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1. Project description

The objective of the project is to investigate the methodology for casing design for several operating
companies in Norway. The present report focuses on Shell, with the Draugen platform well AS as a
case. The project will evaluate the design manuals, the methodology for data collection, the quality
and the use of these in the course of the well design.

The background for the project is that the Norwegian Petroleum Directorate (NPD) has observed
cases where the casing design was the limiting factor for the well at several operating companies.
Because one expects a number of high-pressure high-temperature (HPHT) wells in the near future,
one wants to identify the design basis each operator uses, to search for improvements.

In December 2002 well A5 on Draugen dropped during a well intervention operation. The surface
casing failed due to corrosion. It was decided to use this well problem as a case for this project.
Thermal well growth is the underlying factor that led to the well problem. The two Shell reports on
well growth showed differences. Therefore, an analytical well growth analysis is included in this
report.





2. Review of Shell’s casing design procedures

2.1 Shell Casing Design Guide from 1992

The governing documentation that was valid at the time Draugen Well AS was designed is the Shell
Casing Design Guide, Report EP 92-2000, with Changes in the Casing Design Guide of 03.05.94
(Ref. 1).

Briefly, the manual has the following content:

General, Introduction

Preliminary design

Detailed design and analysis

Special cases and general considerations.
The manual is well organized and reasonably complete as it addresses many premises associated
with casing design. It is the governing document for Shells world wide activities, and as such

written to handle many very different situations. There is one fully worked casing design example.

A number of appendices addresses technical issues such as buoyancy, shock loads, special designs
and operational factors.

Design and construction of a well is a complex process. The design manual appears to cover these
tasks well.

The casing design manual Foreword identifies the company objectives of the casing design:

"Effective casing design is aimed at:

- Optimization of the technical integrity of the Quality Well during:

a) the drilling phase, to cope with anticipated pressures and

b) the total life cycle (usually equal to the field life), to minimize intervention.

Time related aspects such as wear, corrosion and fatigue, which influence the load bearing
capacity of the casing strings, require particular attention.

Extremely important is also that good documented information on the casing design intent is
known at the wellsite, in order to ensure that the operating envelope remains at all times
within the design criteria.

- Optimization of the commercial aspects, i.e. ensuring fit for purpose, cost-effective designs
and standardization. In 1991, some $350 million was spent on casing/tubing

(£ 16 % of the Groups drilling expenditure), hence a determined effort will lead to
considerable savings."





The manual itself cannot guarantee these objectives. They are only reached if every phase during
the construction of the well follows the intention of the manual closely. This introduces a discussion
of the quality control of the well construction. This will be discussed later.

Summary of Well Design Premsises from Shell Casing Design Guide, Report EP 92-2000, with
Changes in the Casing Design Guide of 03.05.94

In the following, the revised design criteria will be identified. These were in effect for the design of
well A5 on Draugen.

Criterion External Internal Axial load Design
pressure pressure factor
Burst Combined effect | Gas/oil filled 1.10
of cement casing. Lowest
column and of LOT or
annulus fluid pressure at shoe
used.
Collapse Combined effect | Losses to thief 1.0
of cement zone, balance
column and formation
annulus fluid pressure
Tension Shock load, 1.5 | 1.3
times avg.
running speed.
Point load,
static drag.
Triaxial 1.25

Table 2.1: Shell casing design criteria of 1994

Gas lift may be installed at a later stage provided that the annuli pressures do not exceed the limits
given in the casing design.

Discussion of Shell Casing Design Manual

The design premises are similar to most other operators’ criteria. They are conditions to maintain
pressure control and to avoid mechanical failures. They have a strong focus on the drilling phase of
the well, aimed at avoiding drilling problems. Remember that we are often drilling wells in
relatively unknown geology, all details cannot be precise. However, operational procedures are
required to handle cases where reality differs from the prognosis. The manual discussed therefore
does not need to contain all fine details.

The weakest part of the manual (as for other operator casing design manuals) is the assessment of
long-term effects. The classic problem of the weight of the drilling fluid behind the casing is one
example. Although a dense mud is used behind the casings during the drilling phase, seawater





pressure is often assumed because particles settle out leaving water as the only mobile phase, a very
conservative criterion.

Corrosion is another problem with which the industry is facing challenges. This issue is not easily
handled in advance. This is a problem for the whole industry, not only Shell. To the authors’
knowledge there is little corrosion information collected in a systematic manner from old wells.
Corrosion allowance is often assessed from handbooks or lab tests. Again, this is a post-installation
problem that is difficult to assess beforehand. The manual has a chapter on corrosion mechanisms,
but the difficulty is to apply this knowledge in the field. There is a need in the entire oil industry to
establish a corrosion database from well failures and from well abandonment.

The wellhead growth problem

In chapter 4, the surface casing failure of A5 will be discussed. Wellhead growth is the underlying
cause, and in the following the Shell casing manuals’ treatment of this subject is presented.

The casing design manual provide a detailed chapter on load determination. Of particular interest is
Chapter 5: Stove Pipe, Foundation Pile, Marine Conductor and Conductor String Load
Determination.

This chapter provide equations to compute stresses and strain due to load and temperature as well as
total wellhead movement. One conclusion is that the movement of the wellhead is inversely
proportional to the combined casing stiffness:

-w
AZ, = -
K, +K +K,+..K, ,

where: AZ = wellhead movement, m
W = applied load, N

K = stiffness = % , N/m

E = Youngs modulus, Pa
A = crossectional pipe area, m’
Z = free casing length, m

The example in the manual shows that the stiffness of the surface casing is generally much larger
than that of the other strings. Movement also depends on the distance from the wellhead to the top
of the cement.

In chapter 5.4 of the manual, thermal growth of the wellhead is addressed. The general conclusion
here is that the high stiffness of e.g. the 18-5/8” casing limits the wellhead growth, sometimes
leading to a large increase in tension in the surface casing itself, but additional compression in the
other casings and tubing.

In this well the conductor is free to move with respect to the 18-5/8” surface casing. The conductor
takes no load. The surface casing therefore takes up most of the loads due to wellhead and casings
weights, and it also restricts wellhead growth.





2.2 Shell Casing and Tubing Design Guide from 2000
The well Draugen AS was designed and constructed based on the Shell design manual from 1992.
This manual is discussed in section 2.1.

In 2000 Shell issued a completely new Casing and Tubing Design Guide (Ref. 2) that replaced the
previous manual. We will in the following briefly review this new manual.

Although most subjects are common between the old and the new manual, the material is presented
in a different way. Apparently the increased use of computers and the multidisciplinary approach to
modern wells have led to a restructuring of the manual, which is well written. 36 highly qualified
individuals within the Shell organization wrote the manual.

A lot of operational experience goes into the manual. It is therefore a useful document for the
practicing well engineer. Each chapter has a list of references if deeper investigations are called for.

A most interesting new element of the new manual is that Shell now defines three different levels of
casing and tubing design practices. These are as follows:

Level One: This is the most basic level, based on the most conservative design premises.
Further it assumes that the staff has the basic competency.

Level Two: This is defined as the experience based level. It represents the operating
company's specialization of casing and tubing design practice based on its own local
experience in particular types of reservoir formations. The design paradigms are intended to
manage risk rather than avoiding risks.

Level Three: This is the least prescriptive and most sophisticated level. Level Three relies
heavily on risk assessment as a tool for making the step change from Level One and Level
Two design practices.

Clearly, Level Three requires staff with the highest judgment, expertise and long, relevant
experience.

This ranking actually determines the complexity or difficulty of a well project. With Shell’s
worldwide activity, a Level One well could be a shallow onshore well, whereas a HPHT well or a
deep-water well could be a Level Three well. The advantage is that they have managed to develop
one manual for all well types.

For comparison, the design criteria and design factors used in the new manual is reproduced below.





