheciogy MG using Fil-B1 F2.0 coniiuraton ard Rpord as A1-87-F1.0 @ = 1008 1000
Hydraufic Bond Solinng Tonsie Swonad Unzonirec Compressve Stungen Youog'sModuus  Boissoo'sfaee  Coupon Pufl Tosi
Fiow Fab Tost 1 E36pd £310pat e 220606 02645 Tost1 221 ps
74 | Poe [P 2] Pped|  Test2eIipe Test2 4271 p2t
0| 0 0 0 Tost2 750 pat
m| o 0 | max | Average 7055
20| 0 | mx
W| o Tooomal Detfusiy Soociiz Hou
4m| ¢ 13027 Wk 020685 s 33198 WK
0| o
£00 | max SwarSo0d meso: Tom
700 Tost 12,1135 Reh pUg YGlod 01065 h 1 X1 pel  Waight of Ball .89 grms, Distancs 11.26 inchos
200 Tost 2 1.947 Inch phug bcied 0229 n 2t 252 pd Test 14913 x 9<E5x 1.095 Inch sampe broks on €0 Impact
500 Tost3 1 8855 peh pug Yawkea 0170 Mt 355 pe  Tomt 2 4811503475 1.0815 Inch sampic broks on 30 mpect
7000| Awarage shear tond 313 ol

Lomepms | flocommpndions;

Showr Bond Test 1 2.0075° 10, 27080 ppe kength, 0.364* top 1o comant, 0.2305" botom © comant; Tost 2 1.99° 0, 2647 Pipe iength, 0.3000" fop 'o mmart, 0.4000° botom 1o
ocement; Test 3 20005 ). 2.5470 Pipe langth, 0.4045° op to mmert 02570 battom o mmant.

Coupon Pull Bt 1: 2.9555° coupon iengih, 0.55° coupon wish, 0575 coupon Tickness, 2.5115°pis keng, 2.007" Pipe 1, 0.6296" top of coupon 10 10p of comant, 0.3045°
botion of coupen 1o bofiom of g mont, 57923 1 achiovad troak: Tast 2: 2.9525° coupon length, 0.583° coupon witth,

0.0535* coupon thickness, 2.461° Ps Bngth, 2.008°Fpe D, 0.7995" op of coupon 10 iop of coma i, 9.2370° botiom of coupen 10 bofiom of cament, £40 16 d not achiovs 2
bmak

Tanshs Tost 1-0.5805" Long®, 2.018° DRamaior 2164 It Test 2- 1.0475" Langth, 203" Diamatar, 2096 BY; Toat 3 1. 0655 langth, 2.0025° Dinmetar. 2654 Itf.

UCS sampic 3.573° Langih. 2017 Diamaior: YMFR mmpie 2.77 1" longih, 2.013* Dsmo ke

Propot ] Paud Sonnkar Posiion: Rossarch Manags 1
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Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010
CONTROL
HDV0965-5 - 3b
CSI TECHNOLOGIES
ASUPERION ENERQY SERVIGES COMPANY
Laboratory Data Summary
Test Do Apdl 04, 2017 Dogh MD ). Job Stee / Type: 5 m Lrer
Frogct No: HOVDIE5 5 - 3 Dopth TVD {t): Wl Flud Donslty (bigal) 15
Compary WNCESEE EBHET {*F): Test Schocue: Lier - .22
BHCT {"F)
Tomp. Qraa. {"F/2000):
Tost Fuasue (PSIK
—
Lement Surmy Design
Sturry Densty (ovgallc 185 Slury Yielo (IT7sK): 175 Total Mixing FLt (gas'sk): 632
Sack Weight, % of Total Prod Waight,
Coment Blend " Sack We kg Bisk CSiLog®
Comeot - Class H (Lehigh) o4 00 04.00 L4550
Mix Water Concentration Units CSiLeg#
Do lontaed Wk £3:8 galsk ik
Function Agditve Conxntration Unhs CSiLeg?
Woighting Agect Homate .00 Aowoc {DS) C2730
Sica Sikca Flour 10.000 Fowoc (DE) 3195
Dovame! Dofoamer 7011 0100 Fowoe [DE) Carld
FAEuD Ad LTEA-1 Q200 Fwoc {DE) PEsET
Fhuid Logs FL-17 1.000 Fowoo (DS P24
Disporsart NC-5-1 0.500 Fowoc (DE) C470
Stxogh Sand-100 Mesh 2,000 Feowoe (DE) 14373
Retarder FCR3 1.000 Fowoc {DE) 01920
MicroMa 24.000 Fuzwoc (DE) Z2051
Test Rosuits
D gired Thickening Time E108cs Compmssiw Stength
Total Thickening Time - Cament @B 708¢ Tzt Tompocaturs ("F): =0
BHCT (F) Z84 D&25 0629 hr:min 50 psia B34 rmin
500 psiz 0635 temin
3044  psiw 1200 temin
4292 psiat 2410 temin
psla - nours
Dezired Fiid Loss <30miz Desimd Free Fuld 200
Stired Puld Logs Ime Puig
Tost Tomp ("Fk: 254 Conationing Temp. {%): 130
Colcciod Fud (mL: 14 Tost Argb: Vorical
Colscton Time (minL): 0 Measured Froo Flukt:  0.0mL /250 mL
AF Fiusd Loss {mi/ 3cmn): 2 Costxiod Fre Flud: 0.00%
Ehcological Propartios Col Swmngh
Fluid / Mitcture Temp 'F 300 200 100 &0 30 6 3 PV YP 10 x=o 10 min
Cement 20 552 305 224 134 4 57 43 508 4 45 4
Comont 590 22 Z14 129 E] 54 18 2 280 24 15 2
Nok: Rredlogy measured using Re-BY-F2.0 confguration and reporied as R1-81.71.0 3 100 00
Eeoraulc Eand Spizing Tons Strangth  Unccodned Compmggvo Ssmagqh  Young's Modwius  Polsson's Ratlo  Coupon Pyll Test
Flow Fak Test 15339 5044 pal s 15TEDE oz Testt Opst
pd [Ppo1|Ppe 2| Ppe 3]  Tet25890m Test 2 20 psi
50 2 0 o Test 3 500 psl
1] 0 0 0 Fuorage 571 psl
20| 0 0
30| 9 o L) el Conuoiv Ty Ihecmal Qefugielty Specific Hoat
40| mx | 0 | mm 1.5523WamK 0.4305 mts AT NI
500 ma
500 Shear Sond Impact Tost
700 Tost 1 2.060 Inch plug Yaveiod 01645 1 28 357 pad  Weight of Bl 66.20 gms, Distanas 1.25 nchos
800 Tost 2 1.5895 Inch phg traveied 0.7915 In & 77 pal  Test 1 43875x 1.0175 x 1.0015 inch sampb brow cn 32 Impact
200 Tost 3 1.8815 Inch plug traveiod 09785 In @ WS pal  Tost 243810 1.011x 0.9950 Inch sampio broks on 42 kmpact
2000 Awcrage shoar bond 313 psl
Comma nts | Recommmendations:

Shear Bond Tost 1 1.9257 10, 25345 pipo lengt, 0..1705" lop to eemernt, 0.2060" batom 10 csment; Toat 2 1.9545" 1D, 2.4565" Ppe length, 0.2325" top to cement, 0.3215" bottom
%o oemont; Test 3 2.1.9835" ID, 2.209 Pioe bngin, 0.22157 top 1o cemont, 0.2050" botiom 10 comort.

Coupon Pull oat 1: 2.9545" coupon lengi, 0.5525" ccuponwicth, 0.057% ooupon thickness, 2.5195°pipe bngin. 1,265 Fipe IR 0.2227 1op of coupon 10 top of coment, 0.3000°
Botiom of coupon to botiom of cement, O bt achived brosk; Test 2 2.0555" coupon length, 0.5005™ coupon widhy,

0.0535" coupen thickness, 26285 Pipe kength, 1.962°Fipe I0. 0.5535" lop of coupon 10 1op of oament. 0.3760" botiom of coupon 1o botiom of cemert. 198 Bt achioved 3 Droak.

Tensie Tost 5 1.0405" Longth, 201 8" Dlameter, 750 B, Tost 2 1.0505" Length, 2.014" Damee, 1973 R Teat 3: 108457 Longth, 2.0105" Diameder, 1967 BL
UCS sampio 3.7730" Langth, 20145" Diamoter; YMPR sampie 3 8255” Longih, 2.0155" Camokr.

Progct Coordinator: Pt Somnier Position:
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Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010

CONTROL

JCSI TECHNOLOGIES HDV0065-5 - 5a

A BUPERION ENERQY SERVIGES COMPANY

Tost Do March 29 2017 Deph MO (f): 700 Job Etre / Type: 6 (n) Lo
Frogct No: HOVDGES5 5 - 5a Dopth TVD (M) E£700 Wl Fusd Donstty (/g 19
Comparny WNJESEE BHST ("F): an Tost Schecue: Ligr - 517
BHCT ("F): 0
Temp. Grac. ("F/+00N): K3
Tost Prasue (PSI): 4740
Coment Sy Design
Slury Densty (gl 135 Shrry Yiels [fsk); 172 Total Mixing Fuid (galsk): .7
Sack Waight, % of Totad Frod Waight,
Camant Blend . Sack Weight Dok CSiLlog#®
Coment - Clams H (Ladigh) 4 100 34.00 LASEL
Mex ‘Water ‘Concentration Units CsiLog#
Lad Sea Water RE24 ik Latrstock
Function Adadithve Conxntration Units CsiLog#®
FWESuD Ad LTEA1 0.200 Fowoc {DE) CaW4
Tight Woignt Sodum Sl LUQuid 0150 [EES 0ai7a
Fluts Loss FL-17 Ugud 0300 garsk C2063
Test Besuits
Sesurod Denelty Sturry Mixing
Comert (bigall 135 Acdtonal Time to Mix: 0mc.
Vorkex at Low APM: Yeos

Maximum APM: 1205

Dogred Thickening Time E10bws Lompmadw Stength
Total Thicksning Time - Camant &80 708¢ Teat Tomporatues (F: %
BHCT (FL: 0 0212 11:53 hrmin £l psiz _ oamt e
500 psl® 3442 temin
100 pua 1200 rmin
=3 psa 400 trmin
psia - hows
Desired Fiad Lozs =30mis Degimd Free Fuid 200
Static Fiaid Loge Eme Pl
Tost Tomp {*F): 80 Conationing Temp. (°F): [: >}
Coleciod Fusd (mL): 5 TestAngb:  Veman
Colocton Time (min}: 30 Moasured Froo Flud: 0.0 mi /260 mb
AF1 Flud Loss (mu30mn): E) Calousied Froo Flud: 0.00%
Eheologicdl Fropartios Gol Swmngh
Fluld / Mixturs Temp °F 200 200 100 &0 0 6 3 PV YP 10 = 10 min
Comont 0 172 122 [ €0 28 14 0 162 20 1% 25
Coment 20 164 130 &= €0 40 12 8 156 20 13 23
Nok: Fe0iogy measuned Using Rt Bt F2.0 commuralion and reponed as RI-81-F1.0 @ o CLC A
unicotred Comorozeve Ssmngth  Young's Moduluz  Folsson's Ratl  Coupon Pull Test
Flow Fab Tost 1 265 pal 1858 o3l T 73E0S 02765 Tost 1 4250 pst
pa [Pepe1]Ppe 2] Pez] Tem2216pm Tost 2 252 psi
El 0 | mx | TemamTpst
| o 0 Aorage 253 psl
20| o [
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APPENDIX B - TASK 2 DEFINITION

Definitions, Assumptions and Search Parameters

The following will be applied to help focus Task 2 and provide some boundary conditions/limits for search
parameters.

Thermal Shock Definition:

Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature
as low as 40°F .

Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by
stimulating a well, although these thermal shocks are less severe than stimulation and damage mainly caused
by the cyclical nature.

Thermal shock not only depends on the temperature range but also the rate at which temperature changes.
The rate of cooling of the well would depend on the operations considered, e.g. natural cooling post shut-in
or cooling during well stimulation for example.

While the expectation is that further refinement of the definition of thermal shock may be made in Task 3,
the public domain search effort for task 2 will use the above definition to determine if research has been

done into well thermal shock caused either by shut-in or stimulation.

Initial Well Configuration:

Wells in the Lower Tertiary2 associated with Deepwater operations will be used to define the target operating
conditions for the search parameters. Task 2 will define and use a representative well configuration to assist
in the search but should not rule out any other information the search uncovers.

It was acknowledged at the project kick-off meeting that BSEE’s focus is on OCS Gulf of Mexico but that
relevant knowledge from other regions, if readily uncovered by the public domain search, would be
considered.’

Sensitivities to well parameters such as true vertical depth, measured depth, casing schedule, deviation, top
of cement and hole size do not need to be explored in Task 2. Task 2 will catalogue all of the variables that
could have some impact on the thermal shock response of the well and the impact of these will then be

explored in Task 4.

2 Wells in the Cascade and Chinook fields are considered typical of the target wells
2 This could include Arctic conditions for example, which could also prove to be worst-case?

Document ID

Document Owner Page Template ID / Revision No.

TM-PM-17

Alistair Gill TM-PM-17 (01)




THIS INFORMATION IS DISTRIBUTED SOLELY FOR THE PURPOSE OF PRE-DISSEMINATION PEER REVIEW UNDER
APPLICABLE INFORMATION QUALITY GUIDELINES. IT HAS NOT BEEN FORMALLY DISSEMINATED BY THE
BSEE. IT DOES NOT REPRESENT AND SHOULD NOT BE CONSTRUED TO REPRESENT ANY AGENCY DETERMINATION OR POLICY.

Title: Final Report
Client: BSEE
WILD WELL Project: Thermal Shock Technology / E16PC00010
CONTROL

Task 2 will catalogue all of the variables that could have some impact on the thermal shock response of the
well and the impact of these will then be explored in Task 4, however;

Task 2 excludes attempts and efforts by research team members to conduct a sensitivity analysis on the
relative impact of the variables, and

Task 2 includes acquisition of any previously conducted sensitivity studies or related research, if any exists.

Materials:

It is acknowledged that there are multiple variants of all of the primary well materials with steel, cement and

elastomers each having subtly different mechanical and thermal properties that may have some bearing on

thermal shock response. Indeed a range of steel grades will likely be used through a typical casing program

and these may also have slight differences in thermal properties. However, Task 2 should not attempt to use

all possible permutations of the materials as parameters for public domain information searches but rather

identify whether typical well construction materials have been the subject of research into thermal shock as

defined above. The following boundary definitions apply:

- To be considered, steel used in all casing strings that extend to the mudline. (Liners re excluded unless
tied-back to the mudline.);

- To be considered, steels (and any elastomers) in the wellhead and below, likely to be 4-6 different alloys
that exhibit variations in hardness, brittleness an thermal-induced properties

- The tree does not need to be considered within the scope of this project
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	1 EXECUTIVE SUMMARY 
	Historically, the concern of thermal stresses induced in a well by completion and production operations was not considered early in the developing petroleum industry.  Wells were completed and assumed to remain functional and intact for the producing lifetime.  As well integrity problems appeared, they were fixed, but a holistic evaluation of thermal stresses induced on a well by completion, production, and intervention operations was not routinely considered.  Considering the comparatively low thermal and 
	The advent of geothermal wells, HPHT wells and thermal stimulation of viscous hydrocarbons greatly increased awareness of thermal induced hazards.  Instances of casing buckling or wellheads growing out of the ground emphasized the potential of thermal effects.  Additionally, conventional wells were drilled deeper, hydraulic fracturing treatments were larger in volume, and workover operations became more frequent.  All these factors increased the effect of temperature changes in the well.  
	It is proposed that the occurrence of a thermal shock may be defined as a magnitude of temperature change over the time at which it changes.  Therefore thermal shock may or may not occur depending on various conditions in the wellbore.  
	The intent of this project is to investigate whether or not thermal shock has been adequately considered in the design and operation of OCS wells and to establish whether or not whether there are any gaps in knowledge. This final report covers the completion of the Thermal Shock Technology E16PC00010. The summary of findings is shown below. 
	1.1 Overall Project Summary: 
	The summary of findings of the overall project goals and objectives are summarized with the initial objective to investigate whether or not thermal shock has been adequately considered in the design and operation of OCS wells and to establish whether or not whether there are any gaps in knowledge: 
	1 Identify source and magnitudes of thermal gradients produced during OCS well drilling, completion and production. 
	1 Identify source and magnitudes of thermal gradients produced during OCS well drilling, completion and production. 
	1 Identify source and magnitudes of thermal gradients produced during OCS well drilling, completion and production. 

	 Stimulating a well results in significantly higher thermal gradients in the well than drilling, completion and production. Stimulation also causes more damage to the cement than a normal production/shut-in cycle and that damage can extend a significant distance up the well bore.  
	 Stimulating a well results in significantly higher thermal gradients in the well than drilling, completion and production. Stimulation also causes more damage to the cement than a normal production/shut-in cycle and that damage can extend a significant distance up the well bore.  


	2 Develop an acceptable definition of thermal shock and identify operating conditions that could result in a thermal shock. 
	2 Develop an acceptable definition of thermal shock and identify operating conditions that could result in a thermal shock. 
	2 Develop an acceptable definition of thermal shock and identify operating conditions that could result in a thermal shock. 

	 Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature as low as 40°F. 
	 Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature as low as 40°F. 

	 Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by stimulating a well. The thermal shocks are more severe during stimulation and damage is mainly caused by the cyclical nature of the load. 
	 Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by stimulating a well. The thermal shocks are more severe during stimulation and damage is mainly caused by the cyclical nature of the load. 

	 Thermal shock depends primarily on the temperature range of that shock but also the rate at which temperature changes. The rate of cooling of the well depend on the operations considered, e.g. natural cooling post shut-in or cooling during well stimulation for example. 
	 Thermal shock depends primarily on the temperature range of that shock but also the rate at which temperature changes. The rate of cooling of the well depend on the operations considered, e.g. natural cooling post shut-in or cooling during well stimulation for example. 

