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¥ Objective

Use Abagus/Standard Finite Element Analysis (FEA) to investigate Cyclic Loading on
Expandable Sand Screens (ESS®) in an Underground Gas Storage (UGS) reservoir.

» Extraction of gas causes a reduction in reservoir pressure.
 Effective stresses on the rock formations increase which may lead to rock failure.

» Extraction can lead to reservoir pressure changes of the order of
10-20MPa (1450-2900psi) depending on the depth

A reservoir that can store high quantities of gas and provide high deliverability requires relatively high
porosity and permeability — which tend towards being weak thereby failing and granulating during
pressure cycles for injection / extraction of gas

» The solids produced from formation failure can lead to; erosion of surface facilities,
loss of containment, productivity impairment during injection cycles, complete loss of the well.

» Surface handling or downhole retention are the two broad categories for dealing with produced solids.
» For gas wells, especially high rate, retaining the solids downhole is the preferred method.

» Downhole sand control options; stand alone screens, gravel packing, frac-packing and ESS



¥ Objective

« ESS is a filtration screen which is expanded / swaged onto the wellbore which helps support it.

» ESS has a large inflow area which gives a high potential deliverability. It is easy to install and clean
up prior to production.

» ESS has been used successfully in UGS applications. SPE 122135 describes a successful
application of the ESS technology in Austria.

Trieb A., Philippovich N., Uberer W., Nederlof E., Thom as F. "Skin Free Production Through a New Gravel Pa  ck

Completion for Gas" SPE 122135, presented at the 20 09 SPE European Formation Damage Conference, Scheve ningen,
The Netherlands, 27-29th May 2009



¥ Problem

» To ensure success in a given application it is important to model the interaction of the ESS with the
rock formations.

» Weak formations can cause excessive deformation of the ESS which might lead to a loss of sand
control.

* In UGS applications there is the additional complexity of the cyclic loading and its effect on ESS
deformation. This effect has been analysed and the results are presented.

* It has been shown experimentally (Ray S.K. et al 1998 ) that a cycling load will initially cause a decline
in material strength, but this reduction levels off after a few tens of cycles and, in fact, after a
certain point the cycling load has no effect at all.

 Our interest is in how the addition of ESS will improve the wellbore stability, on top of what has been
established experimentally, on the way in which a rock weakens during cyclic loading.

Ray S.K., Sarkar M. and Singh T.N. "Effect of cyclic  loading and strain rate on the mechanical behaviou r of sandstone”,
International Journal of Rock Mechanics and Mining Sciences (1998)



¥ Underground Gas Storage; the geological structure types

» The use of Underground Gas Storage (UGS) is expected to increase considerably in the near future,
due to a variety of factors;
including security of supply (whether due to technical or political issues).

» There are several geological structure types for storing gas underground,;
- salt caverns (either natural or manmade),
- porous rock in depleted gas or oil reservoirs,
- aquifers (not shown), where there would be an impermeable cap rock, with water filled
rock strata below, with the injected gas displacing the water.

Salt cavern UGS Depleted gas reservoir UGS



v Underground Gas Storage; the exploitation strategies

There are also two main exploitation strategies for UGS:-

1. Annual winter/summer cycling, where there would be just one injection and
production cycle per year (production in winter / storage in summer).

This strategy by its very nature involves few, but very large, pressure cycles
(in the order of tens)

Annual winter/summer cycling typically uses depleted gas reservoirs, where storage quantities are
larger but their delivery rates are lower. These facilities can provide a prolonged, steady supply of
natural gas.

2. Peak shavering, involving many injection and depletion cycles per year
(production to cover peak usage which isn't handled by existing infrastructure,
followed by injection top-up when necessary).

This strategy involves many, but small, pressure cycles

(in the order of hundreds or thousands)

Peak load storage facilities have high-deliverability for shorter periods of time, meeting sudden,
short term demand increases. Salt caverns are typically used, generally storing smaller amounts
but able to deliver gas at higher rates over a short period.



¥ ESS®products

Expandable Sand Screens (ESS ®) are a relatively new sand control product.
There have been approximately 800 installations worldwide (over all vendors).

They come in two different types; a system based on slotted basepipe (shown here) and a system based on
drilled basepipe.

The slotted basepipe is most common with over 600 installations since 1997.

Slotted basepipe ; easy to expand into full contact with wellbore (no matter the shape). This compliant system
has advantages in well productivity, sand retention capability and reliability.

Base Pipe Slots Open
During Expansion
Maximizing Inflow Area

(2]
©

Filter Media
Dutch Twill Weave
Weave Layers Slide Over
Each Other During Expansion

®

Outer Shroud
Protects Filter
Media

(4}

No change In weave aperture size
during the expansion process

Details of the construction of ESS



¥ ESSPinstallations

Applications History

Oil, Gas, Water

Producers, Injectors Europe @

59 [67,709ft]

Vertical, Deviated, Horizontal

@ North America

Single and Multizone with 14 [1,875ft]

@ cis
25 [7,931f(

@ widdie East

Isolation 72 [61,633ft]
Multilaterals West Africa @ | -
Intelligent Completions Latin America (@) 181 [106,659ft] Asia Pacific

18 [12,296ft]

>611 installations / > 377,656 installed footage /

235 [117,151ft]

>2,420 years of production history
as of January 2010

The ACE tool (Axial Compliant Expander)
offers compliant expansion to eliminate the
annulus & provide borehole support.