Criterion External Internal Axial load Design
pressure pressure factor
Burst Combined effect | Gas/oil filled 1.25
of cement casing. Lowest Tri-axial
column and of LOT or
annulus fluid pressure at shoe
used
Collapse Combined effect | Losses to thief 1.0
of cement zone, balance
column and formation
annulus fluid pressure
Tension Shock load, 1.5 [ 1.3
times avg.
running speed.
Point load,
static drag

Table 2.2: Shell Level One casing design criteria of 2000

In general the criteria appear identical in the new and old manual. Often burst is the controlling
parameter in a design. Collapse and tension will then be overdesigned. A design factor of unity for
collapse is acceptable as this parameter often is over-designed. (There are few collapsed casing
strings.)

The design factors used by Shell are acceptable. However, it is obvious that the choice of the many
design parameters control the design. The design factor is only the final check that the selected
combination of parameters yields an acceptable result.

Again referring to well Draugen AS, the new manual contains a separate chapter on corrosion. This
is written from a corrosion point of view and does not address the well engineering aspects.

The new manual differs from the old on one very important point. Burst design has been performed
uniaxially until recently. Shell now require (Ref. 2 page 15) that the burst design should be
performed using triaxial design. The reason is that tension in the casing string will increase the burst
pressure, whereas compression will lower it. In other words, the burst pressure depends on the axial
load.

Triaxial design has been performed with simplified models. For given conditions a small error
arises. Recently an exact model was developed with an explicit three-dimensional burst equation
that is analytically exact. This model is presented in Ref. 18 and it is recommended used for future
designs.





2.3 Methodology, data and software
The project should consider methodology for data collection, quality and the use of these. A
discussion of the process is therefore required.

Geological data are to a large extent qualitative. In a production field one often have reasonably
good control over the approximate depths to the formation tops. However, the mineralogy and the
mechanical strength/stress data are not known in detail. In an exploration well this is often worse.
Some information about the well comes from well logs, which in general are qualitative.

It is not possible to measure pore pressure in tight formations as shales, only in permeable (sand)
stringers. The pore pressure curves are generated from cuttings and drilling data. It is not possible
to confirm these from measurement except in the reservoir sections. The most quantitative
measurement of a well is the leak-off-test obtained after setting casing strings. Defining the strength
of the borehole it is a key parameter for continued drilling.

The above exemplifies the nature of a petroleum well, illustrating that it contains many qualitative
elements. It is therefore not possible to plan a well with exact models. There is a considerable room
for variations. There is, however, a quantitative side in the design factor. It shows whether the
chosen combination of parameters yield an acceptable result.

Going through a number of Draugen related reports, the picture above is seen. An attempt to
evaluate these data follows.

Methodology, collection and accuracy of data used in the design

We have not succeeded in obtaining the initial well design of Draugen A5. However, we have
obtained a number of related reports (Refs. 6-12). A general observation is that the design seems
sound. Remember that in well construction there are many elements that are difficult to determine
precisely, such as pore pressure, fracturing pressure, lost circulation zones and so on. Also during
the construction phase of the well, some changes often take place.

Due to the multidisciplinary nature of well construction, we have not pursued more investigations on
methodology and accuracy of data collection. We conclude that it follows present industry practice.
Below is a comment on the software programs used both for casing design and for well growth
analyses.

Software used in the design of petroleum wells
Shell uses mainly the two following programs in their analysis:

1. Landmark Stress Check for casing design.
2. Landmark WellCat for tubing design.

There are several other software programs available, but the two programs above are considered
industry standard. They are used by virtually all major oil companies. These are robust and efficient
programs.

Please note that the quality of the design depends on a good assessment of design premises. The
programs have no intelligence, they only perform computations. It is the competence of the design
engineer that determines the quality of the design.





3. Operational summary of well failure on Draugen AS

The following list the main events during construction of well A5. Unusual events are given in bold

letters.

References 4 and 5 give Shell's review of the failure of well AS.

Sequence of events (from Ref. 12).

1.

2.

10.

1.

12.

13.

14.

15.

16.

17.

Drilled 22” hole through 26” conductor from 385.5 m to section TD at 902 m.

Ran 18-5/8” casing and landed with 220 000 Ibs. Casing moved down 15 mm as per
procedures.

. Mixed and pumped first stage cement. Lost returns after 2000 strokes.

After displaced 2345 strokes, pressure suddenly increased to 145 bar.
Released pressure and casing dropped 1.37 m.

Continued displacing cement, bumped plug after 5379 strokes.
Attempted to pull casing with 350 000 Ibs. No success.

RIH w/ FO collar opening tool. Unable to open FO collar at 435 m. Unable to pass 437.9 m.
POOH, marks on FO tool.

RIH w/ 17-1/2” bit. Unable to pass through FO collar. (Wrong type of FO tool run in
casing string.)

RIH and cut 18 5/8” casing 10 m below RKB.

R/D bell nipple, LP riser, flowline and diverter.

RIH and cut 18-5/8” casing at 25.05 m below RKB. Conductor came up 5 cm.
Cut conductor 2 m below wellhead deck

Attempted to washover 18-5/8” casing, met centralize at 25.05 m. Unable to knock down
centralizer.

Cut conductor at 28.3 m. Installed conductor clamping device.
Ran 18-5/8” casing patch, engaged and pressure tested to 15 bar.
Ran wellhead housing and made up to wellhead adapter. Oriented W/H housing and

energized ‘D’ seal. Pressure tested to 70 bar. Installed wear busing spool, and 18-5/8”
spacer spool. Installed HP riser, BOP, riser adapter and bell nipple.
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ran CET log (cement evaluation tool). Stress calculations performed by Enertech — OK
M/U milling assembly. Tagged top MS collar at 437 m. Milled and reamed out MS collar.
Pressure tested 18-5/8” to 55 bar — OK.

Milled cement to 868.5 m. POOH.

RIH w/ 17-1/2” bit. Drilled casing shoe and 5 m new formation. No cement in rat hole.
LOT to 1.59 sg.

Drilled 17-1/2” hole to 1548 m. Hole packing off, lost returns.

Worked string and attempted to regain returns.

Established returns at 1180 m. Well gave back 40m> mud. Max gas 5%.

RIH to TD and drilled to 1722 m.

Backreamed to 670 m. Hole condition good.

RIH and drilled 17-1/2” hole to 1935 m. Worked tight spots, reamed and circulated clean,
POOH.

Ran 13-3/8” casing. Washed through tight spot at 1549 m.

Ran 13-3/8” casing and washed down landing joint.

Attempted to land casing. Excessive downward movement of wellhead and 18-5/8” casing.
Mixed and pumped cement with 13-3/8” casing suspended in rotary while WOC.

Landed casing in wellhead and ‘observed downward movement of wellhead within buckling
tolerances’

Attempted to engage casing hanger lockdown ring. Not able to confirm lockdown. Made
unsuccessful second attempt.

Ran DNE pack-off assembly for 18-5/8” x 13-3/8” annulus. Not able to energize seal.
Lifted off BOP and riser. Retrieved dislocated and deformed part of lockdown ring.
Re-installed BOP and riser.

Ran DNE pack-off assembly and pressure tested OK.

Drilled cement and casing shoe. Performed FIT to 1.55 sg.

Drilled to 201 Om. POOH. Bit UG and 22 teeth broken.
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42. Drilled to 2137 m. Backreamed, RIH to TD, circulate clean, backreamed out to 760 m.
POOH.

43. Ran 9-5/8” x 10-3/4” casing. 3m’ losses during cementing, suspended casing in RT.

44. Landed casing and wellhead dropped 6 cm.

45. Installed seal assy and tested same — OK.

46. Drilled 8-1/2” hole horizontally to 2394 m.

47. Ran 6-5/8” pre-packed screens.

48. Ran completion and landed tubing hanger, total W/H movement 2.8 cm.
The list above is provided to understand the situation that led to the well failure and possibly to
indicate situations that may require different decisions. It appears that one mistake was that the

return port was left open.