	3 Evaluate thermal shock damage potential to well bore components and barriers. 
	3 Evaluate thermal shock damage potential to well bore components and barriers. 

	 Thermal shock can potentially cause damage to various well bore components. The consideration of thermal effects is much better understood with regards to tubulars and is typically accounted for in well design software such as WellCAT and StressCheck. These are programs that are used for the design of the casing and tubing used within a well. The damage potential to settable barriers such as cement carries a greater uncertainty due to the inherent material characteristics of cement. The severity of this d
	 Thermal shock can potentially cause damage to various well bore components. The consideration of thermal effects is much better understood with regards to tubulars and is typically accounted for in well design software such as WellCAT and StressCheck. These are programs that are used for the design of the casing and tubing used within a well. The damage potential to settable barriers such as cement carries a greater uncertainty due to the inherent material characteristics of cement. The severity of this d

	4 Assess applicability of previously-reported computer simulation or failure analyses to address thermal shock risks. 
	4 Assess applicability of previously-reported computer simulation or failure analyses to address thermal shock risks. 

	 The reports recognizes that well design software WellCAT is widely used within the industry in the design of the components of a wellbore. It is noted that WellCAT is well suited for the determining the thermal loads on the various components as this is one of its main functions. WellCAT and its module StressCheck are very applicable to designing the tubulars for thermal shock.  However, these programs assume competent cement sheaths are in place.  It would be prudent to examine the sensitivity of the tub
	 The reports recognizes that well design software WellCAT is widely used within the industry in the design of the components of a wellbore. It is noted that WellCAT is well suited for the determining the thermal loads on the various components as this is one of its main functions. WellCAT and its module StressCheck are very applicable to designing the tubulars for thermal shock.  However, these programs assume competent cement sheaths are in place.  It would be prudent to examine the sensitivity of the tub

	5 Identify ways to mitigate thermal shock effects and ways to avoid the creation of a thermal shock environment. 
	5 Identify ways to mitigate thermal shock effects and ways to avoid the creation of a thermal shock environment. 

	 While thermal shock environments may not be completely unavoidable due to the inherent nature of oil and gas wells, proper design of tubulars and the tubular connections in accordance to current industry recommended practices will help mitigate against thermal shock. The cement composition, 
	 While thermal shock environments may not be completely unavoidable due to the inherent nature of oil and gas wells, proper design of tubulars and the tubular connections in accordance to current industry recommended practices will help mitigate against thermal shock. The cement composition, 


	uniformity of cement mixing and quality of placement of cement is crucial to mitigate the thermal shock effects.  The potential for thermal shock damage to cement should be examined across the entire well bore. 
	uniformity of cement mixing and quality of placement of cement is crucial to mitigate the thermal shock effects.  The potential for thermal shock damage to cement should be examined across the entire well bore. 
	uniformity of cement mixing and quality of placement of cement is crucial to mitigate the thermal shock effects.  The potential for thermal shock damage to cement should be examined across the entire well bore. 

	6 Evaluate thermal shock resistance of various well barriers utilized in the industry, both mechanical and settable fluid. 
	6 Evaluate thermal shock resistance of various well barriers utilized in the industry, both mechanical and settable fluid. 

	 Tubulars, when thermal loading is accounted for in the design have very good thermal shock resistance when considering typically used steel grades, etc. In addition there are established guidelines for de-rating steel for various temperature exposures. It was found that the cements used in OCS wells have a range of resistances; some cements performed poorly against thermal shock while some performed very well.  Thermal shock resistance is needed throughout the cement barrier system and isn’t just an issue
	 Tubulars, when thermal loading is accounted for in the design have very good thermal shock resistance when considering typically used steel grades, etc. In addition there are established guidelines for de-rating steel for various temperature exposures. It was found that the cements used in OCS wells have a range of resistances; some cements performed poorly against thermal shock while some performed very well.  Thermal shock resistance is needed throughout the cement barrier system and isn’t just an issue

	7 “Identify gaps in current well design methods contributing to loss of well integrity caused by thermal shock.” 
	7 “Identify gaps in current well design methods contributing to loss of well integrity caused by thermal shock.” 

	 The findings of this project show that the industry has made good strides in ensuring that technology used in the past for shallower Outer Continental Shelf (OCS) wells is suitable for these deeper and hotter wells that will experience thermal shock. However a better understanding of the conditions faced in the deeper and hotter wells and the need to increase the performance of the cement barriers throughout the well is a knowledge gap that exists. 
	 The findings of this project show that the industry has made good strides in ensuring that technology used in the past for shallower Outer Continental Shelf (OCS) wells is suitable for these deeper and hotter wells that will experience thermal shock. However a better understanding of the conditions faced in the deeper and hotter wells and the need to increase the performance of the cement barriers throughout the well is a knowledge gap that exists. 


	 
	2 INTRODUCTION AND PROJECT OBJECTIVES 
	The background to this project was a request by BSEE for research into the effects of thermal shock on oil wells, specifically in the outer continental shelf (OCS). In its broad agency announcement, [
	The background to this project was a request by BSEE for research into the effects of thermal shock on oil wells, specifically in the outer continental shelf (OCS). In its broad agency announcement, [
	1
	1

	], BSEE posed a potential problem that required further research as follows:  

	“If a High Temperature well (greater than 350° F) is shut in, the well may go into thermal shock when the temperature of the well drops to equilibrium.” 
	In an OCS deep water well, equilibrium could be as low as 35° F (i.e. sea water temperature at the sea bed).  The temperature of the well fluids could be as high as 350° F. Therefore large temperature gradients and temperature changes can exist during the operation of a well.  The magnitude of temperature changes during well operations as well as the rate of change of temperature could be considered a thermal shock.  
	The aim of this project was to explore whether shut in and other operations could lead to a thermal shock event in an oil and gas well, research the circumstances under which a such events could occur and most importantly quantify whether thermal shock could damage the well barrier systems in place.  Well barriers are the means by which the pressurised fluids in the reservoir are controlled to prevent the unintended release of reservoir fluids into the environment. 
	Figure 1 illustrates a Deepwater HPHT well showing various temperature gradients experienced throughout the life of a well.   
	 
	Figure
	Figure 1   Deepwater well gradients  
	The geothermal gradient (orange) traces the temperature under static conditions from the surface at 80°F, to the subsea mudline surface at 39°F, to the bottom of the well at 350°F or greater.  The production gradient (blue) traces the temperature during production from the bottom of the well at 350°F to the mudline at 321°F, to the surface at 72°F.  The stimulation gradient (red) simulates a stimulation operation showing a temperature change from surface at 80°F, mudline at 65°F, bottom of the well at 127°F
	A single definition of thermal shock has not yet been widely adopted across the oil and gas industry.  A thermal shock definition must therefore be better defined.  Working with the project team and BSEE that definition and quantification was developed within this project.  
	  
	3 FORMATION OF INDUSTRY ADVISORY GROUP 
	Several major operators with wells in the Gulf of Mexico were contacted to be members of the industry advisory group (IAG).  As expected, there was mixed response for IAG membership, as a significant amount of time and effort is required on a voluntary basis. 
	The focus for this task was attracting interest from major operators.  While it may be beneficial to also gain input from drilling contractors and equipment vendors, it was considered a better strategy to wait until the project had developed specific questions. This approach to seek advice was used rather than adopting a blanket invite approach.   
	Some operators had indicated a willingness to participate in the project but expressed concern over some of the terminology used in the project description with ‘thermal shock’ in particular causing some concern, particularly in the context of shut-in.  Some operators do not consider a shut-in as an event that will provide a significant thermal shock. 
	The following operators were willing to participate in the project: 
	 ConocoPhillips 
	 ConocoPhillips 
	 ConocoPhillips 

	 Chevron 
	 Chevron 

	 Apache 
	 Apache 
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	3.1 Industry Advisory Group - Feedback 
	Feedback on the literature review of current guidelines and proposed thermal shock load histograms respectively was received from Chevron and ConocoPhillips (COP) and was considered in the project: 
	ConocoPhillips: 
	 The definition of thermal shock was queried by ConocoPhillips; maximum and minimum temperatures at depth are common well design parameters, however rate of change of temperature is not.  COP suggested clarifying the definition of thermal shock being used for the project and to provide some plausible examples of how “thermal shock” can be detrimental to the well.  
	 The definition of thermal shock was queried by ConocoPhillips; maximum and minimum temperatures at depth are common well design parameters, however rate of change of temperature is not.  COP suggested clarifying the definition of thermal shock being used for the project and to provide some plausible examples of how “thermal shock” can be detrimental to the well.  
	 The definition of thermal shock was queried by ConocoPhillips; maximum and minimum temperatures at depth are common well design parameters, however rate of change of temperature is not.  COP suggested clarifying the definition of thermal shock being used for the project and to provide some plausible examples of how “thermal shock” can be detrimental to the well.  


	Chevron: 
	 Chevron suggested that some of the failure modes such as radial cracking from tensile failure, shear failure, de-bonding, etc. are defined.  Also, suggested emphasizing that failure of the cement does not necessarily result in loss of isolation. 
	 Chevron suggested that some of the failure modes such as radial cracking from tensile failure, shear failure, de-bonding, etc. are defined.  Also, suggested emphasizing that failure of the cement does not necessarily result in loss of isolation. 
	 Chevron suggested that some of the failure modes such as radial cracking from tensile failure, shear failure, de-bonding, etc. are defined.  Also, suggested emphasizing that failure of the cement does not necessarily result in loss of isolation. 

	 Chevron queried the bottom hole temperature for Lower Tertiary operations in Deepwater suggesting 350°F was on the high side for static temperature, with 250°F being more typical with some starting to approach 300°F.  Also reaching 350°F at 25,000 ft as the initial well schematic depicts would be a very high temperature gradient to achieve for Deepwater. 
	 Chevron queried the bottom hole temperature for Lower Tertiary operations in Deepwater suggesting 350°F was on the high side for static temperature, with 250°F being more typical with some starting to approach 300°F.  Also reaching 350°F at 25,000 ft as the initial well schematic depicts would be a very high temperature gradient to achieve for Deepwater. 

	- WWC increased the true vertical depth (TVD) of the wells to reflect Chevron’s input. 
	- WWC increased the true vertical depth (TVD) of the wells to reflect Chevron’s input. 
	- WWC increased the true vertical depth (TVD) of the wells to reflect Chevron’s input. 


	 Chevron also suggested that surface pipes be cemented to mudline, as per CFR 250.421 
	 Chevron also suggested that surface pipes be cemented to mudline, as per CFR 250.421 

	- Since this well is based very closely on an OCS well completed in the GOM it was decided to have only the cement in the 36x28 annulus cemented to mudline. 
	- Since this well is based very closely on an OCS well completed in the GOM it was decided to have only the cement in the 36x28 annulus cemented to mudline. 
	- Since this well is based very closely on an OCS well completed in the GOM it was decided to have only the cement in the 36x28 annulus cemented to mudline. 


	 Chevron questioned how the FEA model is managing the mud left behind pipe above the top of cement.   
	 Chevron questioned how the FEA model is managing the mud left behind pipe above the top of cement.   

	- This was addressed within Section 
	- This was addressed within Section 
	- This was addressed within Section 
	- This was addressed within Section 
	6
	6

	 Well Barrier Design and Response.  



	 Chevron also suggested conditioning the hole for days seemed long and would have expected this period to be measured in hours but accepted that things vary from operator to operator. 
	 Chevron also suggested conditioning the hole for days seemed long and would have expected this period to be measured in hours but accepted that things vary from operator to operator. 

	- The times listed were initial estimates and the sensitivity to this was addressed in the FEA. 
	- The times listed were initial estimates and the sensitivity to this was addressed in the FEA. 
	- The times listed were initial estimates and the sensitivity to this was addressed in the FEA. 


	 The initial temperature profiles provided to the IAG were just the starting position.  The speed at which temperature changes occur was explored in the FEA, however it was found that analysis convergence issues limited the rates of change that could be achieved in certain cases. 
	 The initial temperature profiles provided to the IAG were just the starting position.  The speed at which temperature changes occur was explored in the FEA, however it was found that analysis convergence issues limited the rates of change that could be achieved in certain cases. 

	 Chevron also questioned the well schematics showing each string cemented back into the previous string and pointed out that this is not very common. To assist in alleviating annular pressure build up, those annuli are typically left open on purpose to act as a relief point. 
	 Chevron also questioned the well schematics showing each string cemented back into the previous string and pointed out that this is not very common. To assist in alleviating annular pressure build up, those annuli are typically left open on purpose to act as a relief point. 

	- Feedback was be taken into account in future well configurations 
	- Feedback was be taken into account in future well configurations 
	- Feedback was be taken into account in future well configurations 



	 Chevron also questioned the choice of 5 ½” and also suggested that the use of vacuum insulated tubing be considered in the project as it is often utilized to reduce annulus temperatures to reduce annular pressure build-up. 
	 Chevron also questioned the choice of 5 ½” and also suggested that the use of vacuum insulated tubing be considered in the project as it is often utilized to reduce annulus temperatures to reduce annular pressure build-up. 
	 Chevron also questioned the choice of 5 ½” and also suggested that the use of vacuum insulated tubing be considered in the project as it is often utilized to reduce annulus temperatures to reduce annular pressure build-up. 

	- This can be taken into consideration for future well configurations, the original 5 ½” tubing was used since it is based on an actual design.  
	- This can be taken into consideration for future well configurations, the original 5 ½” tubing was used since it is based on an actual design.  
	- This can be taken into consideration for future well configurations, the original 5 ½” tubing was used since it is based on an actual design.  



	  
	4 LITERATURE REVIEW 
	The task definition used for this report is complex and is attached as Appendix B, this differed slightly from the task definition originally supplied at time of tender.  The key items adjusted were the definition of thermal shock being used in the review, the initial well configuration and the materials used to drive the literature search.  
	The intent of this task was to ensure that the objectives of this project had not been met by other published research and to determine whether previously published work would be of use to the current project.  
	4.1 Literature Review Of Thermal Shock Of Well Barriers 
	Document searches were primarily conducted online in using various key word combinations generated from the task definition. 
	This flagged tens of thousands of possible technical paper titles from sources including: 
	 Society of Petroleum Engineers 
	 Society of Petroleum Engineers 
	 Society of Petroleum Engineers 

	 Offshore Technology Conference 
	 Offshore Technology Conference 

	 American Petroleum Institute  
	 American Petroleum Institute  

	 American Rock Mechanics Association 
	 American Rock Mechanics Association 

	 International Petroleum Tech Conference 
	 International Petroleum Tech Conference 

	 International Society for Offshore and Polar Engineering 
	 International Society for Offshore and Polar Engineering 

	 International Society for Rock Mechanics 
	 International Society for Rock Mechanics 

	 Petroleum Society of Canada 
	 Petroleum Society of Canada 


	In order to sort through such a large number of titles the searches were restricted, when possible, to peer reviewed papers only.  This restriction enabled a list of a few hundred papers to be generated that meriting further review. 
	It was clear from the literature that thermal shock in the context of wells in general has been examined by others. But the literature review also suggests that thermal shock, as defined in Appendix B and as it effects the entire well barrier system, has not been thoroughly investigated for OCS wells and the further research within this project is justified. 
	The literature review identified a number of key areas of research and sources of relevant information that will be given further discussion, namely: 
	 Researched published literature on thermal stimulation to enhance rock fracturing. [
	 Researched published literature on thermal stimulation to enhance rock fracturing. [
	 Researched published literature on thermal stimulation to enhance rock fracturing. [
	 Researched published literature on thermal stimulation to enhance rock fracturing. [
	3
	3

	 et al].  



	 Research into the effects of injecting cold fluid into cased or uncased holes, [
	 Research into the effects of injecting cold fluid into cased or uncased holes, [
	 Research into the effects of injecting cold fluid into cased or uncased holes, [
	 Research into the effects of injecting cold fluid into cased or uncased holes, [
	4
	4

	 et al]. Similar research work that was identified during the previous BSEE project, [
	7
	7

	], “Well Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations” also appeared during this review. 


	 There are many technical papers relating to thermal shock in the context of geothermal and steam assisted gravity drainage (SAGD) wells that have been published by multiple authors, [4 and 
	 There are many technical papers relating to thermal shock in the context of geothermal and steam assisted gravity drainage (SAGD) wells that have been published by multiple authors, [4 and 
	 There are many technical papers relating to thermal shock in the context of geothermal and steam assisted gravity drainage (SAGD) wells that have been published by multiple authors, [4 and 
	6
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	 et al].  


	 Thermal effects on well tubular design is well recognized in literature, [
	 Thermal effects on well tubular design is well recognized in literature, [
	 Thermal effects on well tubular design is well recognized in literature, [
	12
	12

	, 
	13
	13

	 et al] 


	 Guidelines already exist for design and construction of well heads and wells in general for HPHT condition, [
	 Guidelines already exist for design and construction of well heads and wells in general for HPHT condition, [
	 Guidelines already exist for design and construction of well heads and wells in general for HPHT condition, [
	18
	18

	, 
	19
	19

	 and 
	20
	20

	] 



	4.1.1 Thermal Shock Due To Cold Fluid Injection 
	Since the increased usage of unconventional oil extraction methods, such as fracking, multiple authors have investigated the effects of injecting cold fluid into the well bore, [
	Since the increased usage of unconventional oil extraction methods, such as fracking, multiple authors have investigated the effects of injecting cold fluid into the well bore, [
	3
	3

	, 
	4
	4

	, 
	7
	7

	and 
	11
	11

	].  This is clearly relevant to this project as well stimulation will be part of the load history for the OCS wells. However, the literature review suggests that most if not all of the work of this type is focused on the open hole or last cased hole section of the well, where the temperature difference are typically the greatest (perhaps understandably). 