¥ Model Configuration; the 3D model

A model was built to simulate an annual winter/summer cycling UGS application.

The rock mass was set up with the dimensions 1m x 1m x 2m deep, complete with an 8.5
diameter wellbore running through the centre.

The model represents a horizontal well, which are used for UGS applications

Mesh detail for wellbore
and plain pipe (equivalent ESS)

For ease of computation, an equivalent plain pipe (with an OD matching the ID of the wellbore; as
ESS is a compliant system with no annulus between completion and wellbore), rather than a fully
slotted system which would then be expanded in place, was used.

The material property values were ascertained from existing full scale tests and previous FEA
analysis simulations for a fully slotted system. This used methods described in a paper presented at
the Simulia Customer Conference SCC2009 ( Watson and Jones 2009).

Watson, K. & Jones, C. "FEA Modelling of Expandable Sand Screens Interactions with Rock Formations”,
presented at the (Abaqus FEA Users) 2009 Simulia Cu  stomer Conference (2009)



¥ Model Configuration; materials

« S.K. Ray et al 1998 showed that a cycling load will initially cause a decline in material strength,
but this reduction levels off after a number of cycles and, in fact, after a certain point the cycling
load has no effect at all.

« The UCS of the given rock will decrease by a certain amount over a number of cycles during
cyclic loading, but once a certain level is reached, the UCS will remain relatively constant

From this graph, it was decided that for a multi-step (cycling) analysis, the first ten cycles would
have properties reducing, then for the following cycles, the properties would remain constant.

Showing the decrease in UCS versus Showing the percentage decrease in
number of cycles (Ray et al 1998) Cohesion Yield Stress (for use in FEA)



¥ Model Configuration; materials

The tables below, give more detail for both the rock properties (a typical weak sandstone) and the
equivalent ESS (Watson and Jones 2009) that was used for lining the wellbore.

Material properties for
(initial) sandstone and
the equivalent ESS

It was necessary to alter the material properties during the simulation (the Cohesion Yield Stress

degrades according to the graph shown previously).
« This was done very simply via a field variable, which adds another column to the hardening area

of the Mohr Coulomb Plasticity model.
A predefined field is then created where the value will increment through zero, one, two etc. This

then allows Abaqus/Standard to know which set of hardening values to use at each step.



¥ Analysis; set-up

A cycling load was created;
for the vertical sides, the load varied between 13 and 25MPa (1885 and 3625psi)
for the top and bottom the load varied between 16 and 28MPa (2320 and 4060psi).

 These load changes can be viewed as changes in UGS reservoir pressure of
12 MPa (1740 psi) due to injection and production.

 The front and back faces had no load, they were held in such a manner
(with a simple boundary condition) to limit the rock extruding out.

 The stress values are typical of a reservoir at 4000-5000ft vertical depth.

Cycling load values



¥ Analysis; results

o  Strength degraded over the first 10 cycles, but takes 35 cycles to stabilise.

o Itis important that the deformation stabilises, since excessive formation induced deformation of ESS
could restrict access to the well and may ultimately cause a loss of sand control.

 Extensive testing in a joint industry project showed that ESS could withstand large deformations
without collapsing or losing the ability to control the sand.

 Alimit of 20% deformation was set based on the results of the joint industry project. The 20% value
includes a large safety factor.

 For the weak sandstone used in this analysis, the extent of deformation prior to stabilisation is seen
to be around 12%, which is well within the acceptable limit of 20%.

Radial wellbore displacement as
cycling load is applied showing
both Horizontal and Vertical
movement

Friction Angle = 25



¥ Analysis; results

The video below shows the rock mass (ESS not shown), with a very low Friction Angle of 15
(low value chosen as it clearly shows the deformation in the wellbore).



¥ Conclusion

 For UGS wells ESS has many benefits, including ease of installation and long term high
productivity. But there has always been the question what happens during cyclic loading.

*  From the results the magnitude of movement does reduce and will tend towards a more elastic
behaviour after a few tens of cycles.

* For peak shavering, there will be a far greater number of cycles, but the loads will be markedly
lower. It would be realistic to say that the peak shavering gross behaviour of the wellbore/ESS
would be similar to that of the annual cyclic scenario, in that the plastic/ratcheting movement
would happen over a few years (rather than cycles). It is likely that the deformation would be less.

» This study shows that in a UGS application, which involves cycling stressing of the reservoir rock,
the ESS stays within its design limits and will provide reliable sand control over the feasible life of
the UGS well.



¥ Gas storage in the news

Press and Journal
“Energy” supplement
February 2010
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