This operational summary provides important data for the establishment of the initial conditions for
the well growth analysis to follow.

Below are figures of the planned and the failed well.
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Figure 3.1: The planned well AS.
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Figure 3.2: Well A5 after construction. Circles show location of unusual events.
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4. Evaluating wellhead growth analysis

4.1 The importance of wellhead growth

As stated elsewhere in this report several factors contributed to the failure of the well. The main
element is of course the wellhead growth problem. This is wellhead movement due to thermal
effects when production is started or shut down. At Draugen the expected wellhead lift is about 11
cm. One consequence of this is that the complete weight of the wellhead is transferred to the casing
strings, and in particular to the 18-5/8” casing, which eventually failed.

Clearly thermally induced wellhead growth is an area of utmost importance. So-called multistring
analysis of such problems is a young science in the petroleum industry. The old Shell Casing Design
Guide (Ref. 1) from 1992 devotes an appendix to the topic. Just a few commercial simulators are
available to perform multistring analysis. The two Shell studies (Refs. 19 and 20) both use the
WellCat program.

Studying the two reports, discrepancies were discovered. Also, it was difficult to identify the exact
input conditions used. Because this is a critical part of the well failure, it was decided to perform an
evaluation of the two reports.

We used the mechanistic approach, also defined in Ref. 1, and solved the wellgrowth problem
analytically using a spreadsheet program. Appendix A presents the results and also the assumptions
we applied to the study. In the following the results of the evaluation are presented.

4.2 Comparing Shell’s analysis with analytical approach
In the following, comparison between the following reports will be made:

e Glover, S.: Draugen 6407/9 A-5 Well, Wellhead Movement Study, Results Summary.
Altus Well Experts, Inc. July 2003 (Ref. 20). This is called WellCat-A in this chapter.

e Kramer, H.: Draugen Well 6407/9 A-5, Post Failure Well Integrity Check. Shell
Document EP 2003-5390, Oct. 2003 (Ref. 19). This is called WellCat -B in this chapter.

e Appendix A: Evaluating casing loading and wellhead growth. This analysis is performed
as a part of this project, and is an evaluation of the two reports above. Also, we present our
solution to the same problem, and an extension to the well integrity issue. The results from
the appendix are called RWC in this chapter.

We will compare the following scenarios:
- Initial loading, cold well
- Loading warm well
- Loading after failure
- And present some additional results

15





Initial Loading

In Tables A1, A2 and A3 in Appendix A our input data are defined. Table A4 summarizes wellhead
movement during the construction of the well. As seen, there is a reasonably good agreement
between the three studies. We conclude that these are in acceptable agreement.

Table A5 shows the axial loads during construction. Our analytical approach (RWC) and the
WellCat-A report are in good agreement. The WellCat-B report is also in agreement for the 13-3/8”,
the 10-3/4” and the 7” strings. However, for the 18-5/8” casing there is a considerable difference
between the WellCat-B report and the two others. For this calculation, we believe that WellCat-B
results are not correct.

Loading, Warm Well

Next step is to consider forces and displacements when the well is heated due to production. This
defines the state of the well before the workover operation, which initiated well failure.

The following results were obtained from the analytical modeling:

Incremental axial load at wellhead
(metric tonnes)
Well growth 18-5/8” 13-3/8” 10-3/4” x 9-5/8” 7’ x 5-1/2”
(cm) casing casing casing tubing

RWC Scenario 1 - 16.9 43 -26 -17

cement at 650 m

RWC Scenario 2 - 10.3 63 -39 -24

cement at 385 m

WellCat-A 12.2 78 -34 -40

WellCat-B 15.4 32 -18 -21 8

Table 4.1: Summary of natural production temperature analysis using analytical modeling. Bold numbers defines the in
our opinion most correct solution. Positive forces define tension. From Tables A8 and A9.

The height of cement behind the 18-5/8” casing is not verified. Both 385 m and 650 m have been
suggested, and we use both values for comparison. Results of our analytical study are shown in
Table 4.1. Here we assume that the production tubing is free to move at the expansion joint. It is
clear that a short uncemented interval causes higher load on the 18-5/8” casing. For the present case,
wellhead growth is almost linearly related to the uncemented length of the surface casing.
Measured wellhead growth during production in the original situation was 11 cm. Based on the
calculated values given in Table A8, we conclude that TOC of the 18-5/8” casing is more likely to
be 385 m than 650 m.

We will now look at the results from the two WellCat studies: There is a significant difference
between the results of the Shell studies as shown in Table 4.1. They both assume TOC at 650 m,
and should be compared to Scenario 1 of Table 4.1. The WellCat-B analysis is closest to our model
for TOC at 650 m. WellCat-A results differ considerably and the incremental forces do not add up
to zero.
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For the WellCat-B analysis the forces add up using a value of 8 ton of additional axial tension for the
tubing at the wellhead. However, there is a question why the tubing is stretched during wellhead
growth, as there is an expansion joint installed. Also, we would expect the tubing to be compressed
if heated and not free to move.

Appendix A goes on to discuss which of the above results are most correct, and back-calculates
temperature regimes required to reproduce the results of Table A8. Again, the WellCat-A study
seems to give incorrect results.

There is a significant spread between the forces between the three studies, so even if wellhead
movement matches, there is a question about the accuracy of both Shell studies for this scenario.

In the following we will compute the expected forces change after failure.

4.3 Forces caused by temperature effects and well failure
The previous discussion is valid for the warm state of the well. Next stress state is given after
failure. The following events have now taken place:

- The well is shut down and has returned to its initial thermal condition
- The wellhead position is reduced by 11 cm due to cooling
- The 18-5/8” casing has failed and is shortened by 44 cm

Our analysis shows that the wellhead would theoretically drop 80 cm if the 18-5/8” casing was
removed. The wellhead, however, is landed on a slip ring 44 cm below its cold position. In our
analysis we assume that no load is taken up by the 18-5/8” casing at this stage. Table A14 provides
a summary of the expected forces. Table 4.2 shows the comparison between the three studies
(cumulative loads).

Casing size RWC WellCat-A WellCat-B
18-5/8” 91 -103 0
13-3/8” -14 -7 -1
10-3/4” x 9-5/8” 36 42 32
7’ x 5-1/2” 59 57 37

Table 4.2: Comparison of calculated axial load after failure. From Table A14.

Our analysis and the WellCat-A study show similarities, whereas the WellCat-B analysis shows
greater difference. Some of this difference may be due to different assumptions about remaining
integrity of the 18-5/8” casing after failure.
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4.4 Well integrity after failure

In this section we will only use data from the RWC study. We investigated the buckling load on the
intermediate and the production casing at TOC. Also we considered two scenarios: The present
situation where the wellhead rests on the landing ring and a hypothetical case without landing ring,
where the intermediate and production casing takes the total weight. Table 4.3 below is a summary
from Table A17.

Casing size Buckling load level with
wellhead landed

13-3/8” 29%

10-3/4” x 9-5/8” 17%

Table 4.3: Percentage buckling load at TOC.

Above the buckling models for inclined holes are used. In the following we will discuss buckling in
the vertical sections of the well. This is usually more severe from a buckling point of view. Tables
A17 and A18 show that the intermediate casing is being exposed to a load exceeding the buckling
limit in the vertical section as shown in Table 4.4.

Casing Wellhead drop in | Buckled interval
scenario
13-3/8” 44 20 -500 m
80 0-500m
10-3/4” x 9-5/8” 44 none
80 0-500m

Table 4.4: Summary of buckling calculations. From Tables A17 and A20.

It is concluded that the intermediate casing exceeded its buckling limit for the well failure on
Draugen. However, we do not know of any permanent damage to the well. A possible change in
drift diameter might not have affected the production casing.