	Objectives 1 through 5 of this project were to examine thermal shock more widely both in terms of location within the well and the circumstances where a thermal shock can occur and do damage to the barrier systems within the well, particularly the cement. There appears to be little attention paid to the upper sections of the well during stimulation, presumably because the assumption has always been that lower temperature deltas result in less damage.  Therefore it is reasonable to state that the project obj
	4.1.2 Thermal Wells and SAGD - Lessons to be Learned 
	The temperatures involved in Thermal wells may exceed those likely to be encountered in OCS wells, even those with HPHT, nevertheless it was felt prudent to review this arena to confirm whether or not relevant information or lessons learned could be applied to the current project.  
	The review found a number of papers that looked at the well in its entirety including the interaction of all the constituent parts, [
	The review found a number of papers that looked at the well in its entirety including the interaction of all the constituent parts, [
	5
	5

	 is typical].  This was generally contrary to what had been found in literature relating to OCS wells where individual parts have been considered by many but the well as a system less so. It should be pointed out that many of these wells, particularly of the SAGD type are typically much shallower and their construction differs from typical OCS wells in a number of ways, e.g. fewer casings.  Nevertheless, lessons were learned from this work to apply to the current project, particularly in terms of the possib

	4.1.3 Thermal Shock on Well Components and Barriers 
	Design of well tubulars is well documented throughout literature and the importance of thermal effects is also clearly recognised and design guidelines exist for well tubulars and other well components all acknowledging the importance of temperature and temperature cycling in the loads to be considered in the design, [
	Design of well tubulars is well documented throughout literature and the importance of thermal effects is also clearly recognised and design guidelines exist for well tubulars and other well components all acknowledging the importance of temperature and temperature cycling in the loads to be considered in the design, [
	18
	18

	,
	19
	19

	 and 
	20
	20

	].  There does not appear to be much if any literature concerning the specific effects of thermal shock on a well bore as a whole.  As per Section 
	4.1.1
	4.1.1

	, the focus seems to have been on the bottom hole section.  Based on the limited returns during the literature search from the key phase “thermal shock” there does not appear to be a consensus within the oil and gas industry over what that term means and therefore objective 2 remains to be satisfied within this project.  

	4.1.4 Thermal Shock due to Shut-in 
	Note that also within the objectives for this project is the need to examine the temperature changes caused by shutting in a well and what damage they may do to the barrier systems.  Literature review has uncovered very little work specific to shutting in a well and any negative consequences that may have.  API recommended practice identifies that in an HPHT context shut-in temperature effects may be relevant, [
	Note that also within the objectives for this project is the need to examine the temperature changes caused by shutting in a well and what damage they may do to the barrier systems.  Literature review has uncovered very little work specific to shutting in a well and any negative consequences that may have.  API recommended practice identifies that in an HPHT context shut-in temperature effects may be relevant, [
	19
	19

	], and identifies a survival load condition post shut-in when cooling of the tubulars at the top of the well may increase tension while shut-in pressures are still acting.   This is the closest description to what BSEE outlined in its BAA found in regulatory related documents.  This is also supported by work done by a joint industry project (JIP) for the Minerals Management Service in 2001, [
	16
	16

	]. 

	Otherwise, literature review has not uncovered any particular concerns over shut-in.  In fact most of the papers reviewed did not identify shut-in as a design driver, at least for well tubulars, [
	Otherwise, literature review has not uncovered any particular concerns over shut-in.  In fact most of the papers reviewed did not identify shut-in as a design driver, at least for well tubulars, [
	13
	13

	 is typical].  This supports one operators view that shut-in does not result in a thermal shock. 

	Other literature examines the temperature effects of shut-in on well bore and annular fluids but doesn’t describe a thermal shock. 
	It is clear from the design guidelines that are available that the cold shut-in condition may be important to certain barriers, tubing in particular, and merits further investigation.  
	4.2 Literature Review Of Computer Models Investigating Thermal Shock 
	The purpose of this subtask is to review the capabilities of the simulation tools proposed, identify any gaps and make recommendations on how to fill those gaps.  
	Research was done to explore the capabilities of commercially available software that is specifically used for the design and planning of oil and gas wells.  
	After reviewing various commercially available software packages it was identified that very few offer a combined capability that can accommodate the entire wellbore system throughout all phases of its life cycle. It was determined that of the software’s reviewed WellCAT, [
	After reviewing various commercially available software packages it was identified that very few offer a combined capability that can accommodate the entire wellbore system throughout all phases of its life cycle. It was determined that of the software’s reviewed WellCAT, [
	22
	22

	], is best suited to handle the tasks involved in modelling the wellbore architecture relevant to this project. A potential gap identified was the modelling of the cement with regards to a stress analysis of the cement interaction with the casings. The only material properties used as inputs for cement are density, specific heat and conductivity. It assumes that axial loads in cemented casing sections result in no axial displacement. This assumption is reasonable for casing analysis, but the cement in the a

	Therefore a combination of WellCAT and ABAQUS, [
	Therefore a combination of WellCAT and ABAQUS, [
	23
	23

	], were used to model the wellbores. This will allow for the use of the capabilities of WellCAT such as the load sequencing, thermal profile development for inputs in ABAQUS. The use of ABAQUS will allow for more detail modelling and analysis of the cement and failure of the cement. The modelling techniques used in ABAQUS in the FEA was an extension of the FEA performed in “Well Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations” (BSEE#728) and was validated by physical t

	The literature review of this software included the following: 
	4.2.1 Drill Bench – Schlumberger 
	Drill Bench, [
	Drill Bench, [
	25
	25

	], is software that is used for understanding the hydraulics during all phases of the drilling operations. Its core function is built around the well-control workflow, covering pressure control, well control and blowout control. The functions of this software would not be considered directly applicable to the type of modelling that is required for this project since it is not a tool typically used for the casing design of a well. 

	4.2.2 EDrilling - EDrilling AS 
	EDrilling, [
	EDrilling, [
	25
	25

	], has various modules of software available that are used for planning to deliver a “Life Cycle Drilling Simulation with advanced dynamic drilling models and diagnosis technology. It is similar to Drill Bench as it is primarily focused on the hydraulics during drilling and also production.  The functions of this software would not be considered directly applicable to the type of modelling that is required for this project since it is not a tool typically used for the casing design of a well. 

	4.2.3 TubeFlowPIC – BTechSoft 
	TubeFlowPIC, [
	TubeFlowPIC, [
	26
	26

	], is software that is designed for wellbore intervention, drilling and completions. It has the capability to model complex well configurations with its database of standard pipe sizes for configuring well tubulars, capillary strings, coiled tubing and drill strings. It has the capability to calculate the transient temperature history of a well, but it currently does not have this information available as an output. The company is currently modifying the software to add this output, but it will not be avail

	4.2.4 WellCAT – Landmark Solutions 
	WellCAT, [
	WellCAT, [
	22
	22

	], is software that is intended to design and model the entire wellbore. It has the capability to handle most, if not all loading situations that a well might experience throughout its life cycle. This includes drilling loads, cementing loads, production loads and external loads applied to the well head such as loadings on the blowout preventer (BOP). It has the capability to analyse tubing/casing loads and movement, buckling behavior, design integrity and can simulate fluid flow and heat transfer to allow 

	WellCAT is widely used throughout the industry to design wells both onshore and offshore and is used in HPHT well design. WellCAT software is suited for the tasks of this project due to its vast capabilities and is used by many operators. 
	4.2.5 ABAQUS –Dassault Systemes  
	The general purpose FEA software ABAQUS, [
	The general purpose FEA software ABAQUS, [
	23
	23

	], will be used in combination with WellCAT to fill in any gaps. ABAQUS is well suited to the type of analysis required as it can accommodate advanced models for all the materials likely to be encountered from the steel casing to the cement and the formation.  It has an extensive failure modelling capability which can include de-bonding, fracture and crack growth as well as cyclic plasticity. 

	4.2.6 Proprietary software developed by others 
	The literature review did uncover work done by others that is similar in principal of designing for thermal shock which is similar to the work required for this project.  Total developed a coupled thermal and structural model of a SAGD well to improve the design of such wells, [
	The literature review did uncover work done by others that is similar in principal of designing for thermal shock which is similar to the work required for this project.  Total developed a coupled thermal and structural model of a SAGD well to improve the design of such wells, [
	5
	5

	].  This software is the property of the operator and so will not be available to this project, but the principals guiding its development may be of use. 

	There are also other FE software tools that have been used by others investigating well structural behaviour, [
	There are also other FE software tools that have been used by others investigating well structural behaviour, [
	27
	27

	], but these don’t offer anything above and beyond what ABAQUS can provide. 

	4.3 Literature Review Of Failure and Risk Assessments Of Thermal Shock 
	The search for literature concerning failure of well barriers uncovered limited published information concerning the failure of well barrier elements as a result of thermal shock.  There is much literature concerning well barrier and well integrity failure in general. As recently as 2016, Wu et al, [
	The search for literature concerning failure of well barriers uncovered limited published information concerning the failure of well barrier elements as a result of thermal shock.  There is much literature concerning well barrier and well integrity failure in general. As recently as 2016, Wu et al, [
	118
	118

	], performed a study that provides failure rates for well barriers, but does not attribute failure to a specific mechanism, though failure mechanisms are categorised.  King et al, [
	14
	14

	], also conducted a review of well and well barriers though concluded that the failure rate of oil and gas wells that result in a release of hydrocarbons to the environment as extremely low and while barrier failures occur with greater frequency, provided a multi-barrier philosophy had been adopted in the well design this rarely led to a loss of well integrity.  This work also categorises the failures by barrier type, age of the well, its geographic location and its type.  Tubular connections were found to 

	There have been various studies surrounding the prevalence and management of sustained casing pressure (SCP).  A 2001 JIP, [
	There have been various studies surrounding the prevalence and management of sustained casing pressure (SCP).  A 2001 JIP, [
	16
	16

	] looked at best practice for the prevention and management of SCP and recognised the importance of temperature cycling and designing all pressure barriers for the correct temperature extremes.  While there was no mention of thermal shock per se, the need to consider the cold shut-in condition, (when production fluids have cooled during an extended shut in), in the design of tubing and casing strings was recognised and provides the closest description yet found of the BSEE BAA posed definition of thermal sh
	1
	1

	]. 

	More recently, work has been performed to predict SCP build-up and gas influx rates as functions of time given a cement column of known permeability exists in the annulus, [
	More recently, work has been performed to predict SCP build-up and gas influx rates as functions of time given a cement column of known permeability exists in the annulus, [
	17
	17

	].  However, the assumption here is that even an intact undamaged cement column will allow gas migration through it.  The gas influx rate being inversely proportional to the length of the cement column.  This doesn’t account for damaged cement or the presence of a micro-annulus between cement and casing nor the causes of the same. 

	US regulatory guidelines recognize the challenges of SCP and that all parts of the well should be designed with extreme temperature considerations per API, [
	US regulatory guidelines recognize the challenges of SCP and that all parts of the well should be designed with extreme temperature considerations per API, [
	21
	21

	]; although thermal shock is never mentioned explicitly. 

	It would reasonable to conclude that thermal shock has not specifically been investigated in the context of SCP and that the current research work was not repeating previous work. 
	5 DETERMINE THERMAL SHOCK AND WELL LOAD HISTOGRAMS 
	The section outlines the approach used to develop the thermal loads and wellbore load histogram that were used to investigate the effects of thermal shock in OCS well bore integrity. Thermal shock refers to thermal changes generated during well construction or operation that contribute to stresses in various well barriers.  The well and its barriers must withstand these stresses and remain a closed flow path for produced well fluids.   
	The process used for this task was to use the information gathered as part of the literature review and to develop the various following subtasks:  
	 Obtain wellbore schematics of a well that would be typical for a HPHT well in the OCS;  
	 Obtain wellbore schematics of a well that would be typical for a HPHT well in the OCS;  
	 Obtain wellbore schematics of a well that would be typical for a HPHT well in the OCS;  

	 It was intended that wells would be categorized to account for water depth, target depth and pressure and temperature ranges; shelf, deep-water and HPHT would seem a sensible split of likely well profiles and construction and analyzed. However, due to the complex nature of modelling the entire well a single well design with varying cement mixes was used.  
	 It was intended that wells would be categorized to account for water depth, target depth and pressure and temperature ranges; shelf, deep-water and HPHT would seem a sensible split of likely well profiles and construction and analyzed. However, due to the complex nature of modelling the entire well a single well design with varying cement mixes was used.  


	These various subtask lead to the development of the well load histograms and well configurations that will be used in the more detailed modelling of wells subsequent tasks if required.  
	It is proposed that the occurrence of thermal shock may be defined as a magnitude of temperature delta over the time at which it changes.  Therefore thermal shock may or may not occur depending on various conditions in the wellbore. The results of this task will be used to investigate the potential of thermal shock in Task 4. Depending on the results of Task 4, the definition of thermal shock may be modified as needed. 
	5.1 Objectives 
	The objective of this task was to develop and present the proposed well schematics and well loading histograms developed from information compiled earlier in the project. The results will be used for the modelling of various well configurations in subsequent tasks.  
	5.2 Obtain Wellbore Schematics for OCS Wells 
	Various searches for publicly known wellbore schematics of a HPHT OCS in the GOM were performed. This included online searches using the BSEE well data query as well as discussions with operators. Wellbore schematics are considered proprietary information and are not public knowledge, especially if the well is still under construction or still in the production phase. Information regarding various HPHT wells throughout the world is available, particularly in the North Sea. Using available information from v
	and material grades. This generic schematic will be considered a base case and may be modified as required based on the feedback from the industrial advisory group and BSEE and or if analysis findings warrant.  
	The focus for this project is OCS wells.  In particular it was felt that the Lower Tertiary (LT) GOM would be a good starting point given the target depths in that play, (25000°F t to 35000°F t TVD range) would be deep enough to generate the bottom-hole temperature of 350°F to be compatible with the definition of thermal shock shown in Appendix B. 
	Figure 2
	Figure 2
	Figure 2

	 shows a well design similar to GOM wells. Since actual well schematics are proprietary and generally not available to the public, WWC presented the proposed configuration to the advisory group for feedback.  

	 
	Figure
	Figure 2   Representative Wellbore Schematic 
	 
	 
	5.3 Categorize OCS Wells 
	At least 3 categories of wells were originally envisaged to account for water depth, target depth and pressure and temperature ranges to provide a sensible split of likely well profiles and construction; for example shelf, deep-water and HPHT. However, the project team considered it more appropriate to start with the generic wellbore as defined previously and obtain feedback from the advisory group to categorize as necessary and to allow for sensitivity studies to analyze the effects various well depths, ca
	The use of a generic wellbore still provides the ability to achieve the project objective but allows a more efficient analysis approach in the FEA. 
	5.4 Develop Temperature Profiles and Load History for Wells  
	Primary outputs from this subtask are appropriate load histograms and a clear definition of thermal shock. This sub-task made use of the range of tools available. Since developing a single computer model of the well and all barriers is not feasible due to the length scales involved in the well; and the potential need to resolve the temperature and pressure fields and subsequently the stress field in 3D. Therefore a combination of models and tools was used. For this study the commercially available well desi
	The drilling and completions phase of a well is a small part of the life a well when compared to the production phase. Also in the production phase the fluid flows through the well at different temperatures, pressures and viscosity than that is used for drilling/completions. However, to fully understand the effects thermal shocking may have on the well, this phase must be considered. The load history has been simplified to assume that there were minimal issues during this phase. 
	The drilling and completions phase of a well is a small part of the life a well when compared to the production phase. Also in the production phase the fluid flows through the well at different temperatures, pressures and viscosity than that is used for drilling/completions. However, to fully understand the effects thermal shocking may have on the well, this phase must be considered. The load history has been simplified to assume that there were minimal issues during this phase. 
	Table 1
	Table 1

	 shows a representation of the load sequencing histogram for the drilling and completion phase of the well. This histogram was considered as the base load history for the wells and was modified as required based on feedback from the industrial advisory group and BSEE regarding the proposed well schematic. However, based on modelling limitations the drilling and completion phase did not include the actual temperature changes from circulation during cementing.  