The production casing is loaded below its buckling limit for the present case. However, if the
wellhead had been allowed to drop freely (the 80 cm case), buckling would be initiated in the
production casing also. Possible consequences are a reduction of the drift diameter, and possible
also a reduction in connection integrity.
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4.5 Summary of the Evaluation
A brief summary of the evaluation of the two Shell studies is as follows:

- The Initial Loading evaluation is similar for both Shell studies and the enclosed analytical
study, except for an error in the 18-5/8” load in the WellCat-B study.

- The Warm Well Loading (production scenario) shows inconsistent results. WellCat-A’s
calculated forces deviate considerably to our results and a force imbalance was observed.
WellCat-B's analysis was closer, but did not include the expansion joint on the production
tubing.

- Both Shell studies assumed an 18-5/8” TOC at 650 m. We concluded from the measured
data that a more realistic TOC was at 385 m. This implies that all expansion in the 18-5/8”
takes place above this depth.

- Considering axial load after failure, inconsistencies were seen between the three studies.
The WellCat-A and the RWC studies were closest.

- The intermediate casing was loaded beyond its buckling limit in the vertical section. The
production casing was loaded below its buckling limit. For a hypothetical worst-case
scenario (80 cm drop), the production casing would also buckle.

Please observe that well growth is a very complex area to analyze and the two reports evaluated are

of good quality. The present report indicates the difficulty of performing a good revision of such
studies.
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5. Summary of review

The following is a summary of the review of Shell well design manual and well AS.

Casing design manual

The casing design manual of 1992 is a document of high quality. It contains several short-term and
long-term aspects of well construction. It contains one fully worked casing design example. The
manual is primarily aimed at the drilling phase.

Long-term effects and criteria are presented in a more general way. These are not so clear as the
short term (drilling phase) criteria.

The casing design manual of 2000 is a completely revised version of the old manual. It defines the
well types into a Level One, Two or Three depending on the complexity and the level of safety. In
general, the manual is based on industry-accepted standards.

Wellhead drop event on A5 on Draugen

The surface casing string carries most of the total weight of the well. During production some of
this is transferred to the intermediate string, while the production casing carry little load. In the
present case a loading ring beneath the wellhead took up some of the wellhead load.

The result of an additional 44 cm drop of the wellhead, is that load is transferred from the conductor
casing to the other strings.

Evaluation of the two multistring analysis reports performed by Shell showed good agreement for
initial the conditions. However, evaluation of the warm well and the well failure showed
discrepancies, requiring a third study for comparison. An analysis is presented, which is based on an
analytical approach.

We conclude that the load on the intermediate casing exceeded critical buckling load during the well
failure event on AS.

Experiences from the Draugen Well Problem

The experiences from Draugen AS relates mainly to an insufficient evaluation of long-time effects in
an ordinary production well.

In the previous evaluation it is concluded that the Shell design methodology is of good quality. No
particular flaws were found. These types of design manuals are basically oriented towards the
construction phase of a well. However, the problem around well A5 uncovered some potential long-
term problems. In the following, these will be discussed from a technical point of view in an attempt
to provide recommendations for future wells.
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- Wellhead growth during start/stop of well production may lead to a load transferal from the
platform structure to the casing strings. This again may initiate problems like pipe buckling, leak in
connections or failure. More and better analysis is called for as well as monitoring of well growth to
calibrate models. A related issue is pressure testing of closed annuli at regular intervals to uncover
problems in progress.

- Corrosion is a challenge for the oil industry. In this case technical deficiencies (open port) led to
establishment of a "splash zone", with significant weight-loss corrosion as a result. Long-term
corrosion effects should be taken into consideration in the operational environment, not only in the
well design.

- Cementing is a critical element for well integrity. In the present case the height of the actual

cement was unclear. Procedures should be developed to ensure better knowledge of cement height
and the quality of the operation.
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6. Recommendations

The main outcome of the Shell review was tied to the problem of the surface casing failure of well
AS5. For future wells the load-bearing surface casing should have a sufficient capacity, which is
beyond the criteria for the drilling phase of the well. The following recommendations are given:

Improve wellhead growth analysis

The wellhead growth due to heating or cooling is the key factor for the failure of the well. This
problem must be assessed using multistring analysis. Discrepancies were discovered between the
two Shell studies. Future multistring analysis should be performed and presented such that the
results can be verified. This includes a clear definition of input data plus a clear identification of
models and assumptions.  This problem can arise at any well type and should therefore be
considered in all well designs.

The industry uses large computer packages to an increasing extent. The results from these software
programs are often difficult to verify. However, relatively simple checks of magnitudes can be
performed using analytical models.

A reliable model requires calibration. Therefore, a wellhead-monitoring program should be
established, which also includes measurement of the temperatures in addition to registration of
wellhead position.

The construction phase of the well

A strengthening of the load bearing casing is advised. During drilling of the well one may also
invoke another safety requirement. This implies ensuring that the weak point in the well always is
beneath the previous shoe, never at the wellhead (Ref. 17). To ensure this, a casing of sufficient
strength is required. From a safety point of view this is a preferable solution. Invoking this principle
will also lead to better coupling between geomechanics and pressure control.

Wellhead weight could be transferred to the platform structure, leading to a reduced risk of well
failure. However, one problem is thermal expansion, which requires some mechanism to
compensate for wellhead motion.

The long-term effects of the well

One main issue here is reduction of well integrity due to corrosion. At present we have identified
the following factors:

- During drilling one should always consider long-term effects of changes to the drilling
program. In this particular case, a return port left open probably was the main source of well
failure.

- Buckling potential increases strongly with weight-loss corrosion. Therefore a considerable

corrosion allowance should be included for the load-bearing casing string (or strings) of the
well.
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- Buckling may result in a loss of both pressure integrity and mechanical integrity in the
connections. In particular the axial capacity of the connections should be checked, as it is
often lower than the axial capacity of the pipe itself (Ref. 16).

- Cement failure is another potential source of leakage in a well. The long-term strength of
cements should be further researched to reduce the potential for leakage in old wells or in
plugged and abandoned wells.

- Well A5 will be filled with oil in the conductor/surface annulus to further reduce corrosion.
This is a good example of a simple measure to invoke long-term improvements.

- Shell’s design manual address the element of well growth in a clear way. However, as
stated in one of the analyses, there are many possible solutions to this calculation procedure
depending on the input conditions. For future wells one should carefully record the
conditions when each casing is landed and cemented. This includes hook load, position and
mud density. This will clearly define initial conditions for later well growth analysis.

Competence requirements for the well designer

Well design is usually performed by a drilling engineer. There are usually no formal requirements
for this task. The well designer must compile information from other disciplines, such as geology,
production and reservoir engineering. He must select casing setting depths, mud weights and
perform a complete design, which also includes a time plan. When the design is done, contracts are
awarded to the various service companies delivering equipment or performing the work. This
planning is critical for an optimal well design and construction. The selection of the people to
perform this type of work depends on many factors.

The drilling industry has become increasingly multidisciplinary in later years. Judging from the
experience presented in this report, there is also a need for deeper knowledge (multistring analysis,
corrosion etc.). It is therefore possible that the future well designer will be selected from more
formal competence requirements. It is interesting to observe that Shell has formalized an internal
competence evaluation, as people are qualified for a Level One, Level Two or a Level Three well.

Quality control of the total well construction process

Shell has a well design manual of high quality. They also have an internal qualification
classification where people are qualified for a certain well complexity (Level One, Two or Three).
All this relates to the design aspect of the wells. Also, Shell set a high standard in their design
requirements.

The problems in Draugen Well A5 were mainly caused by operational changes (port left open) as
well as long-term effects like corrosion and well growth.

It appears that the task ahead is to ensure that the standards and objectives of the design manual are
continuously invoked during the construction and the production phases of the well. We cannot

specify how this should be done.

For future wells an increased focus should be put on operation, to ensure that the same quality level
is applied to all phases of the construction of the well.
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Nomenclature
TD  Total depth, m
RIH Run in hole
POOH Pull out of hole
M/U  Make up

FO  Port collar
LOT Leak-off test

RT  Rotary table
RWC Rock-Well Consultants
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Introduction to Appendix A

In the following is an evaluation presented of the two Shell studies of well growth. Using analytical
models, we have also performed the same analysis for comparison. To establish a credible design
basis, the various phases are analyzed; initial construction, the production phase, the workover phase
and the failure of the well.

This appendix identifies the parts of the two Shell studies that show disagreement, and, also our own
solution.

The results from the two WellCat analyses were difficult to check, as it is an integrated program
package. We therefore built a model consisting of exact analytical equations. The numerical values
were obtained using a spreadsheet program. In this way we could also check all intermediate
computations. In the following this work is presented.
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Appendix A: Evaluating casing loading and wellhead growth

Two independent investigations of casing loading and wellhead growth were performed following
the 18-5/8” casing failure on the Draugen A5 well. Both of these studies (Ref. Al and A2) were
performed using the WellCat software. In the following we compare the results obtained by the
WellCat software with the calculated values using basic equations for pressure and force. The
present investigation was deemed necessary since the results from the two WellCat studies did not
agree with each other for several aspects of the analysis.

Both the direction and the amount of well friction during casing loading and wellhead growth are
difficult to estimate. Operational procedures and actual execution of the completion phase are
complex, and unexpected events increase the uncertainty associated with tubular strain caused by
downhole friction. The amount of friction strain remaining in the casing strings after completion
will impact the wellhead movement calculations performed for the production phase. In this study
the analysis is performed in a frictionless environment using the projected height concept (Ref. A3).
The axial weight of the well tubular without sliding friction is equal to its unit weight multiplied by
the projected pipe height, regardless of the borehole inclination and path. The frictionless approach
is attractive due to its simplicity and also because it gives a conservative estimate of casing loads and
wellhead movement. In this approach, we use true vertical depth (TVD) for load calculations and
measured depth (MD) for thermal expansion.

The tubing is assumed free to move at the expansion joint for the movements experienced during the
initial casing loading, production wellhead movement and final casing failure. This approach was
also used in Ref. Al, while in Ref. A2 the production tubing is modeled as a load-bearing
component. Another aspect is how the loads are distributed following the casing failure. In the
present study, the 18-5/8” casing does not support any load after the wellhead stabilized 44 cm
below its cold position. This approach was taken after reviewing the casing failure events described
in Ref. A4, where the wellhead loading ring is seen resting on the centralizing frame. In addition, in
the present study we look at two scenarios regarding the top of cement (TOC) for the surface casing.
In the first scenario, the 18-5/8” TOC is taken as 650 m and this is the same uncemented length used
in Ref. Al and A2. In the second scenario, TOC equal to 385 m is used since historical wellhead
movement data seem to support this value.

In Part 1 we look at the casing loading that occurred during the well completion in 1995. In this
analysis the temperature is considered constant and the calculated loads result from adding and
removing well tubulars and well control equipment. Part 2 deals with the wellhead growth caused
by natural production and the associated temperature rise. In Part 3, the failure of the 18-5/8casing
is analyzed as the wellhead drops 44 cm. The results obtained in the present investigation are
compared with the analysis in Ref. Al and A2. All results in the first three parts are presented as
incremental values, where we look at the changes in load and movement caused by force and
temperature inputs. In Part 4, the incremental loads and wellhead movement data are summed up
using the principle of superposition. In this final part, the axial load and buckling limits for all well
tubulars are calculated and compared for the situation following the casing failure.

Throughout this investigation contraction is considered negative and expansion is positive.
Similarly, axial compression is indicated with a negative sign and tension is positive.
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Part 1: Casing loading at the time of completion
The Draugen A5 well was completed in the second half of 1995. In the following we analyze the
casing loading caused by the well construction. The initial casing loading is needed for a complete

description of the axial force in the well tubulars following the 18-5/8” casing failure.

Input parameters are:

Mud density | Cement density| TVD TOC TVD bottom
(SG) (SG) (m) (m)
Land 18-5/8” casing 650, 385 874
Land 13-3/8” casing 1.40 1.90 1195 1605
Land 10-3/4” x 9-5/8” casing 1.35 1.90 1472 1668
Land 7” x 5-1/2” tubing in top packer 1.11 1588
Table Al: Fluid density and true vertical depth used for initial casing loading calculations
Weight ID TVD top TVD bottom
(Ibs/ft) (inch) (m) (m)
18-5/8” casing 89.4 17.735 0 874
13-3/8” casing 68.0 12.415 0 1605
10-3/4” casing 51.0 9.850 0 674
9-5/8” casing 47.0 8.681 674 1668
7” tubing 29.0 6.184 0 1588

Table A2: Pipe weight and inside diameter used for initial casing loading calculations

Weight
(metric tonnes)
Wellhead, Cameron Exact 15 4
BOP stack, 18-3/4” 47
Xmas tree, 6-3/8” Cooper FLS 6

Table A3: Weight of well control equipment used for initial casing loading calculations

The input parameters given above are simplified compared to the actual case: The 10-3/4” 55.5 lbs/ft
casing between 640 and 674 m TVD is assumed equal to 10-3/4” 51.0 lbs/ft. The 5-1/2” 23.0 lbs/ft
tubing between 1530 and 1588 m TVD is assumed equal to 77 29.0 lbs/ft. These two simplifications
introduce negligible errors for weight and pressure force.
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The equations used for wellhead movement and multistring loading were developed using classical
mechanics. The theory is in agreement with section G52 in Ref. AS.

The production casing is tapered. The following equation for average cross-sectional area is needed
to calculate contraction and expansion:

1 :L LZmp + L2bot
ASZ LZ A Astot

s2top

The calculated incremental wellhead movement in the present study is compared with the values
obtained in Ref. Al and A2 using the WellCat software. The present work uses a value of the
elasticity modulus E equal to 207-10° Pa. It follows:

Incremental wellhead movement
(cm)

Present study Ref. 1 Ref. 2
Install wellhead and BOP -9.6 -9.9 9.4
Land 13-3/8” casing -21.8 -16.3 -20.5
Land 10-3/4” x 9-5/8” casing -12.7 -13.4 -11.8
Land 7” x 5-1/2” tubing in top packer -6.7 -9.5 -6.5
Remove BOP +5.3 +5.1 +5.0
Install Xmas tree -0.7 -0.7 -0.6

Table A4: Calculated incremental wellhead movement from analytical and numerical analysis

The simple analytical wellhead movement calculations obtained in the present study for the initial
casing loading is in good agreement with the two WellCat investigations. Adding weight to the
wellhead makes the wellhead move downward (negative incremental wellhead movement).
Removing the BOP stack following end of drilling makes the wellhead grow (positive movement
value). Total downward wellhead movement during well completion is about 45 cm for all three
cases.

The hanging weight for landed casing strings is calculated assuming wet cement plus mud
hydrostatic heads outside the pipe and mud hydrostatic head inside the pipe. Subsequent loading on
each casing string is based on TOC as the cement has cured. The production tubing is assumed to
move freely at the extension joint in the present study and in Ref. Al, while in Ref. A2 the
production tubing is loaded as the BOP stack is removed.

The multistring loading is given in Table AS5. The values shown in round brackets (value) were
obtained in Ref. 1 and the values in square brackets [value] are from Ref. A2. The results without
brackets are calculated in the present study.