	 
	 
	Table 1Well load histogram for drilling and completion phase of well life cycle 
	Table 1Well load histogram for drilling and completion phase of well life cycle 
	Table 1Well load histogram for drilling and completion phase of well life cycle 
	Table 1Well load histogram for drilling and completion phase of well life cycle 


	Operation 
	Operation 
	Operation 

	Time Duration (Scale) 
	Time Duration (Scale) 

	Comments 
	Comments 

	Span

	1. Drill Surface Casing Hole 
	1. Drill Surface Casing Hole 
	1. Drill Surface Casing Hole 

	Days 
	Days 

	 
	 

	Span

	2. Log Surface Casing Hole 
	2. Log Surface Casing Hole 
	2. Log Surface Casing Hole 

	Hours 
	Hours 

	 
	 


	3. Condition Surface Casing Hole 
	3. Condition Surface Casing Hole 
	3. Condition Surface Casing Hole 

	Hours 
	Hours 

	 
	 


	4. Run Surface Casing 
	4. Run Surface Casing 
	4. Run Surface Casing 

	Hours 
	Hours 

	 
	 


	5. Cement Surface Casing 
	5. Cement Surface Casing 
	5. Cement Surface Casing 

	Hours 
	Hours 

	 
	 


	6. Drill Intermediate Casing Hole 
	6. Drill Intermediate Casing Hole 
	6. Drill Intermediate Casing Hole 

	Days 
	Days 

	Thermal shock of surface casing ^ 
	Thermal shock of surface casing ^ 

	Span

	7. Log Intermediate Casing Hole 
	7. Log Intermediate Casing Hole 
	7. Log Intermediate Casing Hole 

	Hours 
	Hours 

	 
	 


	8. Condition Intermediate Casing  Hole 
	8. Condition Intermediate Casing  Hole 
	8. Condition Intermediate Casing  Hole 

	Hours 
	Hours 

	 
	 


	9. Run Intermediate Casing  
	9. Run Intermediate Casing  
	9. Run Intermediate Casing  

	Hours 
	Hours 

	 
	 


	10. Cement Intermediate Casing  
	10. Cement Intermediate Casing  
	10. Cement Intermediate Casing  

	Hours 
	Hours 

	 
	 


	11. Drill Production Casing Hole 
	11. Drill Production Casing Hole 
	11. Drill Production Casing Hole 

	Days 
	Days 

	Thermal shock of intermediate casing 
	Thermal shock of intermediate casing 

	Span

	12. Log Production Casing Hole 
	12. Log Production Casing Hole 
	12. Log Production Casing Hole 

	Hours 
	Hours 

	 
	 


	13. Condition Production Casing  Hole 
	13. Condition Production Casing  Hole 
	13. Condition Production Casing  Hole 

	Hours 
	Hours 

	 
	 


	14. Run Production Casing  
	14. Run Production Casing  
	14. Run Production Casing  

	Hours 
	Hours 

	 
	 


	15. Cement Production Casing  
	15. Cement Production Casing  
	15. Cement Production Casing  

	Hours 
	Hours 

	 
	 


	16. Drill Production Liner Hole 
	16. Drill Production Liner Hole 
	16. Drill Production Liner Hole 

	Days 
	Days 

	Thermal shock of production casing 
	Thermal shock of production casing 

	Span

	17. Log Production Liner Hole 
	17. Log Production Liner Hole 
	17. Log Production Liner Hole 

	Hours 
	Hours 

	 
	 


	18. Condition Production Liner  Hole 
	18. Condition Production Liner  Hole 
	18. Condition Production Liner  Hole 

	Hours 
	Hours 

	 
	 


	19. Run Production Liner  
	19. Run Production Liner  
	19. Run Production Liner  

	Hours 
	Hours 

	 
	 


	20. Cement Production Liner  
	20. Cement Production Liner  
	20. Cement Production Liner  

	Hours 
	Hours 

	 
	 


	21. Clean-up Production Liner for Tie-back 
	21. Clean-up Production Liner for Tie-back 
	21. Clean-up Production Liner for Tie-back 

	Hours 
	Hours 

	 
	 

	Span

	22. Run and Set Production Tie-back 
	22. Run and Set Production Tie-back 
	22. Run and Set Production Tie-back 

	Days 
	Days 

	 
	 


	^ depends on shoe depth 
	^ depends on shoe depth 
	^ depends on shoe depth 

	Span


	The majority of the well life is in the production phase which may be anywhere from 10-20 years for a deep-water well. For this investigation at life cycle of 20 years has been assumed for the development of the loading histogram. The main purpose of this histogram is capturing a set and sequence of likely loads a well will be subjected to during its lifespan, such as shut-ins, well stimulations, etc. The load history was based on experience for wells in the GOM region.  It includes mandatory shut-ins when 
	stimulations/reservoir management. The base load histogram for the production phase is shown in 
	stimulations/reservoir management. The base load histogram for the production phase is shown in 
	Table 2
	Table 2

	. This load history was considered a base case to study the entire production life of the well. Other comparative cases were performed as well. 

	Table 2 Well load histogram for 20 year production phase of well life cycle 
	Table 2 Well load histogram for 20 year production phase of well life cycle 
	Table 2 Well load histogram for 20 year production phase of well life cycle 
	Table 2 Well load histogram for 20 year production phase of well life cycle 


	Operation 
	Operation 
	Operation 

	Events per year 
	Events per year 

	Duration (Scale) 
	Duration (Scale) 

	Comments 
	Comments 

	Span

	Shut in to test actuated master valve 
	Shut in to test actuated master valve 
	Shut in to test actuated master valve 

	12 
	12 

	Hours-Days 
	Hours-Days 

	Potential for thermal shock during any shut-in 
	Potential for thermal shock during any shut-in 

	Span

	Shut in to test subsurface safety valve 
	Shut in to test subsurface safety valve 
	Shut in to test subsurface safety valve 

	2 
	2 

	Hours-Days 
	Hours-Days 


	Shut in due to weather induced events 
	Shut in due to weather induced events 
	Shut in due to weather induced events 

	3 
	3 

	Days 
	Days 


	Shut in due to production/equipment problems 
	Shut in due to production/equipment problems 
	Shut in due to production/equipment problems 

	4 
	4 

	Hours-Days 
	Hours-Days 


	Shut in for reservoir management 
	Shut in for reservoir management 
	Shut in for reservoir management 

	1 / 1.5 years 
	1 / 1.5 years 

	Days 
	Days 


	Stimulation 
	Stimulation 
	Stimulation 

	1 / 4 years 
	1 / 4 years 

	Days 
	Days 

	Thermal shock 
	Thermal shock 


	 
	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Potential number of shut ins over a 20 year life cycle 
	Potential number of shut ins over a 20 year life cycle 
	Potential number of shut ins over a 20 year life cycle 

	438 
	438 


	 
	 
	 

	 
	 

	Span


	Additional casing loads from BOP’s, over-pull, etc. is accounted for well configurations. It is anticipated that these loads will have a small contribution to overall loading when compared to the thermal loads. 
	5.5 WellCAT Analysis 
	The commercial software tool WellCAT was used to develop the global thermal profiles for the well. The loading histogram previously mentioned was used as input for both the drilling and production phases. Temperature profiles for the well were generated for the various construction and production operations. A temperature vs time history profile is generated for the entire depth of the wellbore for the various strings. The temperature profiles and preload conditions will be applied to a global and local FEA
	Figure 3
	Figure 3
	Figure 3

	 shows the representative temperature versus depth profile of the wellbore at various points in time during the drilling and completion phase for the production casing string. Profiles for the annulus, conductor, 

	surface casing, etc. are generated and used for input as well. The resulting profiles for the wellbore temperatures are used as inputs into the FEA models in the FEA.  
	 
	Figure
	Figure 3   Temperature profile for well during final cementing phase of drilling 
	Figure 4
	Figure 4
	Figure 4

	 shows the representative temperature versus depth profile of the wellbore at various points in time duration the production phase for the production casing string. Profiles for the annulus, conductor, surface casing, etc. were generated as well. The resulting profiles for the wellbore temperatures were used as inputs into the FEA models in the FEA.  

	 
	Figure
	Figure 4   Temperature profile for well for various operations during production phase 
	Figure 5
	Figure 5
	Figure 5

	 shows the representative temperature versus depth profile of the formation near the wellbore at various points in time during the production phase. The resulting profiles for the wellbore temperatures were used as inputs into the FEA models in The FEA to set initial geostatic conditions and use as validation of the resulting temperature distribution in the formation in the FEA model. 

	 
	Figure
	Figure 5   Temperature profile in formation near wellbore 
	5.6 ABAQUS FEA  
	ABAQUS FEA was used to develop further the thermal profile and load histogram of the well and its constituents. The intent of this subtask was to develop efficient methods for building a global FEA model that the loading history and conditions is applied.  
	A global axisymmetric finite element model of the entire wellbore was selected as this best modelled the global wellbore system while maintaining computational efficiency. This model could simultaneously account for thermal and mechanical loads imposed on the well.   
	The formation surrounding the wellbore was explicitly accounted for in the axisymmetric model.  The formation is modelled as a homogenous solid which is vary in layers vertically along the wellbore to allow for varying the elasticity of the formation.  .   
	5.7 Task Findings 
	Potentially there are various thermal loadings and well configurations that could cause a thermal shock scenario for OCS wells that could result in a loss of one or more well barriers. However, based on the temperature profiles; stimulating operations particularly when injecting with a fluid that is substantially cooler than the temperature of the producing wellbore, seem to pose the highest risk to damaging components of the well. It was observed that stimulation operations generate a larger temperature gr
	5.7.1 Thermal Shock Definition 
	At the outset of the project the definition of thermal shock was developed from the statements in the BSEE BAA, [
	At the outset of the project the definition of thermal shock was developed from the statements in the BSEE BAA, [
	1
	1

	] as: 

	 Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature as low as 40°F. 
	 Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature as low as 40°F. 
	 Wells with a bottom hole temperature of 350°F or above combined with a minimum ambient temperature as low as 40°F. 

	 Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by stimulating a well. 
	 Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by stimulating a well. 

	 Thermal shock not only depends on the temperature range but also the rate at which temperature changes.  The rate of cooling of the well would depend on the operations considered, e.g. natural cooling post shut-in or cooling during well stimulation for example.   
	 Thermal shock not only depends on the temperature range but also the rate at which temperature changes.  The rate of cooling of the well would depend on the operations considered, e.g. natural cooling post shut-in or cooling during well stimulation for example.   


	It is proposed that thermal shock may be defined as a magnitude of temperature change over the time at which it changes.  Therefore thermal shock may or may not occur depending on various conditions in the wellbore. The results of this task were used to investigate the damage potential of various thermal shocks in the FEA.  
	  
	6 WELL AND BARRIER RESPONSE 
	6.1 Summary 
	The FEA modelling performed revealed some significant findings, namely: 
	 That a shut-in of a producing Deepwater HPHT well does represent a thermal shock that can damage cement, particularly in the upper part of the well, however a large accumulation of production/shut-in cycles is required to significantly damage the barrier. 
	 That a shut-in of a producing Deepwater HPHT well does represent a thermal shock that can damage cement, particularly in the upper part of the well, however a large accumulation of production/shut-in cycles is required to significantly damage the barrier. 
	 That a shut-in of a producing Deepwater HPHT well does represent a thermal shock that can damage cement, particularly in the upper part of the well, however a large accumulation of production/shut-in cycles is required to significantly damage the barrier. 

	 The HPHT well investigated was able to maintain zonal isolation for a complete production life of 20 years, assuming a good cement job had been completed in the first instance. 
	 The HPHT well investigated was able to maintain zonal isolation for a complete production life of 20 years, assuming a good cement job had been completed in the first instance. 

	 Stimulating a well does significantly more damage to the cement than a normal production/shut-in cycle and that damage can extend a significant distance up the well bore. It therefore represents a greater risk to the well barrier. 
	 Stimulating a well does significantly more damage to the cement than a normal production/shut-in cycle and that damage can extend a significant distance up the well bore. It therefore represents a greater risk to the well barrier. 

	 Because the FE model encompasses the entire wellbore, damage locations can be readily identified in one well model.  To WWC’s knowledge this is the first time this has been achieved for a deep water well. 
	 Because the FE model encompasses the entire wellbore, damage locations can be readily identified in one well model.  To WWC’s knowledge this is the first time this has been achieved for a deep water well. 

	 The modelling indicates that production/shut-in damage is restricted to the upper cement annuli whereas stimulation damages the deeper cement barriers because the temperature changes are greatest in each case at the top and bottom of the well respectively. 
	 The modelling indicates that production/shut-in damage is restricted to the upper cement annuli whereas stimulation damages the deeper cement barriers because the temperature changes are greatest in each case at the top and bottom of the well respectively. 

	 The cement designs and quality of placement of cement in the wellbore during completions is critical to the performance of the well. Although one cement mix design is not always adequate for all situations and environments it was found that in general more brittle cements are less durable and failure will occur at fewer cycles. This is true for all wells but is more pronounced in the HPHT variety. A high compressive or tensile strength does not always indicate the ability to withstand a greater number of 
	 The cement designs and quality of placement of cement in the wellbore during completions is critical to the performance of the well. Although one cement mix design is not always adequate for all situations and environments it was found that in general more brittle cements are less durable and failure will occur at fewer cycles. This is true for all wells but is more pronounced in the HPHT variety. A high compressive or tensile strength does not always indicate the ability to withstand a greater number of 


	  
	6.2 FEA Global Response Modelling And Tie In Known FEA Model Data 
	A finite element model of the full measured depth (MD) of the well bore has been constructed, see 
	A finite element model of the full measured depth (MD) of the well bore has been constructed, see 
	Figure 6
	Figure 6

	.  This takes into account all tubular strings from conductor to production tubing along with both liquid and cement filled annuli through the full depth of the well.  

	The Explicit FEA solver was used in the scale modelling performed in the previous BSEE work “Well Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations” (BSEE#728) as it is better suited to handle the extreme non-linearity behavior of cement. However when modelling the entire wellbore geometry there are considerations regarding the selection of the FEA solver used due to the computational requirements of the large model involved. To reduce the computational expense required 
	Various cement designs based on mixes in use today in various OCS cementing operations for surface, intermediate, and production depths were utilized in the analysis to study the effects of cement these designs on the response of the wellbore when exposed to thermal events.  
	Large departure well effects were studied using local FEA model to compare a deviated versus non-deviated section of a well and are discussed in Section 
	Large departure well effects were studied using local FEA model to compare a deviated versus non-deviated section of a well and are discussed in Section 
	6.3
	6.3

	. 

	The model also included an appropriate representation of the formation, with stiffness varying as appropriate with depth. 
	The material strength properties defined for laboratory scale testing were used; to help with convergence issues and model stability the individual components were assembled using “hard contact” or tie constraints. De-bonding and micro-annulus cracking are therefore investigated using the individual damage intensities in tension or compression respectively as well as the cracking strains.  
	The run in and cementing sequence for each tubular is accounted for by performing a series of analysis steps that form the open hole and progressively activates elements representing the tubulars according to the well construction sequence. The cementing process is reflected during the well construction steps in a similar fashion.  
	Cement is added to the annulus to ensure the string buoyant weight is correct and then either tie constraints or hard contact between the cement and tubulars is activated after the cement placement has occurred.  
	 
	Figure
	Figure 6   Global FE model 
	The analysis included a 20 step process to simulate the well construction phase as follows: 
	 Step 1 – Geostatic equilibrium of formation 
	 Step 1 – Geostatic equilibrium of formation 
	 Step 1 – Geostatic equilibrium of formation 

	 Step 2 – Remove open hole material  
	 Step 2 – Remove open hole material  

	 Step 3  - Run-in conductor 
	 Step 3  - Run-in conductor 

	 Step 4 – Cement conductor 
	 Step 4 – Cement conductor 

	 Step 5 – Run-in casing 1 
	 Step 5 – Run-in casing 1 

	 Step 6 – Cement casing 1 
	 Step 6 – Cement casing 1 

	 Step 7 – Run-in casing 2 
	 Step 7 – Run-in casing 2 

	 Step 8 – Cement casing 2 
	 Step 8 – Cement casing 2 

	 Step 9 – Run-in casing 3 / liner 
	 Step 9 – Run-in casing 3 / liner 

	 Step 10 – Cement casing 3 
	 Step 10 – Cement casing 3 

	 Step 11 – Run-in casing 4 / liner 
	 Step 11 – Run-in casing 4 / liner 

	 Step 12 – Cement casing 4 
	 Step 12 – Cement casing 4 

	 Step 13 – Run-in casing 5 
	 Step 13 – Run-in casing 5 


	 Step 14 – Cement casing 5 
	 Step 14 – Cement casing 5 
	 Step 14 – Cement casing 5 

	 Step 15 – Run-in casing 6 / liner 
	 Step 15 – Run-in casing 6 / liner 

	 Step 16 – Cement casing 6/liner  
	 Step 16 – Cement casing 6/liner  

	 Step 17 – Run-in casing 7 
	 Step 17 – Run-in casing 7 

	 Step 18 – Cement casing 7 
	 Step 18 – Cement casing 7 

	 Step 19 – Run-in production tubing  
	 Step 19 – Run-in production tubing  

	 Step 20 – Lock production tubing at packer. 
	 Step 20 – Lock production tubing at packer. 


	Intermediate steps were also included during the cementing process not shown in the above list. 
	The well was modelled as an uncoupled heat transfer problem. The temperature field is calculated without consideration of the stress/deformation of constituent parts of the well, which is reasonable in the context of an oil well as the deformation of the steel tubulars does not alter the heat transfer characteristics of the well.  
	The FE model also accounted for thermal convection as well as conduction for any fluid filled cavities such as annuli.  The effects of fluid convection could not be captured explicitly by the FE solid model.  However, the effective conductivity of the fluid regions was been modified to account for this.  See later discussion under validation, Section 
	The FE model also accounted for thermal convection as well as conduction for any fluid filled cavities such as annuli.  The effects of fluid convection could not be captured explicitly by the FE solid model.  However, the effective conductivity of the fluid regions was been modified to account for this.  See later discussion under validation, Section 
	6.2.2
	6.2.2

	. 

	Once the well run- in sequence was complete the well was brought onto production and the well warmed up to its steady state production temperature.  Thermal shock load cases were then carried out. 
	6.2.1 Thermal Shock Load Cases: 
	The entire well structure was initialised with the geostatic temperature profile, in this case assuming a mudline temperature of 40˚F and bottom-hole temperature of 350˚F, see 
	The entire well structure was initialised with the geostatic temperature profile, in this case assuming a mudline temperature of 40˚F and bottom-hole temperature of 350˚F, see 
	Figure 7
	Figure 7

	. 

	 Production – bottom hole temperature = 350˚F, well flow rate set as 20,000 bpd.  Solved until steady state delivery temperature was reached, see 
	 Production – bottom hole temperature = 350˚F, well flow rate set as 20,000 bpd.  Solved until steady state delivery temperature was reached, see 
	 Production – bottom hole temperature = 350˚F, well flow rate set as 20,000 bpd.  Solved until steady state delivery temperature was reached, see 
	 Production – bottom hole temperature = 350˚F, well flow rate set as 20,000 bpd.  Solved until steady state delivery temperature was reached, see 
	Figure 8
	Figure 8

	. 