A3 29





Incremental axial load at wellhead
(metric tonnes)
18-5/8” 13-3/8” 10-3/4” x 9-5/8” 7” x 5-1/2”
surface intermediate production production
casing casing casing tubing
Install wellhead and BOP -51
(-51)
[27]
Land 13-3/8” casing -116 116
(-114) (114)
[-112] [112]
Land 10-3/4” x 9-5/8” casing -67 -28 95
(-69) (-26) (94)
[-64] [-24] [88]
Land 7” x 5-1/2” tubing in top packer -36 -15 -8 59
(-36) (-13) -7) (57)
[-36] [-14] [-8] [57]
Remove BOP +28 +12 +7 0
(+29) (+11) (+6) 0)
[+28] [+10] [+6] [+3]
Install Xmas tree -3 -2 -1 0
(-3) (-2) QY] 0)
[-4] [-1] [-1] [0]

Table A5: Calculated incremental axial load at wellhead from analytical and numerical analysis

There is fair agreement between the present investigation and the two WellCat studies (Ref. A1 and
A2). The calculated incremental load values from all three investigations fulfill the required force
balances. The sum of the force values on each line is zero when a tubular is landed. If well control
equipment is added to or removed from the wellhead, the sum of the forces is the weight of the
component installed or removed.

There is an erroneous value in Table A5. The wellhead and BOP stack weigh 51 tonnes and this
weight causes —51 tonnes of axial force (compression) in the surface casing. The corresponding
value given in Ref. A2 is +27 tonnes of axial force (tension) and this result is incorrect. This initial
erroneous entry causes an error in all cumulative wellhead axial loads presented in Ref. 2 for the
surface casing. The magnitude of this error is significant. For all cumulative wellhead axial loads
presented for the 18-5/8” casing in Ref. A2 we need to deduct 78 tonnes to get realistic values.

All calculated values of incremental casing loading during the completion phase were obtained
assuming isothermal conditions. This assumption is realistic when running the casing since the steel
in the tubular is able to adjust to the prevailing geothermal gradient as it is run in the hole.
Temperature gradients will undoubtedly develop when pumping the cement but this temperature
effect will diminish as the cement cures.
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Part 2: Thermal expansion caused by natural production

In the following we estimate the well growth and change in axial load caused by natural production.
Wellhead growth is a strong function of the temperature change in each casing string and its
uncemented length. None of these parameters are known accurately for the Draugen AS well.

We start off by investigating the well path plotted as horizontal departure versus true vertical depth.
Of special interest is the TOC for the 18-5/8”, 13-3/8” and 10-3/4” x 9-5/8” casing strings as these
lengths are related to the growth of the wellhead. The following assumptions are made regarding the
uncemented sections of the three relevant casing strings:

e The 18-5/8” casing is vertical to TOC 650 m TVD (Scenario 1) and TOC 385 m TVD
(Scenario 2)

e The 13-3/8” casing is vertical to 650 m TVD and straight inclined from 650 m TVD to TOC
1195 m TVD

e The 10-3/4” x 9-5/8” casing is vertical to 650 m TVD and it is straight inclined from 650 m
TVD to TOC 1472 m TVD

The inclination angle for the straight inclined section is obtained from the survey listing:

1472 - 650
@Q=arcCoOS——————— =
1700-650
Horizontal departure, m
0 250 500 750 1000 1250 1500 1750
0
Mean sea level
250
Sea floor
26" TOC & 18-5/8" TOC (Scenario 2)
500
£
= 18-5/8" TOC (Scenario 1)
2 750
[}]
o
©
(*]
§ 1000 \\
(]
2
= 13-3/8" TOC
1250
1500 10-3/4” x 9-5/8” TOC
\~
1750

Figure Al: Side view of Draugen A-5 well depicting top of cement of casing strings
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The temperature profiles used in the present study are obtained from Ref. A2. We use the difference
between the flowing oil temperature and the distorted geothermal undisturbed temperature for
calculating thermal growth of the production and intermediate casing strings. This assumption will
overestimate the wellhead growth since the two small casing strings will be cooler than the flowing
oil temperature. The temperature increase for the 18-5/8” casing is much less than for the flowing
oil since this casing is in contact with the water in the shaft and the air-gap above the mean sea level
(MSL). Therefore, we use a separate temperature curve for the large casing.

Temperature change, degrees C
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Figure A2: Temperature difference between initial condition and producing well

The values reported in the following for average temperature increase are obtained from the
temperature profiles in Figure A2:

Well segment Depth Average cos ¢

(m TVD) temperature

increase

(degrees C)
Vertical section (18-5/8” Scenario 1) 0-650 11 1.000
Vertical section (18-5/8” Scenario 2) 0-385 7 1.000
Vertical section (13-3/8” and 10-3/4” x 9-5/8”) 0-650 22 1.000
Straight inclined section (13-3/8” and 10-3/4” x 9-5/8”) 650 - 1195 14 0.783
Straight inclined section (10-3/4” x 9-5/8”) 1195 - 1472 4 0.783

Table A6: Average temperature increase for different well sections
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The theory used in the present study for wellhead movement and multistring loading caused by
thermal expansion was developed using classical mechanics. The developed model is in agreement
with section G62 in Ref. AS5. However, in Ref. AS a vertical well is assumed and in the following
we present the necessary modification for deviated wellbores.

Thermal expansion is proportional to MD. In this study we use TVD as the correlating parameter
and this approach is analytically exact for force calculations in a frictionless environment. However,
when calculating thermal expansion we need to modify the TVD by dividing it by cos ¢. The
following values for measured depth TOC are obtained from the simplified geometry:

Casing string Length Average temperature increase
(m MD) (degrees C)
18-5/8” Scenario 1 650 11
18-5/8” Scenario 2 385 7
13-3/8” 650 + 545/0.783 = 1346 [(22)(650) + (14)(696))/1346 = 18
10-3/4” x 9-5/8” 650 + 822/0.783 = 1700 [(22)(650) + (14)(696) + (4)(354)]/1700 = 15

Table A7: Casing length from TOC and temperature increase used for thermal expansion calculations

The length values obtained using the simplified geometric model is in good agreement with the
measured depths obtained from the survey listing. The modeled length for the production casing is
spot-on (both are 1700 m), while the calculated intermediate casing length is about 3.5% longer than
actual (1346 m versus 1300 m). The error of 3.5% is negligible in this context since the TOC values
of 1300 m and 1700 m are approximations.

In the present study we use a thermal expansion coefficient o equal to 1.24-10°/°C. The following
results were obtained from the analytical modeling:

Incremental axial load at wellhead
(metric tonnes)
Incremental 18-5/8” 13-3/8” 10-3/4” x 9-5/8” 7” x 5-1/2”
wellhead surface intermediate production production
movement casing casing casing tubing
(cm)
Scenario 1 - analytical +16.9 +43 -26 -17 0
Scenario 2 - analytical +10.3 +63 -39 -24 0

Table A8: Summary of natural production temperature analysis using analytical modeling

In the above calculations we assume that the production tubing is free to move at the expansion joint.
The surface casing keeps the wellhead from growing and there is a tensional axial load at the
wellhead for the 18-5/8” casing. The two small casing strings tend to push the wellhead upward and
these tubulars experience compression. Wellhead growth is seen to be nearly linearly related to the
uncemented length of the 18-5/8” casing. We also observe that the loading on the 18-5/8” casing
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increases as uncemented length decreases. However, the corresponding axial compressive stress in
the surface casing is relatively low and an observation is to select a high TOC for the load-bearing
casing to avoid well growth.

Measured wellhead contraction in 2002 when the well was shut was 11 cm (Ref. A4). Based on the
calculated values given in Table A8, we conclude that TOC of the 18-5/8” casing is more likely to
be 385 m than 650 m.

We now look at the results from the two WellCat studies (Ref. Al and A2):

Incremental axial load at wellhead
(metric tonnes)
Incremental 18-5/8” 13-3/8” 10-3/4” x 9-5/8” 7’ x 5-1/2”
wellhead surface intermediate production production
movement casing casing casing tubing
(cm)
Ref. 1 — WellCat 12.2 +78 -34 -40 0
Ref. 2 — WellCat 15.4 +32 -18 -21 +8

Table A9: Summary of natural production temperature analysis using WellCat (Ref. 1 and 2)

The initial observations made from Table A9 are that the results are very different from each other.
The incremental tension in the 18-5/8” surface casing is reported as 78 tonnes in Ref. Al and 32
tonnes in Ref. A2. These two cases assume TOC for the large casing at 650 m and the results should
be compared to Scenario 1 in Table A8. We see that the analytical study yields load results that are
more in agreement with Ref. Al than Ref. A2, although inconsistencies are observed.

We note that the forces do not add up in Ref. A1. There are 78 tonnes of tension and 74 tonnes of
compression reported. These casing loads should be equal to zero when added.

In Ref. A2 the forces add up using a value of 8 tonnes of axial tension for the tubing at the wellhead.
However, the question is why the tubing is stretched during wellhead growth. We would expect that
the tubing to be compressed when heated if the free movement of the expansion joint is exceeded.

Which one of the two studies gives the more plausible values? An approach is to consider the
inverse problem. Instead of using the temperature difference as input and calculate well growth and
axial load, the method we use in the following is to use the calculated values in Table A9 and
calculate the corresponding temperature changes. The calculated temperature changes will be
average values for the tubular considered and we expect the temperature to decrease with increasing
distance from the produced fluids. We also expect the calculated temperature values to be realistic
based on available temperature gradients.
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The temperature changes matching the wellhead movement and axial load changes reported in Ref.
Al and A2 are:

Matching temperature change
(degrees Celsius)
18-5/8” 13-3/8” 10-3/4” x 9-5/8” 7’ x 5-1/2”
surface intermediate production production
casing casing casing tubing
Ref. 1 — WellCat -3 19 24
Ref. 2 — WellCat 12 16 17 2

Table A10: Required temperature change in each tubular to match the results reported in WellCat studies

The required temperature change to match the axial tension in the 18-5/8” casing reported in Ref. Al
is =3 degrees Celsius and this is unrealistic. The temperature increase of 2 degrees Celsius reported
in Ref. A2 appears odd as well. The other temperature values are plausible.

Part 3: Casing loading caused by failure of the 18-5/8” casing

The well was shut in as a part of a planned coiled tubing workover. The expected well contraction
of 11 cm over an 18-hr period due to well cooling did not happen due to constraints inside the 26”
conductor. After a series of events, the wellhead dropped and stabilized 44 cm below its cold
position. The main cause of the final 44-cm wellhead drop is contributed to local failure of the 18-
5/8” casing. At the final resting position, the wellhead landing ring was in contact with the
centralizing frame. The most likely reason the surface casing failed was instantaneous overloading
due to a shock load as the casing was released and pipe weakening caused by seawater corrosion at
the splash-zone (Ref. A4).

Based on the sequence of events described in Ref. A4, it is concluded in the present study that very
little load was supported by the 18-5/8” casing when the wellhead was located 44 cm below its cold
position. To further investigate the situation, we look at the total weight of the relevant components:

Weight
(metric tonnes)
Present study Ref. 1 Ref. 2
Wellhead and Xmas tree 10 10 10
13-3/8” intermediate casing 116 114 112
10-3/4” x 9-5/8” production casing 95 94 88
7” x 5-1/2” production tubing 59 57 57
Total weight 280 275 267

Table A11: Total weight of dropped well components
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We now calculate the theoretical wellhead movement if the total weight of 280 tonnes is taken up by
the intermediate and production casing strings without the help of the wellhead landing ring or the
failed surface casing:

-w,
total
Az,

max A7
E s1 + §2
( 1, Lz)

The calculated value of Az, is 80 cm and the observed wellhead drop was 44 cm. Downward
movement of the wellhead is directly proportional to the weight put on the two remaining casing
strings. Therefore, the incremental weight taken up by the wellhead landing ring is estimated to 26
tonnes (45% of total) and the incremental weight taken up by the two remaining casing strings was
154 tonnes (55% of total). The incremental loading on the intermediate casing and production
casing caused by the failure of the 18-5/8” casing is evaluated based on stiffness and TOC as shown
in the equation above.

In the WellCat analysis performed in Ref. Al, the 18-5/8” casing is relieved of 141 tonnes of
compression. The total weight of the dropped well components in this WellCat study is equal to 275
tonnes. The difference in load is 134 tonnes, which must be contributed to a weight support from the
platform or the 26” conductor casing. In the study performed in Ref. A2, the change in surface
casing axial load is 160 tonnes and the total weight is 267 tonnes. The excessive weight in this case
is 107 tonnes.

The calculated incremental loads in the present study are compared with those in Ref. A1 and A2:

Incremental loads caused by 18-5/8” casing failure
(metric tonnes)

Present study Ref. 1 Ref. 2
13-3/8” intermediate casing -97 91 -84
10-3/4” x 9-5/8” production casing -57 -50 -54
7 x 5-1/2” production tubing 0 0 -22
Well landing ring or other support -126 -134 -107
Total load -280 =275 -267

Table A12: Comparison of calculated loads caused by 18-5/8” casing failure

There is a similar view among the three investigators regarding the loads caused by the failing 18-
5/8” surface casing. The amount of the total weight supported by the well landing ring or other
support is 49% in Ref. Al and 40% in Ref. A2, compared to 45% in the present study. The failure
load exerted on the 13-3/8” intermediate casing according to Ref. A2 is low compared to the two
other studies since the production tubing in Ref. A2 is a load-bearing member.
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Part 4: Cumulative loads and wellhead movement

So far in the present analysis we have considered incremental loads and incremental wellhead
movements caused by the different force and thermal strains. In this part of the study we will sum
up the individual contributions using the principle of superposition. As long as the associated strains
are below their plastic limit, which is the case for the loads considered in this study, we add up the
individual contributions directly. From the present study:

Cumulative Cumulative axial load at wellhead
wellhead (metric tonnes)
movement
(cm) 18-5/8” 13-3/8” 10-3/4” x 9-5/8” | 77 x5-1/2”
casing casing casing tubing

Install wellhead and BOP -9.6 -51
Land intermediate casing -314 -167 116
Land production casing -44.1 -234 88 95
Land production tubing -50.8 -270 73 87 59
Remove BOP -45.5 -242 85 94 59
Install Xmas tree -46.2 -245 83 93 59
Production - Scenario 1 -293 -202 57 76 59
Shut-in - Scenario 1 -46.2 -245 83 93 59
Casing failure — Scenario 1 -90.2 91 -14 36 59
Production - Scenario 2 -35.9 -182 44 69 59
Shut-in - Scenario 2 -46.2 -245 &3 93 59
Casing failure — Scenario 2 -90.2 91 -14 36 59

Table A13: Cumulative wellhead movement and axial load calculated in present study

We note that cumulative wellhead movement and axial loads after the failure are the same for both
Scenario 1 and 2. The difference between these two scenarios is the TOC for the 18-5/8* casing.
Since we assume that the casing failure happens after the well has cooled down, the results are the
same.

Now compare the final values of axial load after the casing failure in the present study with the
results in Ref. Al and A2:
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Cumulative axial load at wellhead after casing failure
(metric tonnes)
Present study Ref. 1 Ref. 2
18-5/8” surface casing -91 -103 0
13-3/8” intermediate casing -14 -7 -1
10-3/4” x 9-5/8” production casing 36 42 32
7” x 5-1/2” production tubing 59 57 37

Table A14: Comparison of calculated cumulative axial load at wellhead after 18-5/8” casing failure

There is a satisfactory agreement between the present study and Ref. Al. In all three analyses, the
intermediate casing is compressed and the production casing is stretched after the failure event. The
axial load value for the surface casing from Ref. A2 is equal to zero and this value does not agree
with the other two investigators. There is also a different view in Ref. A2 regarding load
transmission to the production tubing.