	 Shut-in – well flow was halted and the well allowed to cool to ambient, 
	 Shut-in – well flow was halted and the well allowed to cool to ambient, 
	 Shut-in – well flow was halted and the well allowed to cool to ambient, 
	Figure 9
	Figure 9

	 and 
	Figure 10
	Figure 10

	 show profile at 5 days and 60 days respectively 


	 Stimulation – post shut-in well flow direction was reversed and surface ambient fluid injected – rates 20,000 bpd for 48 hours and 60,000 bpd for 24 hours – cooldown of the hot end of the well, 
	 Stimulation – post shut-in well flow direction was reversed and surface ambient fluid injected – rates 20,000 bpd for 48 hours and 60,000 bpd for 24 hours – cooldown of the hot end of the well, 
	 Stimulation – post shut-in well flow direction was reversed and surface ambient fluid injected – rates 20,000 bpd for 48 hours and 60,000 bpd for 24 hours – cooldown of the hot end of the well, 
	Figure 13
	Figure 13

	 show contours after 48 hours injection at 20,000 bpd, 60,000 bpd is similar. 



	 
	 
	Figure
	Figure 7   Global FE model – Initial temperature profile 
	Note this view has the x and z coordinates magnified x100 for clarity. 
	 
	Figure
	Figure 8   Global FE model – Production temperature profile 20kbpd 
	Note this view has the x and z coordinates magnified x1000 for clarity. 
	 
	Figure
	Figure 9   Global FE model – Shut in temperature profile at approximately 5 days 
	Note this view has the x and z coordinates magnified x1000 for clarity. 
	 
	Figure
	Figure 10   Global FE model – Shut in temperature profile at approximately 60 days 
	Note this view has the x and z coordinates magnified x1000 for clarity. 
	 
	Figure
	Figure 11   Global FE model – Well production/shut-in temperature response for 10kbpd 
	Figure 11
	Figure 11
	Figure 11

	 shows typical temperature histories at different casing shoe depths throughout the well during a production/shut-in cycle. Despite the low ambient temperature at the top of the well the higher temperatures at the base of the well, the maximum temperature range occurs some distance down the well, in this case at the 18” casing shoe. 

	 
	 
	Figure
	Figure 12   Global FE model – Well stimulation temperature profile 
	Note this view has the x and z coordinates magnified x100 for clarity 
	6.2.2 FEA v CFD modelling – convective heat transfer verification 
	The mechanical stresses introduced as a result of temperature effects are dependent upon both the temporal and spatial temperature gradients in addition to temperature magnitudes.  Therefore it was considered critical to the objectives of this project that temperature effects were accounted for as accurately as possible. 
	Finite element models typically can only model conductive heat transfer. Convection within a fluid cannot be simulated directly using solid based finite element models.  A fluid’s ability to transfer heat may be dominated by convection (fluid movement) if heated from below or from the side. To overcome this, the effective thermal conductivity, keff, can be adjusted so that the solid transmits thermal energy at the same rate its fluid counterpart.  However, the keff value changes with temperature gradient an
	To determine appropriate keff values for both the production tubing and any liquid filled annuli a series of simulations were performed using computational fluid dynamics (CFD) to determine the correct thermal response.  A finite element analysis was them compared against the CFD to confirm the correct keff had been determined. 
	An example is shown in 
	An example is shown in 
	Figure 13
	Figure 13

	. Here a test model, comprising a 30m section of production tubing was filled with flowing water.  Flow and temperature was solved to achieve a delivery temperature using both an FE model and a CFD model. The k value within the FE model was varied.  The flow is then stopped and the model is allowed to cool. 

	 
	Figure
	Figure 13   Local FE model – cooldown response 
	It is clear from the cooldown response that the k value chosen made a significant difference.  It was also apparent that a single value of k in the FE model fails to match the cooldown response of the CFD model. 
	However, when the same test was repeated with a variable k value, a good match was achieved. See 
	However, when the same test was repeated with a variable k value, a good match was achieved. See 
	Figure 14
	Figure 14

	. 

	 
	Figure
	Figure 14   Local FE model – cooldown response matching 
	A series of larger CFD models of different sections of the wellbore were developed to determine keff for different elevations and wellbore cross-sections.  An example is shown in 
	A series of larger CFD models of different sections of the wellbore were developed to determine keff for different elevations and wellbore cross-sections.  An example is shown in 
	Figure 15
	Figure 15

	. The fluid with the main bore and the annuli is being cooled following a shut-in. The velocity vectors within the main bore and the two adjacent annuli are shown. As can be seen the vectors within the annuli travel upwards near a warmer wall at smaller radius and downwards near the cooler wall at bigger radius due to density variations (i.e. natural convection). 

	 
	Figure
	Figure 15   Local CFD model – thermal response matching – velocity vectors in multiple annuli 
	The thermal response model was checked against WellCAT with good agreement. 
	6.2.3 Global Model Mesh Sensitivity Check 
	To ensure that the finite element mesh used in the global well models was suitably refined, local highly refined mesh models were used to compare to the thermal response of the coarser global model.  See 
	To ensure that the finite element mesh used in the global well models was suitably refined, local highly refined mesh models were used to compare to the thermal response of the coarser global model.  See 
	Figure 16
	Figure 16

	.  In this case the local model represented a 2D horizontal slice at 1000°F t below mudline. 

	The 2D local and global models were in very good agreement. 
	 
	Figure
	Figure 16   Mesh refinement checks – Global v Local FEA model 
	6.2.4 Thermal Shock Response and tie in known FEA model data 
	The ABAQUS FE model that solves the thermal and structural response used a similar finite element mesh, simply swapping heat transfer elements for their structural equivalent.  The temperature field from the thermal analysis was mapped onto the structural model and the structural response solved. A nominal annular pressure ranging from 25-250 psi due to the thermal expansion of the annular fluids was applied. It was assumed that the annular pressure was monitored and managed per API requirements. 
	The global model also includes damage models for the cement to identify when and where cement damage occurs.  These damage models are validated against experiments – see Task 5. 
	The cement damage can cause solution stability issues in the global response model that can been difficult to predict. As a result some of the cement materials defined in Task 5 was found to have convergence difficulties in the global model. However, some of the cement properties previously known and validated were used to analyse the well’s response with various cement mixes.  
	Table 3 Cements use in global well 
	Table 3 Cements use in global well 
	Table 3 Cements use in global well 
	Table 3 Cements use in global well 


	ID 
	ID 
	ID 

	Young’s Modulus [psi] 
	Young’s Modulus [psi] 

	Poisson’s Ratio 
	Poisson’s Ratio 

	Strength 
	Strength 

	Span

	 
	 
	 

	Comp. 
	Comp. 
	[psi] 

	Tensile 
	Tensile 
	[psi] 

	Span

	HDV09675-5-2c 
	HDV09675-5-2c 
	HDV09675-5-2c 

	“2c” 
	“2c” 

	2.20E6 
	2.20E6 

	0.26 
	0.26 

	6310 
	6310 

	706 
	706 

	Span

	Previously defined in prior BSEE project E14PC00037 
	Previously defined in prior BSEE project E14PC00037 
	Previously defined in prior BSEE project E14PC00037 

	“A” 
	“A” 

	4.80E5 
	4.80E5 

	0.31 
	0.31 

	324 
	324 

	58 
	58 


	Previously defined in prior BSEE project E14PC00037 
	Previously defined in prior BSEE project E14PC00037 
	Previously defined in prior BSEE project E14PC00037 

	“B” 
	“B” 

	1.93E6 
	1.93E6 

	0.23 
	0.23 

	3207 
	3207 

	387 
	387 



	 
	To evaluate the response and performance of the well over its lifespan the loading histogram as defined in 
	To evaluate the response and performance of the well over its lifespan the loading histogram as defined in 
	Table 2
	Table 2

	. The cement used in this load case was the 2c design as shown in 
	Table 3
	Table 3

	.  

	In addition to the twenty year life cycle case, a case to perform a comparative analysis to check the well’s response to different stimulation rates and cement mixes was completed. In this scenario the well was cycled 4 times with each complete cycle consisting of production, shut-in and stimulation. Due to long analysis times no 
	intermediate production/shut-in cycles were included, however these cases provide valuable information.  
	intermediate production/shut-in cycles were included, however these cases provide valuable information.  
	Table 4
	Table 4

	 shows the load cases analysed.  

	  
	Table 4 Well load cases investigated 
	Table 4 Well load cases investigated 
	Table 4 Well load cases investigated 
	Table 4 Well load cases investigated 


	Case 
	Case 
	Case 

	Cement 
	Cement 

	Injection Rate 
	Injection Rate 

	Comments 
	Comments 

	Span

	Full 20yr life cycle 
	Full 20yr life cycle 
	Full 20yr life cycle 

	“2c” 
	“2c” 

	20,000 bpd 
	20,000 bpd 

	 
	 

	Span

	Cycle-4x-20-6310 
	Cycle-4x-20-6310 
	Cycle-4x-20-6310 

	“2c” 
	“2c” 

	20,000 bpd 
	20,000 bpd 

	No intermediate prod/shut-in 
	No intermediate prod/shut-in 


	Cycle-4x-60-6310 
	Cycle-4x-60-6310 
	Cycle-4x-60-6310 

	“2c” 
	“2c” 

	60,000 bpd 
	60,000 bpd 

	No intermediate prod/shut-in 
	No intermediate prod/shut-in 


	Cycle-4x-20-3207 
	Cycle-4x-20-3207 
	Cycle-4x-20-3207 

	“B” 
	“B” 

	20,000 bpd 
	20,000 bpd 

	No intermediate prod/shut-in 
	No intermediate prod/shut-in 


	Cycle-4x-60-3207 
	Cycle-4x-60-3207 
	Cycle-4x-60-3207 

	“B” 
	“B” 

	60,000 bpd 
	60,000 bpd 

	No intermediate prod/shut-in 
	No intermediate prod/shut-in 


	Cycle-4x-20-324 
	Cycle-4x-20-324 
	Cycle-4x-20-324 

	“A” 
	“A” 

	20,000 bpd 
	20,000 bpd 

	No intermediate prod/shut-in 
	No intermediate prod/shut-in 


	 
	 
	 

	Span


	 
	6.2.4.1 Thermal shock response results 
	The results of the twenty year life cycle case indicate some damage in the lower portions of the cement in the well. However, the damage does not propagate the entire height of the cement column. It is also observed that the magnitude of damage from stimulating the well is much greater than a typical production and shut-in cycle and occurs at the lower end of the well. 
	The damage in the cement from after the first year of production/shut-in cycles is shown in 
	The damage in the cement from after the first year of production/shut-in cycles is shown in 
	Figure 17
	Figure 17

	; and after four years of production/shut-in cycles (prior to the first stimulation occurrence) is shown in 
	Figure 18
	Figure 18

	. 

	The damage to the element (SDEG) shown is not an indicator that loss of isolation has occurred, a more complete explanation of SDEG is given in 
	The damage to the element (SDEG) shown is not an indicator that loss of isolation has occurred, a more complete explanation of SDEG is given in 
	Figure 27
	Figure 27

	. 

	 
	Figure
	Figure 17   Cement damage after first year of cycles  
	Note this view has the x and z coordinates magnified for clarity. 
	 
	 
	Figure
	Figure 18   Cement damage after first four years of cycles  
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement immediately after the first stimulation and warm-up occurrence is shown in 
	The damage in the cement immediately after the first stimulation and warm-up occurrence is shown in 
	Figure 19
	Figure 19

	. 

	 
	Figure
	Figure 19   Cement damage after first stimulation occurrence 
	Note this view has the x and z coordinates magnified for clarity.  
	  
	The damage in the cement after four more years (8 total) of production/shut-in cycles (prior to the second stimulation occurrence) is shown in 
	The damage in the cement after four more years (8 total) of production/shut-in cycles (prior to the second stimulation occurrence) is shown in 
	Figure 20
	Figure 20

	. 

	 
	Figure
	Figure 20   Cement damage after eight years of cycles 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement immediately after the second stimulation and warm-up occurrence is shown in 
	The damage in the cement immediately after the second stimulation and warm-up occurrence is shown in 
	Figure 21
	Figure 21

	. 

	 
	Figure
	Figure 21   Cement damage after second stimulation occurrence 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement after four more years (12 total) of production/shut-in cycles (prior to the third stimulation occurrence) is shown in 
	The damage in the cement after four more years (12 total) of production/shut-in cycles (prior to the third stimulation occurrence) is shown in 
	Figure 22
	Figure 22

	. 

	 
	Figure
	Figure 22   Cement damage after 12 years of cycles 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement immediately after the third stimulation and warm-up occurrence is shown in 
	The damage in the cement immediately after the third stimulation and warm-up occurrence is shown in 
	Figure 23
	Figure 23

	 

	 
	Figure
	Figure 23   Cement damage after third stimulation occurrence 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement after four more years (16 total) of production/shut-in cycles (prior to the forth stimulation occurrence) is shown in 
	The damage in the cement after four more years (16 total) of production/shut-in cycles (prior to the forth stimulation occurrence) is shown in 
	Figure 24
	Figure 24

	. 

	 
	 
	Figure
	Figure 24   Cement damage after 16 years of cycles 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement immediately after the fourth stimulation and warm-up occurrence is shown in 
	The damage in the cement immediately after the fourth stimulation and warm-up occurrence is shown in 
	Figure 25
	Figure 25

	. 

	  
	Figure
	Figure 25   Cement damage after fourth stimulation occurrence 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The damage in the cement after four more years (20 total) of production/shut-in cycles (end of assumed production life) is shown in 
	The damage in the cement after four more years (20 total) of production/shut-in cycles (end of assumed production life) is shown in 
	Figure 26
	Figure 26

	 

	 
	Figure
	Figure 26   Cement damage after 20 years of cycles 
	Note this view has the x and z coordinates magnified for clarity. 
	This represents the highest localized damage (SDEG) in the cement. The SDEG values from the FEA have been normalized with respect to 100%, meaning that elements that have reached 100% damage in the model are areas that indicate likelihood for the development of localized cracks/micro-annulus etc. and not a loss of isolation.  The validation performed in Task 5 show that it is the magnitude of damage couple with the extent and location of damage is a better indicator of a seal barrier failure. The maximum da
	This represents the highest localized damage (SDEG) in the cement. The SDEG values from the FEA have been normalized with respect to 100%, meaning that elements that have reached 100% damage in the model are areas that indicate likelihood for the development of localized cracks/micro-annulus etc. and not a loss of isolation.  The validation performed in Task 5 show that it is the magnitude of damage couple with the extent and location of damage is a better indicator of a seal barrier failure. The maximum da
	Figure 26
	Figure 26

	.  

	 
	Figure
	Figure 27   Maximum local cement damage progression 
	  
	The results of the Cycle-4x-20-6310 case are shown in 
	The results of the Cycle-4x-20-6310 case are shown in 
	Figure 28
	Figure 28

	 to 
	Figure 31
	Figure 31

	 

	 
	Figure
	Figure 28   Cycle-4x-20-6310 Case cement damage after first stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 29   Cycle-4x-20-6310 Case cement damage after second stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 30   Cycle-4x-20-6310 Case cement damage after third stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 31   Cycle-4x-20-6310 Case cement damage after fourth stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The results of the Cycle-4x-60-6310 case are shown in 
	The results of the Cycle-4x-60-6310 case are shown in 
	Figure 32
	Figure 32

	 to 
	Figure 35
	Figure 35

	. 

	 
	Figure
	Figure 32   Cycle-4x-60-6310 Case cement damage after first stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 33   Cycle-4x-60-6310 Case cement damage after second stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 34   Cycle-4x-60-6310 Case cement damage after third stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 35   Cycle-4x-60-6310 Case cement damage after fourth stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The results of the Cycle-4x-20-3207 case are shown in 
	The results of the Cycle-4x-20-3207 case are shown in 
	Figure 36
	Figure 36

	 to 
	Figure 39
	Figure 39

	. 

	 
	Figure
	Figure 36   Cycle-4x-20-3207 Case cement damage after first stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 37   Cycle-4x-20-3207 Case cement damage after second stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 38   Cycle-4x-20-3207 Case cement damage after third stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 39   Cycle-4x-20-3207 Case cement damage after fourth stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The results of the Cycle-4x-60-3207 case are shown in 
	The results of the Cycle-4x-60-3207 case are shown in 
	Figure 40
	Figure 40

	 to 
	Figure 43
	Figure 43

	. 

	 
	Figure
	Figure 40   Cycle-4x-60-3207 Case cement damage after first stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 41   Cycle-4x-60-3207 Case cement damage after second stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 42   Cycle-4x-60-3207 Case cement damage after third stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 43   Cycle-4x-60-3207 Case cement damage after fourth stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The results of the Cycle-4x-20-324case are shown in 
	The results of the Cycle-4x-20-324case are shown in 
	Figure 44
	Figure 44

	 to 
	Figure 47
	Figure 47

	 . 

	 
	Figure
	Figure 44   Cycle-4x-20-324 Case cement damage after first stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 45   Cycle-4x-20-324 Case cement damage after second stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 46   Cycle-4x-20-324 Case cement damage after third stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 47   Cycle-4x-20-324 Case cement damage after fourth stimulation 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The SDEG values from the FEA have been normalized with respect to 100%, meaning that elements that have reached 100% damage in the model are areas that indicate likelihood for the development of localized cracks/micro-annulus etc. and not a loss of isolation.  The validation performed in Task 5 show that it is the magnitude of damage couple with the extent and location of damage is a better indicator of a seal barrier failure. The maximum localized damage in the cement for each case configuration is shown g
	The SDEG values from the FEA have been normalized with respect to 100%, meaning that elements that have reached 100% damage in the model are areas that indicate likelihood for the development of localized cracks/micro-annulus etc. and not a loss of isolation.  The validation performed in Task 5 show that it is the magnitude of damage couple with the extent and location of damage is a better indicator of a seal barrier failure. The maximum localized damage in the cement for each case configuration is shown g
	Figure 48
	Figure 48

	.  