The wellhead loads on the surface casing in the table (-91 tonnes, —103 tonnes and zero) are of
academic interest only. The load on the 18-5/8” surface casing after failure is obtained by relieving
this casing by the amount of load put on the intermediate casing and the production casing. In
reality there is a discontinuity in the load condition in the surface casing when it fails.

In the remainder of the study we consider the final results from the present study. First consider the
axial load limitations for each tubular. The load at the bottom is calculated from the projected
weight of the steel without any pressure area force acting at the end (no buoyancy effects). It
follows:

Location Axial load Axial rating Load level
(tonnes) (tonnes) (%)
13-3/8” intermediate casing Top -14 -485 3
(body)
Bottom -135 -485 28
(1195 m) (body)
10-3/4” x 9-5/8” production casing Top 36 291 12
(connection)
Bottom -71 -296 24
(1472 m) (connection)
7” x 5-1/2” production tubing Top 59 307 19
(body)

Table A15: Tabulation of axial loads after 18-5/8” casing failure

The uniaxial axial load level for all tubulars in the failed position is below 30% of its maximum
value. This is well inside acceptable uniaxial limits and it is not necessary to apply triaxial design.
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Next we consider buckling of the intermediate casing and the production casing. The effective force
is used for buckling calculations and it follows from Ref. A6:

Fp=F+4,p,—4p

The effective unit pipe weight is:
wW=w +w —-w,

The helical buckling limit for a vertical well was presented in Ref. A7:
F,o =—5.55YEIW’

The deviated well helical buckling limit is obtained from Ref. AS:

F,, =-5.66 /@

The buckling resistance of a pipe increases as well deviation increases. In the vertical section the
buckling limit is low and a small amount of compression is needed to initiate helical buckling. The
intermediate casing is compressed at the wellhead and we need to check if the helical buckling limit
is exceeded in the vertical section. The axial tension in the production casing below the wellhead is
36 tonnes and this amount of tension is sufficient to avoid buckling in the vertical section.

Location Real force Effective force Inclination
(tonnes) (tonnes) (degrees)

13-3/8” intermediate casing Top -14 -14 0

21 m -16.1 -15.7 0

Bottom -135 -109 59
(1195 m)

10-3/4” x 9-5/8” production casing Bottom -71 -40 85
(1472 m)

Table A16: Tabulation of effective force and inclination for use in buckling calculations
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Location Effective force | Buckling limit Load level
(tonnes (tonnes) (%)
13-3/8” intermediate casing Top -14 -15.7 89
21 m -15.7 -15.7 100
Bottom -109 -375 29
(1195 m)
10-3/4” x 9-5/8” production casing Bottom -40 -235 17
(1472 m)

Table A17: Results from helical buckling calculations

The intermediate casing is unbuckled at the top where the compression is 14 tonnes. At a location
21 m below the top, the effective force is equal to the buckling limit and helical buckling initiates.
The intermediate casing is helically buckled from about 20 m down to a depth where the well
deviation starts supporting the pipe, at approximately 500 m. Below the kick-off point there is no

buckling of the intermediate casing.
unbuckled regardless of depth.

An interesting scenario is that of no support from the wellhead landing ring.

The production casing, on the other hand, will remain

In the above

calculations only 55% of the weight was transferred to the two small casing strings. In the following
we consider 280 tonnes of load transferred onto the intermediate casing and the production casing.

In this case the well movement is 80 cm instead of 44 cm as the case was earlier. It follows:

Cumulative axial load at wellhead after casing failure
(metric tonnes)

13-3/8” intermediate casing

83 —97%80/44 = -93

10-3/4” x 9-5/8” production casing

93 —57*80/44 =-11

7” x 5-1/2” production tubing

59

Table A18: Cumulative axial load at wellhead after casing failure assuming an 80-cm wellhead drop
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Both casing strings are compressed at the

wellhead in this

scenario. Axial loads at the top and

bottom are:
Location Axial load Axial rating Load level
(tonnes) (tonnes) (%)
13-3/8” intermediate casing Top -93 -485 19
(body)
Bottom -214 -485 44
(1195 m) (body)
10-3/4” x 9-5/8” production casing Top -11 2218 5
(connection)
Bottom -118 -296 40
(1472 m) (connection)

Table A19: Tabulation of axial loads after 18-5/8” casing failure assuming an 80-cm wellhead drop

The compression at the bottom of the two casing strings is below 50% of their uniaxial rating.
Triaxial analysis of the combined effects of burst and compression is needed if the failure happens

during production.

Next we check for helical buckling during an 80-cm wellhead drop:

Location Effective force | Buckling limit Load level
(tonnes) (tonnes) (%)
13-3/8” intermediate casing Top -93 -15.7 > 100
Bottom -188 -375 50
(1195 m)
10-3/4” x 9-5/8” production casing Top -11 -9.2 > 100
Bottom -87 -235 37
(1472 m)

Table A20: Helical buckling calculations assuming an 80-cm wellhead drop

Both the intermediate casing and the production casing will helically buckle in the vertical section
given an 80-cm wellhead drop. In the deviated section these casing strings remain unbuckled. At
TOC for the two casing strings, the intermediate casing is loaded to 50% of its buckling limit and the
production casing is compressed to 37% of its maximum unbuckled value.
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Conclusions
The conclusions from the present study are:

Casing loading and wellhead movement of the Draugen A5 well were calculated using an
analytical approach and compared with two independent investigations using the WellCat
software.

The calculations performed for the completion phase are in good agreement with the two
WellCat investigations. However, a significant error in Ref. A2 was discovered for the axial
load for the 18-5/8” surface casing.

The calculated load and movement values during the production phase indicate inconsistent
results for the two WellCat analyses. The two numerical investigations show very different
results. It is also observed that basic force balances do not add up and that unrealistic values
of temperature are needed to match some the reported results.

The calculated axial loads following the casing failure are in fair agreement with the two
WellCat investigations. The 13-3/8” casing is in moderate compression after the event.
Axial load calculations after the failure indicate that all tubulars are within design limits.
Buckling calculations after the failure indicate that the intermediate casing buckles inside the
vertical section. The production casing remains unbuckled in the failure scenario.

If the wellhead loading ring were not to support part of the load caused by the dropping
wellhead, the downward movement would be 80 cm instead of 44 cm. In this case both the
intermediate casing and the production casing will buckle in the vertical section.

The simple analytical tool described in this study appears to model wellhead growth and
axial loading in a satisfactory manner. The model can be applied to verify numerical results
obtained using computer software.

Nomenclature

Al. Cross-sectional area inside the pipe, m’

AO Cross-sectional area outside the pipe, m”

Asl Cross-sectional area of intermediate casing, m*

A b CTOSs-sectional area of bottom of production casing, m’

A4, top Cross-sectional area of top of production casing, m*

A:z Average production casing cross-sectional area for thermal contraction/expansion, m>
E  Modulus of elasticity, Pa

I, Effective force, N

I, Helical buckling limit for vertical well, N

F, o Helical buckling limit for deviated well, N

F,  Real force, N

1 Moment of inertia, m*

Ll True vertical depth of uncemented part of intermediate casing, m
L,  True vertical depth of uncemented part of production casing, m
Al6
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L
L

~por LTUE vertical depth of top of production casing down to top of cement, m

2rop  1TUE vertical depth of top of production casing, m

P,
p,  Pressure outside the pipe, Pa
r

: Pressure inside the pipe, Pa
Radial clearance, m

w Effective unit weight of pipe, N/m

w, Inside pipe unit weight, N/m

w,  Outside pipe unit weight, N/m

w,  Pipe unit weight, N/m

Vmel Total weight of dropped components, N

Az Maximum possible wellhead drop, m
Q Inclination angle, degrees

MD  Measured well depth along hole, m
TVD Projected vertical height, m
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