	 
	Figure
	Figure 48   Maximum localized cement damage comparison 
	6.3 Local FEA Modelling and Tie in known Data 
	Since a deviated well cannot be modelled axi-symmetrically a segment representing a down-hole section of a well was generated for a vertical well and a well that contains a departure angle approximately 0.5 deg/ft. The techniques used to create the structural models and the heat transfer models are similar to the scale modelling and are detailed in the Task 5 section. The computational expense of the local models was reduced by modelling a 375ft diameter x 1,000°F t depth section of soil assumed to be about
	The well was assumed to have a casing size of 7-5/8” outer diameter with a wall thickness of 3/8”. The diameter of the hole was assumed to be 9-5/8” diameter with the casing placed concentrically.  
	The models were constructed using the same element types and element count for each. The formation was assumed to be fixed in the vertical direction at the top and bottom of the down-hole segment and fixed in the horizontal direction around the perimeter of the formation limits. To facilitate the comparison of the deviated versus non-deviated wells only thermal effects from the injection case into a very hot environment were considered. To limit analysis run times only one cycle was considered. This allows 
	6.3.1 Local FEA Modelling-Results 
	The heat transfer analysis results for both the non-deviated well and the deviated well are shown in 
	The heat transfer analysis results for both the non-deviated well and the deviated well are shown in 
	Figure 49
	Figure 49

	 to 
	Figure 50
	Figure 50

	 respectively. 

	 
	Figure
	Figure 49   Heat transfer analysis results for vertical well 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	 
	Figure
	Figure 50   Heat transfer analysis results for deviated well 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	The cement element damage results for both the non-deviated well and the deviated well are shown in 
	The cement element damage results for both the non-deviated well and the deviated well are shown in 
	Figure 51
	Figure 51

	 to 
	Figure 52
	Figure 52

	 respectively. 

	 
	Figure
	Figure 51   Cement damage results for vertical well 
	Note this view has the x and z coordinates magnified for clarity. 
	 
	Figure
	Figure 52   Cement damage results for deviated well 
	Note this view has the x and z coordinates magnified for clarity. 
	  
	6.4 Conclusions 
	The FEA modelling performed has indicated that the definition of “thermal shock” as defined in Task 2 and Appendix A is a reasonable definition. It also confirmed some of the response from operators in the advisory group that production/shut-in is not as significant driver of damage in the well as stimulation. The long term durability of the well is highly associated with proper cement selection and quality of the cement placement. 
	A shut-in of a producing deep water HPHT well does represent a thermal shock that can damage cement, particularly in the upper part of the well, however a large accumulation of production/shut-in cycles is required to significantly damage the barrier. This is in line with the opinions from some of the members of the advisory group.  
	Stimulating a well does significantly more damage to the cement than a normal production/shut-in cycle and that damage can extend a significant distance up the well bore. It therefore represents a greater risk to the well barrier system. However, damage in the wellbore cement does not always indicate a loss of isolation.  
	The HPHT well investigated was able to maintain zonal isolation for a complete production life of 20 years. As mentioned above stimulating the well did significantly more harm to the well than just production/shut-in cycles alone. It was noticed that after a stimulation event the damage in the upper portion of the well would undergo a slight increase for the first couple of cycles then level off and hold steady until the next stimulation occurs. This further suggests that stimulation is more significant con
	The two injection rates investigated of 14 bpm and 42 bpm (20 kbpd and 60 kbpd) revealed that the rate of injection increase of three times did cause an increase in damage in the cement, however the increase in the damage was around 10%. This indicates that the wellbore is likely more sensitive to the change in temperature than rate of change. 
	The stresses in the tubulars were well within the working limits for typical grades of steel used in a wellbore. Based on findings from Task 2, it appears that standard practices in the design of the tubulars, while not explicitly calling it thermal shock, do account for it in the process of checking them against thermal induced stresses. In addition the behavior of steels at higher temperatures also has been better understood historically. 
	The cement designs and quality of placement of cement in the wellbore during completions is very critical to the performance of the well barrier system. Although one cement mix design is not always adequate for all situations and environments it was found that in general the more brittle the cement is, the less durable and failure will occur at fewer cycles. This is true for all wells but is more pronounced in HPHT wells. A high compressive or tensile strength does not always indicate the ability to withsta
	rather a balance of high compressive strength or tensile strengths coupled with a lower elastic modulus performed the best.  
	It was also revealed that a deviated well is potentially more susceptible to a higher magnitude of damage compared to a vertical well when compared under identical loading scenarios.  
	Mitigation recommendations are included in Task 6. 
	 
	 
	7 LABORATORY SCALE TESTING  
	7.1 Physical Property Testing 
	A series of mechanical tests have been performed to characterize material properties for the cement for input to the FEA.  These are listed below: 
	 Shear Bond 
	 Shear Bond 
	 Shear Bond 

	 Tensile Strength – Indirect “Brazil test” + Direct pull 
	 Tensile Strength – Indirect “Brazil test” + Direct pull 

	 Tensile Modulus 
	 Tensile Modulus 

	 Compressive strength 
	 Compressive strength 

	 Compressive modulus / Poisson’s ratio 
	 Compressive modulus / Poisson’s ratio 

	 Impact resistance 
	 Impact resistance 


	Significantly more effort was placed on this stage of the testing than in previous projects.  Previously the quality of the mechanical properties, particularly the tensile strength and modulus were not at the desired level, meaning that the FE work has to estimate certain characteristics.  For this project the higher fidelity achieved to gather the tensile strength and modulus means better inputs to the FE have been established. 
	The shear bond test apparatus used both for curing and testing the samples is shown in 
	The shear bond test apparatus used both for curing and testing the samples is shown in 
	Figure 53
	Figure 53

	, impact testing in 
	Figure 54
	Figure 54

	 and compression testing in 
	Figure 55
	Figure 55

	. 

	The direct tensile test utilized a new test sample set up.  Instead of the more usual “dog bone” type test, a cylinder of cement was cast and cured with steel bolts embedded into it was used, see 
	The direct tensile test utilized a new test sample set up.  Instead of the more usual “dog bone” type test, a cylinder of cement was cast and cured with steel bolts embedded into it was used, see 
	Figure 57
	Figure 57

	.  This allowed for a more accurate measurement of the tensile strength and modulus. 

	 
	 
	Figure
	Figure
	Figure 53   Shear bond testing set-up 
	 
	Figure
	Figure
	Figure 54   Impact testing set-up LEFT / Compression testing RIGHT 
	An example of the compression testing is shown in Figure 3. 
	 
	Figure
	Figure
	Figure 55   Compression testing – pre-failure LEFT / post failure RIGHT 
	 
	Figure
	Figure 56   Tensile testing – Indirect Tension – “Brazil Test” 
	 
	Figure
	Figure
	Figure 57   Tensile testing – direct test mould and test sample 
	Cement blend samples judged to be representative of various depths through the well, typical of those used on GOM, were cured and tested.  The data sheets for those cement blends are provided in 
	Cement blend samples judged to be representative of various depths through the well, typical of those used on GOM, were cured and tested.  The data sheets for those cement blends are provided in 
	Appendix A
	Appendix A

	.  The results and mechanical properties are summarized below. 

	Table 5 Cement Property Summary 
	Table 5 Cement Property Summary 
	Table 5 Cement Property Summary 
	Table 5 Cement Property Summary 


	ID 
	ID 
	ID 

	TVD  [ft] 
	TVD  [ft] 

	Casing/ Liner 
	Casing/ Liner 

	Density 
	Density 
	[lb/gal] 

	Young’s Modulus 
	Young’s Modulus 
	[psi] 

	Poission’s Ratio 
	Poission’s Ratio 

	Strength 
	Strength 

	Span

	 
	 
	 

	Compressive 
	Compressive 
	[psi] 

	Tensile 
	Tensile 
	[psi] 

	Span

	HDV09675-5-4d 
	HDV09675-5-4d 
	HDV09675-5-4d 

	4500 
	4500 

	20 in 
	20 in 

	16.4 
	16.4 

	1.11E6 
	1.11E6 

	0.21 
	0.21 

	1309 
	1309 

	243 
	243 

	Span

	HDV09675-5-1b 
	HDV09675-5-1b 
	HDV09675-5-1b 

	4200 
	4200 

	14 in 
	14 in 

	12.0 
	12.0 

	3.18E5 
	3.18E5 

	0.26 
	0.26 

	448 
	448 

	69 
	69 


	HDV09675-5-5a 
	HDV09675-5-5a 
	HDV09675-5-5a 

	6700 
	6700 

	16 in Liner 
	16 in Liner 

	13.5 
	13.5 

	7.35E5 
	7.35E5 

	0.28 
	0.28 

	1858 
	1858 

	253 
	253 


	HDV09675-5-2c 
	HDV09675-5-2c 
	HDV09675-5-2c 

	12100 
	12100 

	9 5/8 in 
	9 5/8 in 

	17.0 
	17.0 

	2.20E6 
	2.20E6 

	0.26 
	0.26 

	6310 
	6310 

	706 
	706 


	HDV09675-5-3b 
	HDV09675-5-3b 
	HDV09675-5-3b 

	16500 
	16500 

	5 in Liner 
	5 in Liner 

	- 
	- 

	1.67E6 
	1.67E6 

	0.27 
	0.27 

	5044 
	5044 

	571 
	571 


	HDV09675-5-6d 
	HDV09675-5-6d 
	HDV09675-5-6d 

	17000 
	17000 

	9 5/8 in 
	9 5/8 in 

	16.4 
	16.4 

	1.67E6 
	1.67E6 

	0.27 
	0.27 

	10732 
	10732 

	1114 
	1114 


	 
	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span


	7.2 FEA Modelling 
	3D finite element models of the test setups were created using ABAQUS 2017 [
	3D finite element models of the test setups were created using ABAQUS 2017 [
	23
	23

	] and solved using the Explicit solver. The Explicit solver was chosen as modelling unreinforced concrete/cement materials can sometimes cause convergence problems in the Standard (Implicit) solver due to the extreme non-linearity caused by cracking,  ( as was encountered in the global model), which is even more pronounced on the smaller scaled models. The Explicit solver is computationally efficient for analysis of extremely discontinuous events, such as cracking in cement, and can be used to perform quasi

	To reduce computational expense, a one-fourth of the test setup was modelled by using symmetry planes in both the small and large scale models. The extent of the sand bed at the bottom of the cement was limited to reduce the computational expense of the model. The sand is to allow for the placement of cement in the pipes and create a space where the bottom of the cement can be pressurized when testing.  
	The small scale assembly is shown in 
	The small scale assembly is shown in 
	Figure 58
	Figure 58

	 and the large scale assembly is shown in 
	Figure 59
	Figure 59

	.   

	 
	Figure
	Figure 58   Small scale FEA model assembly  
	 
	Figure
	Figure 59   Large scale FEA model assembly 
	  
	Where possible, 8 node reduced integration brick elements (C3D8R) were used. General views of the mesh used in the models are shown in 
	Where possible, 8 node reduced integration brick elements (C3D8R) were used. General views of the mesh used in the models are shown in 
	Figure 60
	Figure 60

	 and 
	Figure 61
	Figure 61

	.  

	 
	Figure
	Figure 60   Small scale FEA element mesh 
	 
	Figure
	Figure 61   Large scale FEA element mesh 
	Note this view has the x and z coordinates magnified for clarity 
	 
	7.2.1 Boundary Conditions and Initial Conditions 
	The small scale and large scale models were restrained by fixing the base of the outer pipe in the vertical and horizontal directions. Symmetry planes were used in the X and Y planes. Boundary conditions for the small scale model are shown in 
	The small scale and large scale models were restrained by fixing the base of the outer pipe in the vertical and horizontal directions. Symmetry planes were used in the X and Y planes. Boundary conditions for the small scale model are shown in 
	Figure 62
	Figure 62

	.  Note that the large scale model is similar. 

	  
	Figure
	Figure 62   Small scale boundary conditions 
	7.2.2 Contact Interactions 
	The assembly of parts used to create the test model was held in space using contact interactions true to how the parts interact in reality. Surface to surface contact definitions were defined at the cement to coil tubing interface and at the cement to formation pipe interface. In previous lab validation the contacts were assigned a cohesive 
	behavior utilizing a traction separation based contact enforcement method.  However, the cement designs that were applied to the global model contact was modelled as either “hard contact’ or using tie constraints for the scale models since contact damage was not explicitly modelled in the global model due to convergence issues. De-bonding and micro-annulus formation is still accounted for by other diagnostic means such as element damage in either tension or compression as well as the plastic strains in clos
	See 
	See 
	Figure 63
	Figure 63

	 for typical contact pairs in the small scale model, the large scale model is similar. 

	 
	Figure
	Figure 63   Small scale interactions 
	7.2.3 Cement damage modelling  
	The cement sheaths were modelled using the concrete damaged plasticity model in ABAQUS. It provides a general capability for modelling concrete and other quasi-brittle materials in all types of structures by using the concepts of isotropic damaged elasticity in combination with isotropic tensile and compressive plasticity to represent the inelastic behavior of concrete. It consists of the combination of non-associated multi-hardening plasticity and scalar (isotropic) damaged elasticity to describe the irrev
	cracking process. The concrete damaged plasticity material model is interoperable between the Explicit and Standard solvers, therefore the defined materials can also be used in the global FEA models. 
	The model is a continuum, plasticity-based, damage model for concrete and cements. It is based on the assumption that the main two failure mechanisms are tensile cracking and compressive crushing of the material. The evolution of the failure surface is controlled by two hardening variables, tensile and compressive equivalent plastic strains that are linked to failure mechanisms under tension and compression loading, respectively.  
	The fracture energy criterion was used to model the cements brittle behavior by using a stress-displacement relationship. The stress-strain behavior of the cement in uniaxial compression outside of the elastic range is modelled by using compression hardening and strain softening.  
	The concrete compression damage and concrete tension damage optional parameters were used to simulate the loss of stiffness of the cement as damage occurs. Maximum compressive stiffness reduction was set to 99% and 90% for tension. Once these values are reached a complete loss of stiffness is assumed to occur. Element deactivation was enabled to remove these elements from the stiffness matrix at complete failure.  
	7.2.4 Thermal analysis approach 
	Thermal loads were applied by means of a sequentially un-coupled thermal stress analysis.  To accomplish this, a transient heat transfer analysis was first solved.  The nodal temperature values from the heat transfer analysis were then mapped onto the structural solution model.  The material definition in the structural model included a thermal expansion coefficient and thus the model developed thermal strains with the addition of a ∆T and thermal stresses when expansion was resisted by the stiffness of the
	A heat transfer analysis was performed for the small and large scale models. The temperature was varied over time using the load amplitude feature within ABAQUS to replicate the thermal cycling that was performed in the lab testing. A complete thermal cycle for the small scale testing consisted of activating the interior heating element for 150 minutes at approximately 215°F, then turning the heating off and then chilling the exterior of the testing fixture at 50°F for 150 minutes. The heat transfer analysi
	small scale heat transfer analysis are shown in 
	small scale heat transfer analysis are shown in 
	Figure 64
	Figure 64

	. Note that the cooldown from ambient was accounted for but not shown in the figure. 

	 
	Figure
	Figure 64   Small scale heat transfer analysis results 
	Thermal cycling for the large scale test was similar to the small scale with the exception that the interior pipe was cooled by circulating chilled water and the exterior was heated. A complete thermal cycle for the small scale testing consisted of circulating chilled water through the interior pipe for 150 minutes at approximately 50°F and then turning off and then heating the exterior of the testing fixture at 230°F for 150 minutes. The heat transfer analysis results were then mapped on to the structural 
	The large scale testing consisted of curing the cement in the fixture at 190°F and then subsequently starting the temperature cycling without allowing the fixture to cool back to ambient; therefore the initial temperature of the large scale model was assumed to be at a temperature of 190°F. The results from the large scale heat transfer analysis are shown in 
	The large scale testing consisted of curing the cement in the fixture at 190°F and then subsequently starting the temperature cycling without allowing the fixture to cool back to ambient; therefore the initial temperature of the large scale model was assumed to be at a temperature of 190°F. The results from the large scale heat transfer analysis are shown in 
	Figure 65
	Figure 65

	. 

	 
	Figure
	Figure 65   Large scale heat transfer analysis results 
	7.2.5 Thermal properties 
	Thermal expansion coefficient, conductivity and specific heat values for the cement mixes were determined by CSI and are shown in 
	Thermal expansion coefficient, conductivity and specific heat values for the cement mixes were determined by CSI and are shown in 
	Appendix A
	Appendix A

	. In order to reduce computational time, average values of the cement thermal properties were used to reduce the number heat transfer analysis required.  

	The thermal expansion coefficient for steel was assumed to be 6.7x10-6 in/in-°F and 4.4x10-6 in/in-°F for the soil.  
	7.2.6 Thermal boundary conditions 
	Surface boundary conditions were defined by giving the outer surfaces a convection coefficient and a sink temperature (water temperature or ambient air temperature).  The surfaces exposed to water were applied with a film coefficient that was set to 580 W/m2K and for surfaces exposed to air a film coefficient of 15 W/m2K was used. 
	  
	7.3 Small Scale Lab Tests 
	CSI performed the small scale thermal tests on the cements previously identified in 
	CSI performed the small scale thermal tests on the cements previously identified in 
	Table 5
	Table 5

	 

	The thermal shock test apparatus is explained below and shown diagrammatically in 
	The thermal shock test apparatus is explained below and shown diagrammatically in 
	Figure 66
	Figure 66

	.  

	  
	Figure
	Figure 66   Thermal shock test schematic 
	The test specimen comprises of an electric heater element embedded in a cylinder of cement which itself is surrounded by a metal sheath inside a metal cylinder.  A brass coil supplying cooling water then surrounds the outside metal cylinder.   
	A compressed air supply charges the base of the cement sample and flow is monitored through an inline flow meter. Thermocouples are embedded in the cement, just inside the outer wall and just outside the inner wall respectively. 
	Once cured, the test begins by heating the sample for a prescribed time until both thermal couples measure steady temperatures.  Then the heating input is switched off and the cold water flow switched on to cool the sample.  The rates of heating and cooling can be adjusted to accommodate different temperature ramps by adjusting the energy input and the cooling water temperature.  This process is repeated to subject the sample to repeated thermal shocks until air bubbles appear at the top of the sample indic
	The actual test lab test setup is shown in 
	The actual test lab test setup is shown in 
	Figure 67
	Figure 67

	. 

	 
	Figure
	Figure 67   Thermal shock test apparatus 
	7.3.1 Small Scale Thermal Shock Testing – Results 
	Instant failure occurred on some of the tests where the air passed through the cement sample immediately; suggesting a failure of the curing process, see 
	Instant failure occurred on some of the tests where the air passed through the cement sample immediately; suggesting a failure of the curing process, see 
	Figure 68
	Figure 68

	. Test that failed immediately were attempted again and 

	successful results were achieved in all but two of the cement designs as shown in 
	successful results were achieved in all but two of the cement designs as shown in 
	Table 6
	Table 6

	. An example of a successful test is shown in 
	Figure 69
	Figure 69

	.  This sampled eventually failed through a delamination of the cement to casing bond on the outer radius of the cement. 

	 
	Figure
	Figure
	Figure
	Span
	Pin hole in cement 
	Pin hole in cement 


	Figure 68   Thermal shock test fail – pre-mature failure 
	 
	Figure
	Figure 69  Thermal shock test – failure on outer radius of cement 
	  
	The cycle history for a typical sample is shown in 
	The cycle history for a typical sample is shown in 
	Figure 70
	Figure 70

	; note that the number of cycles vary per sample. 

	 
	Figure
	Figure 70   Thermal shock example – cycle history 
	  
	The structural response for HDV09675-5-2c is shown in 
	The structural response for HDV09675-5-2c is shown in 
	Figure 71
	Figure 71

	. Note the magnitude has been capped to identify potential leak paths. A possible leak path is represented as the yellow line. This failure mode was observed to be similar for the other samples that failed as well.  

	 
	Figure
	 
	Figure 71   Small scale failure example – FE response 
	  
	 
	Table 6 Comparison of FEA Results and Small Scale Tests 
	Table 6 Comparison of FEA Results and Small Scale Tests 
	Table 6 Comparison of FEA Results and Small Scale Tests 
	Table 6 Comparison of FEA Results and Small Scale Tests 


	ID 
	ID 
	ID 

	Lab results 
	Lab results 

	FEA Results 
	FEA Results 

	Span

	 
	 
	 

	NTEST  
	NTEST  

	Location 
	Location 

	NFEA 
	NFEA 

	Estimated location 
	Estimated location 

	Span

	HDV09675-5-4d 
	HDV09675-5-4d 
	HDV09675-5-4d 

	70 cycles 
	70 cycles 

	Outer pipe 
	Outer pipe 

	50 cycles 
	50 cycles 

	No fail up to 50 cycles1 
	No fail up to 50 cycles1 

	Span

	HDV09675-5-1b 
	HDV09675-5-1b 
	HDV09675-5-1b 

	Instant Failure 
	Instant Failure 

	Inconclusive 
	Inconclusive 

	1 cycle 
	1 cycle 

	Path goes from inner to outer 
	Path goes from inner to outer 

	Span

	HDV09675-5-5a 
	HDV09675-5-5a 
	HDV09675-5-5a 

	No Failure 
	No Failure 

	N/A 
	N/A 

	No Failure 
	No Failure 

	No fail up to 50 cycles 
	No fail up to 50 cycles 

	Span

	HDV09675-5-2c 
	HDV09675-5-2c 
	HDV09675-5-2c 

	8 cycles 
	8 cycles 

	Outer  
	Outer  

	7 cycles 
	7 cycles 

	Path goes from inner to outer 
	Path goes from inner to outer 

	Span

	HDV09675-5-3b 
	HDV09675-5-3b 
	HDV09675-5-3b 

	Instant Failure 
	Instant Failure 

	Inconclusive 
	Inconclusive 

	2 cycles 
	2 cycles 

	Path goes from inner to outer 
	Path goes from inner to outer 

	Span

	HDV09675-5-6d 
	HDV09675-5-6d 
	HDV09675-5-6d 

	No Failure 
	No Failure 

	N/A 
	N/A 

	50 cycles 
	50 cycles 

	No fail up to 50 cycles 
	No fail up to 50 cycles 

	Span

	^FEA was performed up to a max of 50 cycles based on the low cycles to failure on early tests performed and prior to all of the lab tests completed. 
	^FEA was performed up to a max of 50 cycles based on the low cycles to failure on early tests performed and prior to all of the lab tests completed. 
	^FEA was performed up to a max of 50 cycles based on the low cycles to failure on early tests performed and prior to all of the lab tests completed. 

	Span


	1 This FEA model will be re-started and the cycle count will be increased until failure – results will be incorporated into final report. 
	1 This FEA model will be re-started and the cycle count will be increased until failure – results will be incorporated into final report. 

	 
	7.4 Large Scale Lab Tests 
	Four attempts to perform the large scale tests were tried using the HDV09675-5-2c mix.  However, only one was able to achieve usable data suggesting that the sealing of the test fixtures is sensitive to the curing process. The test that was successfully run failed after only a few cycles. The results of this test are discussed later on. The schematic for the large scale test fixture is shown in 
	Four attempts to perform the large scale tests were tried using the HDV09675-5-2c mix.  However, only one was able to achieve usable data suggesting that the sealing of the test fixtures is sensitive to the curing process. The test that was successfully run failed after only a few cycles. The results of this test are discussed later on. The schematic for the large scale test fixture is shown in 
	Figure 72
	Figure 72

	. 

	 
	Figure
	Figure 72   Large scale test setup 
	The test specimen comprises of a heater on the exterior of the fixture.  Chilled water is circulated through the interior pipe to cool the system.   
	A compressed air supply charges the base of the cement sample and flow is monitored through an inline flow meter. Thermocouples are embedded in the cement, just inside the outer wall and just outside the inner wall respectively similar to the small scale tests. 
	The heating and cooling can be adjusted to accommodate different temperature ramps by adjusting the energy input and the cooling water temperature.  This process is repeated to subject the sample to repeated thermal shocks until air bubbles appear at the top of the sample indicating the cement has failed through the height of the sample.  
	7.4.1 Large Scale Thermal Shock Testing – Results 
	As mentioned previously the test that was successfully run failed after only a few cycles in the lab testing. Lab testing confirmed that the seal failed at the inner diameter of the outer pipe. The damage observed in the FEA analysis indicates that failure of the cement occurs at about 1 to 3 cycles. Significant damage starts to initiate at the onset of the first cycle and progresses rapidly throughout the cycle. The FEA results for the large scale test are shown in 
	As mentioned previously the test that was successfully run failed after only a few cycles in the lab testing. Lab testing confirmed that the seal failed at the inner diameter of the outer pipe. The damage observed in the FEA analysis indicates that failure of the cement occurs at about 1 to 3 cycles. Significant damage starts to initiate at the onset of the first cycle and progresses rapidly throughout the cycle. The FEA results for the large scale test are shown in 
	Figure 73
	Figure 73

	. 

	 
	Figure
	Figure 73   Large scale FEA at failure 
	  
	7.5 Large Scale Thermal Shock Testing - Conclusions 
	The lab testing and FEA modelling performed show that the FEA analysis can predict the failure of the cements used in the wellbore with very good accuracy.  
	Although some of the samples experienced immediate failure, likely as a result of the thermal cycle induced by the curing process, it was observed that the same mixes experienced early failure in the FEA as well. It was generally observed that the samples that did not fail or had a significant number of cycles to failure in the lab also performed well in the analysis. It should be noted that cement response is influenced by many different factors such as loading conditions, confinement, etc. Meaning that on
	A positive validation of the modelling techniques was provided by the HDV09675-5-2c cement sample.  It showed an excellent match at small scale test as it had 8 cycles to failure in the lab and approximately 6 cycles to failure in the FEA. The large scale test had immediate failure in one attempt and failure at 2 cycles in the lab and approximately 1-3 cycles to failure in the FEA.  
	Therefore a high degree of confidence in the modelling methodology was gained. 
	 
	 
	 
	 
	8 PROPOSE MITIGATION TECHNIQUES 
	Conventional cement systems are at times unable to maintain an effective seal under cyclic stressing conditions in the changing environment of the wellbore. These stresses are from thermal changes, and pressure changes such as stimulation activities like fracturing the wellbore. However, the industry has improved the cement systems that are used in wells.  
	 Computer simulations and models can help in the cementing design process for these challenges. It was found that many operators are including some type of computer simulations. The use of FEA programs to gain insight to better determine how the cements and mechanical barriers are behaving will help improve the cement systems and have the potential to provide information that can improve the software currently being used. 
	 Computer simulations and models can help in the cementing design process for these challenges. It was found that many operators are including some type of computer simulations. The use of FEA programs to gain insight to better determine how the cements and mechanical barriers are behaving will help improve the cement systems and have the potential to provide information that can improve the software currently being used. 
	 Computer simulations and models can help in the cementing design process for these challenges. It was found that many operators are including some type of computer simulations. The use of FEA programs to gain insight to better determine how the cements and mechanical barriers are behaving will help improve the cement systems and have the potential to provide information that can improve the software currently being used. 

	 Cement to casing bond is dependent on numerous mechanical properties, not just compressive strength. While one cement system may not be the best selection for all situations it was observed that the cements that exhibited more ductile behavior performed better in the lab and in the FEA simulations. These mixes generally had a lower Young’s Modulus coupled with higher compression and tensile strengths. 
	 Cement to casing bond is dependent on numerous mechanical properties, not just compressive strength. While one cement system may not be the best selection for all situations it was observed that the cements that exhibited more ductile behavior performed better in the lab and in the FEA simulations. These mixes generally had a lower Young’s Modulus coupled with higher compression and tensile strengths. 

	 Excellent cement job execution is also critical to create a good bond. Mud removal, density control and other aspects of cement placement are important in creating a durable bond. The consequences of a poor cementing job are difficult to quantify. A better understanding of the effects of poor cementing on the durability of the bond can be gained by using FEA similar to the simulations performed in the lab in this project. The FEA could be used to perform sensitivity studies to investigate the wellbore res
	 Excellent cement job execution is also critical to create a good bond. Mud removal, density control and other aspects of cement placement are important in creating a durable bond. The consequences of a poor cementing job are difficult to quantify. A better understanding of the effects of poor cementing on the durability of the bond can be gained by using FEA similar to the simulations performed in the lab in this project. The FEA could be used to perform sensitivity studies to investigate the wellbore res

	 Quality control of the cement blending and mixing should be monitored to ensure that the strengths placed in the wellbore meet or exceed the intended design. 
	 Quality control of the cement blending and mixing should be monitored to ensure that the strengths placed in the wellbore meet or exceed the intended design. 


	8.1 Cement barrier failure modes 
	Stresses induced on typical deep-water wells by stimulation operations result from increased casing pressure and thermal shock/cycling of the casing by fracturing fluids. The magnitudes of these stresses are not generally sufficient to be the primary cause of damage to the casings. However, the stresses can be sufficient to cause failure of the cement or to destroy the bond of cement to casing or cement to formation. This failure of the cement to casing bond can potentially increase the loading of the casin
	Potential failure modes of cement from thermal shock during the combination of production-shut in cycles and stimulation can be attributed to tensile stress, compressive stress, and shear stress. The casing-cement-formation system integrity depends on mechanical properties of the cement such as Young’s Modulus, Poisson’s Ratio, and tensile strength. Cement failure in tension during stimulation is considered very common due to the 
	intrinsically low tensile strength of most Portland cement systems. This can be amplified if the low tensile strength system is has a higher Young’s Modulus. 
	Additionally, the quality of cement placement and control of unwanted fluid migration in the cemented annulus after cement placement dictate the initial condition of the system and affect the potential for stress-induced seal failure. Finally, since Portland cement mechanical properties are governed by extent of chemical hydration occurring in the cement, where this hydration rate depends on time, temperature and cement design, the mechanical properties of the cement component must be measured after curing 
	In addition to time dependence, mechanical performance of Portland cement can degrade under cyclic stress that is far below failure stress for the material. This degradation is due to the porous nature of set Portland cement and localized failure of the pore walls that can result from stresses in the elastic region. Thus, stresses lower than failure strength of cement can cause plastic strains. Stress repetition from thermal shock/cycling can result in additional plastic strain thus creating channels that a
	In general, failure of the casing-cement-formation system as a result of thermal shock-induced stress is complex and is not accurately described by solely one or two cement mechanical property values. Primary failure points are within the cemented annulus. Failure is governed by cement composition, quality of cement placement, extent of hydration as governed by time interval between cement placement and stimulation treatment, and stimulation treatment temperatures and pressures. 
	8.2 Mechanical barrier failure modes 
	In general, a failure to a casing/tubular in the wellbore would occur after a failure or significant damage occurred within the cement annulus. While the design of the tubulars typically does not consider thermal shock explicitly, it is accounted for in the thermal loading applied. If a failure to a tubular is the primary cause of failure in the wellbore, the most likely cause will be due to a failed connection. This type of failure is not typically caused by thermal shock alone, but rather an additional fa
	 Improper design or exposure to loads exceeding rated capacity 
	 Improper design or exposure to loads exceeding rated capacity 
	 Improper design or exposure to loads exceeding rated capacity 

	 Failure to comply with make-up requirements 
	 Failure to comply with make-up requirements 

	 Failure to meet manufacturing tolerances 
	 Failure to meet manufacturing tolerances 

	 Damage during storage and handling 
	 Damage during storage and handling 

	 Damage during production operations  
	 Damage during production operations  

	-  e.g., corrosion and wear 
	-  e.g., corrosion and wear 
	-  e.g., corrosion and wear 



	The most common failure modes of the tubulars would be characterized as: 
	 Ballooning 
	 Ballooning 
	 Ballooning 

	 Collapse 
	 Collapse 

	 Connection Failure 
	 Connection Failure 


	Existing design tools are considered adequate to design tubular barriers for thermal shock, see Section 
	Existing design tools are considered adequate to design tubular barriers for thermal shock, see Section 
	4.2
	4.2

	.  Mitigating against the effects of temperature variation in the design of the tubulars depends upon the failure mode but design solutions are likely to be available provided the temperature loading is accounted for in the first instance. 

	Mechanical seal failure could be caused by high temperatures but provided the design basis for the seal components account for the temperatures and the temperature range the seals will be exposed to then the seal designs should be able to mitigate against the risk of barrier failure. 
	In the case of the HPHT Deepwater wells being considered in this project, thermal shock caused either by shutting in a producing well or by stimulating a well should not pose a particularly onerous design constraint for mechanical seals at or near the mudline.  Seals near the mudline, for example in the well head, are likely to benefit from the temperature being higher in the bore than in the environment, provided the seal materials are rated for the highest temperatures they will be exposed to.  The temper
	9 GUIDELINES AND BARRIER RISK RANKING 
	The work performed in this study has highlighted that thermal shock can damage the cement barriers throughout the well bore.  The magnitude of the damage to cement is governed by the amplitude of the thermal shock and design of the cement. A significant finding of the simulation work performed is the importance of designing cement sealants for durability up and down the well. Intervention or remediation can induce sufficient thermal stresses to induce cement failure in well locations not usually considered 
	The risk of cement barrier damage and hence barrier failure is also dominated by stimulation conditions rather than the production/shut-in cycles as the amplitude of the thermal shock is greatest in these circumstances. Provided appropriate consideration is given to thermal shock in the cement design, the risk of barrier failure can be mitigated.  It should be noted that this project considered a maximum bottom hole temperature of 350˚F.  As oil and gas exploration goes even deeper and hotter, then as bottom
	While the term thermal shock is not prevalent in most of the regulations surrounding the construction of a well, CFRs, [
	While the term thermal shock is not prevalent in most of the regulations surrounding the construction of a well, CFRs, [
	28
	28

	,
	29
	29

	,
	30
	30

	], do capture the need to address the well design conditions throughout the life of the well and for the cement design to be certified by a licensed professional engineer that is it fit for purpose, [
	29
	29

	].  CFR 250.415 makes reference to API RP 65 Part 2, [
	31
	31

	], which does acknowledge that the mechanical parameters of the cement are critical to the integrity of the cement over the life of the well.  The API also acknowledges that cements with high tensile strength and low Young’s modulus tend to resist damage more effectively.  This is supported by the findings of this study as this combination performed the best.  CFR 250.415 further requires a written description of how 
	the 
	the 

	well designer has evaluated the best practices included in API RP 65 Part 2. Therefore there does not appear to be a need to generate a raft of new guidelines concerning well design to accommodate thermal shock, however, temperature variations within the well lifetime and how they will be accommodated by the cement design should be given greater scrutiny to ensure the intent of the existing regulations is met. 

	From the work performed the impact of thermal shock on the cement system appear to be dominated by the amplitude of the temperature change experienced by the well, rather than the rate of change of temperature.  Design guidelines and recommended practices for HPHT well design do emphasise the need to consider the well conditions the barrier system will be exposed to over the life of the well, even if the specific term thermal shock is not used regularly. 
	For mechanical barriers, both the amplitude and the rate of change of temperature could be a more important factor.  If there is a significant temperature gradient across the barrier and that gradient changes with operating conditions, the sealing effectiveness could be impacted, albeit perhaps only temporarily. Therefore as well as taking into account the temperature amplitude the differential temperature across the barrier and how that changes with time should be accounted for in the design of the barrier
	The mechanical barriers deeper in the well may be more susceptible than at the mudline. At the wellhead the environment is always colder than the bore, even during stimulation, and so the temperature gradient in the well cross-section should act in favour of the seal.  The risk of this type of failure is consider low since it can be mitigated through design, provided temperature is correctly address in the design basis of the barrier elements. 
	Tubulars are undoubtedly affected by the temperature changes resulting from thermal shock but as with mechanical seals the design tools currently available should be sufficient to allow barriers to be designed to meet the temperature changes over the life of the well provided temperatures and temperature changes over the well life and their impact on the cement sheaths are adequately addressed at the design stage.  It is also important to note that some design tools widely used for that purpose assume a com
	In attempting to rank the risk to the cement barriers it would be convenient to simply use the magnitude of thermal shock as the governing metric.  However an important conclusion of this study is that, while clearly the highest thermal shock occurs deeper in the well during stimulation, the damage to the barrier, if poorly designed, can extend across a significant length of the well and the vulnerability of the cement barrier to temperature change is dependent upon the design of the cement.  Lower modulus 
	Overall risk ranking for the barriers within a well is primarily a task that should be carried out on a well by well basis taking the overall well integrity into account.  While it may be more likely that a cement barrier is damaged during the operating life of the well, leading to barrier failure if the damage is extensive enough, the impact of that failure would be governed by the overall barrier philosophy of the well design.  A risk assessment of the well’s integrity should be carried out and the suscep
	10 ACADEMIC SCRUTINY 
	University of Texas at Austin has been added to the team to provide independent scrutiny of the FE and testing activities, Task 4 and 5, as well as providing input during Task 6 which will look at mitigating the effects of thermal shock. 
	Dr Richard Schultz was approached by the WWC project team to engage with them on this project as an Academic Partner. This engagement draws upon Dr Schulz’s work in reservoir geomechanics and subsurface asset integrity as Senior Research Scientist with the Center for Petroleum and Geosystems Engineering at The University of Texas at Austin (UT), and industry-funded research programs at UT including the Fracture Research and Application (FRAC) Consortium. The Petroleum and Geosystems Engineering Department’s
	Dr Schulz’s role in this project is to support and assist the Wild Wells team in three main tasks described above, from a partnering and advisory role; the intention is not to duplicate efforts but to apply his academic perspective to supplement the execution and interpretation of the technical work of these tasks. 
	Several meetings between U of T and WWC and CSI have taken place and U of T has reviewed the work performed by the WWC team. 
	11 REFERENCES 
	1 Topic 1, Well Bore Thermal Shock Technology, of BSEE Broad Agency Announcement (BAA) Solicitation Number E16PS00024: Proposed Research on Safety and Technology Verification Research in the U.S. Outer Continental Shelf (OCS) 
	1 Topic 1, Well Bore Thermal Shock Technology, of BSEE Broad Agency Announcement (BAA) Solicitation Number E16PS00024: Proposed Research on Safety and Technology Verification Research in the U.S. Outer Continental Shelf (OCS) 
	1 Topic 1, Well Bore Thermal Shock Technology, of BSEE Broad Agency Announcement (BAA) Solicitation Number E16PS00024: Proposed Research on Safety and Technology Verification Research in the U.S. Outer Continental Shelf (OCS) 

	2 E16PC00010 Wellbore Thermal Shock Technology, Modification 001, 27 Sept 2017 
	2 E16PC00010 Wellbore Thermal Shock Technology, Modification 001, 27 Sept 2017 

	3 AMRA 2012, Radial cracking of a borehole by pressure and thermal shock; Tarasovs, S and Ghassemi, Texas AandM University and University of Latvia. 
	3 AMRA 2012, Radial cracking of a borehole by pressure and thermal shock; Tarasovs, S and Ghassemi, Texas AandM University and University of Latvia. 

	4 AMRA 2013, Numerical modelling of tensile thermal stresses in rock around a cased well caused by injection of a cold fluid; Lavrov, A. and Cerasi, P, SINTEF Petroleum Research, Trondheim, Norway 
	4 AMRA 2013, Numerical modelling of tensile thermal stresses in rock around a cased well caused by injection of a cold fluid; Lavrov, A. and Cerasi, P, SINTEF Petroleum Research, Trondheim, Norway 

	5 SPE-117709-PA An Innovative Methodology for Designing Cement-Sheath Integrity Exposed to Steam Stimulation; Garnler, Saint-Marc, Bols and Kermanac’h, Total, 2010 
	5 SPE-117709-PA An Innovative Methodology for Designing Cement-Sheath Integrity Exposed to Steam Stimulation; Garnler, Saint-Marc, Bols and Kermanac’h, Total, 2010 

	6 SPE-182510-MS Risk-Based Analysis of Thermal Well Integrity Through Integration of Caprock Geomechanics and Cement Sheath Design, Glover, Priolo and Heinricks, 2016  
	6 SPE-182510-MS Risk-Based Analysis of Thermal Well Integrity Through Integration of Caprock Geomechanics and Cement Sheath Design, Glover, Priolo and Heinricks, 2016  

	7 BSEE Project E14PC00037 “Well Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations”, CSI Technologies, 2015 
	7 BSEE Project E14PC00037 “Well Stimulation Effects on Annular Seal of Production Casing in OCS Oil and Gas Operations”, CSI Technologies, 2015 

	8 SPE 106998 FE Studies of Near-Wellbore Region During Cementing Operations – Part 1,  Gray, Podnos, Becker, UT Austin, March 2009, SPE Drilling and Completions 
	8 SPE 106998 FE Studies of Near-Wellbore Region During Cementing Operations – Part 1,  Gray, Podnos, Becker, UT Austin, March 2009, SPE Drilling and Completions 

	9 ARMA-2016-246 Well Integrity Analysis - 3D Numerical Modelling of Cement Interface Debonding, Feng, Podnos, Gray 
	9 ARMA-2016-246 Well Integrity Analysis - 3D Numerical Modelling of Cement Interface Debonding, Feng, Podnos, Gray 

	10 SPE 168001 FE Studies of Hoop-stress Enhancement for Wellbore Strengthening,  Feng, Arlanoglu, Podnos, Becker and Gray 
	10 SPE 168001 FE Studies of Hoop-stress Enhancement for Wellbore Strengthening,  Feng, Arlanoglu, Podnos, Becker and Gray 

	11 ARMA-2014-7109 Near-well Integrity and thermal effects - a computational road from laboratory to field scale, Lavrov, Torsaeter, Albawi. Todorovic, Opedal and Cerasi (SINTEF and Statoil), 2014  
	11 ARMA-2014-7109 Near-well Integrity and thermal effects - a computational road from laboratory to field scale, Lavrov, Torsaeter, Albawi. Todorovic, Opedal and Cerasi (SINTEF and Statoil), 2014  

	12 SPE-171430-MS Preventing String Inegrity Failure in Production and Stimulation for HPHT Wells, Aditya, Subiantoro, EMP, 2014 
	12 SPE-171430-MS Preventing String Inegrity Failure in Production and Stimulation for HPHT Wells, Aditya, Subiantoro, EMP, 2014 

	13 OTC-24852-MS Importance of Thermal Stress Loading Analysis for Tubulars in HPHT Wells, Shahreyar, Finley, Halliburton, 2014 
	13 OTC-24852-MS Importance of Thermal Stress Loading Analysis for Tubulars in HPHT Wells, Shahreyar, Finley, Halliburton, 2014 

	14 SPE-166142-PA Environmental Risk Arising From Well-Construction Failure - Barrier v Well Failure and Failure Frequency, G. King, Apache Corp and D. King WG Consulting, 2013  
	14 SPE-166142-PA Environmental Risk Arising From Well-Construction Failure - Barrier v Well Failure and Failure Frequency, G. King, Apache Corp and D. King WG Consulting, 2013  


	15 SPE-182460-MS Well Failure Mechanisms and Conceptualisation of Reservoir-Aquifer Failure 2016, Wu, Dodle, Turnadge and Mallants, 2016 
	15 SPE-182460-MS Well Failure Mechanisms and Conceptualisation of Reservoir-Aquifer Failure 2016, Wu, Dodle, Turnadge and Mallants, 2016 
	15 SPE-182460-MS Well Failure Mechanisms and Conceptualisation of Reservoir-Aquifer Failure 2016, Wu, Dodle, Turnadge and Mallants, 2016 

	16 Best Practices For Prevention And Management Of Sustained Casing Pressure, JIP for MMS, 2001 
	16 Best Practices For Prevention And Management Of Sustained Casing Pressure, JIP for MMS, 2001 

	17 SPE169814 Assessing Wellbore Integrity in Sustained-Casing-Pressure Annulus, Rocha-Valadez, Hasan, Mannan and Kabir, 2013 
	17 SPE169814 Assessing Wellbore Integrity in Sustained-Casing-Pressure Annulus, Rocha-Valadez, Hasan, Mannan and Kabir, 2013 

	18 API 6A - Specification for Wellhead and Christmas Tree Equipment, 20th Ed, 2010 plus errata and addenda 
	18 API 6A - Specification for Wellhead and Christmas Tree Equipment, 20th Ed, 2010 plus errata and addenda 

	19 API RP 96 Deepwater Well Design and Construction, 1st Ed, March 2013 
	19 API RP 96 Deepwater Well Design and Construction, 1st Ed, March 2013 

	20 API 17 TR8 HPHT Design Guidelines, 1st Ed, 2015 
	20 API 17 TR8 HPHT Design Guidelines, 1st Ed, 2015 

	21 API RP 90-2 Annular Pressure Management for Offshore Wells, 1st Ed, April 2016 
	21 API RP 90-2 Annular Pressure Management for Offshore Wells, 1st Ed, April 2016 

	22 WellCAT Casing design software, 
	22 WellCAT Casing design software, 
	22 WellCAT Casing design software, 
	https://www.landmark.solutions/WELLCAT
	https://www.landmark.solutions/WELLCAT

	  


	23 ABAQUS Finite Element Software, 
	23 ABAQUS Finite Element Software, 
	23 ABAQUS Finite Element Software, 
	https://www.3ds.com/products-services/simulia/
	https://www.3ds.com/products-services/simulia/

	  


	24 Drillbench Dynamic Drilling Simulation Software, 
	24 Drillbench Dynamic Drilling Simulation Software, 
	24 Drillbench Dynamic Drilling Simulation Software, 
	https://www.software.slb.com/products/drillbench
	https://www.software.slb.com/products/drillbench

	  


	25 eDrilling, 
	25 eDrilling, 
	25 eDrilling, 
	http://edrilling.no/products-services/wellsim/
	http://edrilling.no/products-services/wellsim/

	  


	26 TubeFlowPIC, 
	26 TubeFlowPIC, 
	26 TubeFlowPIC, 
	http://www.btechsoft.com/TubeFlow_PIC.aspx
	http://www.btechsoft.com/TubeFlow_PIC.aspx

	  


	27 DIANA FEA, 
	27 DIANA FEA, 
	27 DIANA FEA, 
	http://dianafea.com/content/TechDatOilGas
	http://dianafea.com/content/TechDatOilGas

	, General Purpose FE code with Oil and Gas applications 


	28 CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling Operations, Subject Group 81, General Requirements 250.400 through 250.409 
	28 CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling Operations, Subject Group 81, General Requirements 250.400 through 250.409 

	29 CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling Operations, Subject Group 82, General Requirements 250.410 through 250.418 
	29 CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling Operations, Subject Group 82, General Requirements 250.410 through 250.418 

	30 CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling Operations, Subject Group 83, General Requirements 250.420 through 250.428   
	30 CFR 250 Oil And Gas And Sulphur Operations In The Outer Continental Shelf, Subpart D - Oil and Gas Drilling Operations, Subject Group 83, General Requirements 250.420 through 250.428   

	31 API RP 65-2 Isolating Potential Flow Zones During Well Construction, Second Edition, December 2010 Reaffirmed, November 2016 
	31 API RP 65-2 Isolating Potential Flow Zones During Well Construction, Second Edition, December 2010 Reaffirmed, November 2016 


	 
	 
	APPENDIX A– CEMENT MATERIAL CHARACTERISTICS 
	 
	 
	Figure
	Figure
	Figure
	Figure
	Figure
	 
	Figure
	APPENDIX B – TASK 2 DEFINITION 
	Definitions, Assumptions and Search Parameters 
	The following will be applied to help focus Task 2 and provide some boundary conditions/limits for search parameters. 
	Thermal Shock Definition: 
	 Wells with a bottom hole temperature of 350°F  or above combined with a minimum ambient temperature as low as 40°F . 
	 Wells with a bottom hole temperature of 350°F  or above combined with a minimum ambient temperature as low as 40°F . 
	 Wells with a bottom hole temperature of 350°F  or above combined with a minimum ambient temperature as low as 40°F . 

	 Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by stimulating a well, although these thermal shocks are less severe than stimulation and damage mainly caused by the cyclical nature. 
	 Thermal shock could be initiated by shutting in a producing well and allowing it to cool to ambient or by stimulating a well, although these thermal shocks are less severe than stimulation and damage mainly caused by the cyclical nature. 

	 Thermal shock not only depends on the temperature range but also the rate at which temperature changes.  The rate of cooling of the well would depend on the operations considered, e.g. natural cooling post shut-in or cooling during well stimulation for example.   
	 Thermal shock not only depends on the temperature range but also the rate at which temperature changes.  The rate of cooling of the well would depend on the operations considered, e.g. natural cooling post shut-in or cooling during well stimulation for example.   

	 While the expectation is that further refinement of the definition of thermal shock may be made in Task 3, the public domain search effort for task 2 will use the above definition to determine if research has been done into well thermal shock caused either by shut-in or stimulation. 
	 While the expectation is that further refinement of the definition of thermal shock may be made in Task 3, the public domain search effort for task 2 will use the above definition to determine if research has been done into well thermal shock caused either by shut-in or stimulation. 


	Initial Well Configuration: 
	 Wells in the Lower Tertiary2 associated with Deepwater operations will be used to define the target operating conditions for the search parameters. Task 2 will define and use a representative well configuration to assist in the search but should not rule out any other information the search uncovers.  
	 Wells in the Lower Tertiary2 associated with Deepwater operations will be used to define the target operating conditions for the search parameters. Task 2 will define and use a representative well configuration to assist in the search but should not rule out any other information the search uncovers.  
	 Wells in the Lower Tertiary2 associated with Deepwater operations will be used to define the target operating conditions for the search parameters. Task 2 will define and use a representative well configuration to assist in the search but should not rule out any other information the search uncovers.  

	 It was acknowledged at the project kick-off meeting that BSEE’s focus is on OCS Gulf of Mexico but that relevant knowledge from other regions, if readily uncovered by the public domain search, would be considered.3 
	 It was acknowledged at the project kick-off meeting that BSEE’s focus is on OCS Gulf of Mexico but that relevant knowledge from other regions, if readily uncovered by the public domain search, would be considered.3 

	 Sensitivities to well parameters such as true vertical depth, measured depth, casing schedule, deviation, top of cement and hole size do not need to be explored in Task 2.  Task 2 will catalogue all of the variables that could have some impact on the thermal shock response of the well and the impact of these will then be explored in Task 4.  
	 Sensitivities to well parameters such as true vertical depth, measured depth, casing schedule, deviation, top of cement and hole size do not need to be explored in Task 2.  Task 2 will catalogue all of the variables that could have some impact on the thermal shock response of the well and the impact of these will then be explored in Task 4.  


	2 Wells in the Cascade and Chinook fields are considered typical of the target wells 
	2 Wells in the Cascade and Chinook fields are considered typical of the target wells 
	2 This could include Arctic conditions for example, which could also prove to be worst-case? 

	 Task 2 will catalogue all of the variables that could have some impact on the thermal shock response of the well and the impact of these will then be explored in Task 4, however;  
	 Task 2 will catalogue all of the variables that could have some impact on the thermal shock response of the well and the impact of these will then be explored in Task 4, however;  
	 Task 2 will catalogue all of the variables that could have some impact on the thermal shock response of the well and the impact of these will then be explored in Task 4, however;  

	 Task 2 excludes attempts and efforts by research team members to conduct a sensitivity analysis on the relative impact of the variables, and 
	 Task 2 excludes attempts and efforts by research team members to conduct a sensitivity analysis on the relative impact of the variables, and 

	 Task 2 includes acquisition of any previously conducted sensitivity studies or related research, if any exists. 
	 Task 2 includes acquisition of any previously conducted sensitivity studies or related research, if any exists. 


	Materials: 
	 It is acknowledged that there are multiple variants of all of the primary well materials with steel, cement and elastomers each having subtly different mechanical and thermal properties that may have some bearing on thermal shock response.  Indeed a range of steel grades will likely be used through a typical casing program and these may also have slight differences in thermal properties.  However, Task 2 should not attempt to use all possible permutations of the materials as parameters for public domain i
	 It is acknowledged that there are multiple variants of all of the primary well materials with steel, cement and elastomers each having subtly different mechanical and thermal properties that may have some bearing on thermal shock response.  Indeed a range of steel grades will likely be used through a typical casing program and these may also have slight differences in thermal properties.  However, Task 2 should not attempt to use all possible permutations of the materials as parameters for public domain i
	 It is acknowledged that there are multiple variants of all of the primary well materials with steel, cement and elastomers each having subtly different mechanical and thermal properties that may have some bearing on thermal shock response.  Indeed a range of steel grades will likely be used through a typical casing program and these may also have slight differences in thermal properties.  However, Task 2 should not attempt to use all possible permutations of the materials as parameters for public domain i

	- To be considered, steel used in all casing strings that extend to the mudline. (Liners re excluded unless tied-back to the mudline.); 
	- To be considered, steel used in all casing strings that extend to the mudline. (Liners re excluded unless tied-back to the mudline.); 
	- To be considered, steel used in all casing strings that extend to the mudline. (Liners re excluded unless tied-back to the mudline.); 

	- To be considered, steels (and any elastomers) in the wellhead and below, likely to be 4-6 different alloys that exhibit variations in hardness, brittleness an thermal-induced properties 
	- To be considered, steels (and any elastomers) in the wellhead and below, likely to be 4-6 different alloys that exhibit variations in hardness, brittleness an thermal-induced properties 

	- The tree does not need to be considered within the scope of this project 
	- The tree does not need to be considered within the scope of this project 



	 





