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Abstract:

Pre-existing wells and well bores are high-
permeability pathways through the earth’s crust
and thus are at elevated risk as a path for CO,
leakage. Although current well closure and
abandonment technologies appear sufficient to
contain CO, at most sites, many wells may suffer
from a variety of factors that limit their integrity
and lead to continued long term release of
dangerous greenhouse gases. To permanently
seal wells emitting greenhouse gases Seal Well
has developed technology to provide in-situ
molding of a seal between the well casing and
cemented annulus. A low melting point bismuth-
tim alloy is heated and allowed to flow into the
fissures, cracks and cavities; on cooling the
material expands to provide a permanent seal. To
accelerate development and deployment of Seal
Well’s technology, a computational model has
been developed using COMSOL Multiphysics to
analyze the conjugate heat transfer occurring
during heating and cooling and the
thermomechanical stress developed during
solidification.
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1. Introduction

Recognition of the increasing risks of global
warming has increased interest in developing
technologies to reduce greenhouse gas (GHG)
emissions. Pre-existing oil and gas wells and
well bores represent highly permeable pathways
for leakage of greenhouse gases; in Alberta,
Canada alone leaks have been estimated to
provide the equivalent of 3.5 million tonnes of
CO, per annum. In addition to abandoned wells
without plugs, gas leakage may occur when the
integrity of wells is compromised by a variety of
factors including incomplete construction or
failure of the cement plug, overpressure in the
well and corrosion of the well plug. Gas leakage
due to surface casing vent flow (SCVF) through
the cemented annulus between the production

casing and the well bore wall has been estimated
to occur in 14% of Alberta wells. Solutions to
SCVF are both difficult and expensive to
implement. To prevent long term damage,
permanent solutions for sealing wells are
required with minimum service lives of 3000
years being sought for gas sequestration projects.
The technology developed by SealWell uses
a low melting point bismuth-tin alloy that is
molded in situ to produce a permanent seal. The
process is shown schematically in Figure 1.
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Figure 1: Schematic of SealWell technology for
sealing of oil and gas wells.

A heater is lowered into the wellbore to melt
the bismuth-tin alloy. Due to the low viscosity
and high specific gravity the molten alloy flow
inot fissures. Factures and channels and
displaces any fluids present. As the alloy
solidifies it expands volumetrically by
approximately 1% to produce a permanent seal.
Expansion in the radial direction is encouraged
by applying a modest pressure through a surface

Excerpt from the Proceedings of the 2015 COMSOL Conference in Boston



water pump during the cooling/solidification
process.

2. Problem description

Successful development and deployment of
the well sealing technology relies on two effects:
heating to melt the bismuth-tin alloy in sufficient
volume to infiltrate the porous structure around
the well head, and the development of a stress
distribution due to solidification of the alloy that
has sufficient strength to provide a permanent
seal. To support development of the technology,
computational analysis of these effects was
performed using COMSOL Multiphysics.

The transient conjugate heat transfer problem
associated with melting the bismuth-tin alloy in-
situ included the effects of heat transfer due to
conduction in the solid domains and convective
flow in the fluid domains of the molten alloy and
surrounding fluids.

The residual stress distribution developed
due to volumetric expansion of the molten
material on solidification included the effects of
temperature dependent material properties in the
solid domains and elastic/plastic material
properties. A top pressure to induce radial flow
of the molten alloy due to the presence of
pumped water was included. The resulting
residual stress distribution was used to predict
the strength of the seal on solidification.

3. Computational model

Heat transfer within the solid domain is
described by the heat equation:

P CPZ—fzv-(ﬂVT) (1)

Where, p is the density of the solid or fluid
material, ¢, is the specific heat capacity, T is the
temperature, and 4 is the thermal conductivity.

In the fluid domain, the physics are described
by the conservation of mass, momentum, and
energy according to the following equations:

V-(p u):O (2)
pu-Vu :—Vp+V»(n(Vu+(Vu)r)—§7](V-u)lj+p g(3)

V-(-kVT)=0-pc,u (4)

The viscous heating and pressure work terms
are neglected in the energy equation. In the
above equations, p is the density, u is the
velocity vector, p is the pressure, 7 is the
dynamic viscosity, g is the gravitational
acceleration vector, k is the thermal conductivity,
T is the temperature, Q is a heat source term, and
¢, is the specific heat capacity. The viscosity,
thermal conductivity, and specific heat capacity
are functions of temperature, while the density is
a function of both temperature and pressure. A
heat flux is applied to the heater and temperature
boundary conditions are applied to the external
boundaries of the well. Appropriate material
properties are assigned to the different domains
of the well structure associated with steel liner,
concrete plug, aluminum heater, surrounding
soil, bismuth-tin fluid and well fluid.

The residual stress generated during
solidification was calculated using the integrated
solid mechanics solution capabilities to solve the
equilibrium equation:

Ves=0 5)
with the following constitutive relation:
c=Clg, (6)
where:
C : elastic tensor
€, : elastic strain

Elastic strain is defined by the following set of
relations:

total strain: & = €, €, +E, (7
thermal strain: €, = &, (T — Tref) (8)
dilatational strain: €, = & dﬂQS’.C Q)

The geometry of a well and Seal Well’s
heating tools are cylindrical, allowing use of a
2D axisymmetric model, Figure 2.
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Figure 2: Axisymmetric model of well with
heater unit in place which shows material
domains.

A second analysis geometry was developed to
study the solidification of the pooled bismuth
solder once the heater unit is removed from the
well as shown in Figure 3.
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Figure 3: Axisymmetric model showing
material domains for the case when the well has
the heater unit removed and the liquid bismuth
solder is able to pool at the bottom of the well

4. Results

Initial analyses were performed for the
conjugate heat transfer problem by considering
heat transfer due to conduction and convection
coupled with a solid to liquid phase change in
the bismuth-tin alloy. Results of the temperature
distribution across the materials in the well
structure using the transient conjugate heat
transfer model are shown in Figure 3 and the
average temperature of the solder as a function
of time with and without inclusion of the solid to
liquid phase change are shown in Figure 4.
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Figure 3: Temperature distribution in well head
with heater unit installed after 3600 seconds (1 hour).
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Figure 4: Average temperature history of the
bismuth-tin solder as a function of time with and
without the effect of solid to liquid phase change.

After withdrawal of the heater the molten
bismuth-tin alloy solidifies during which time it
expands by approximately 1%. The effect of the
expansion can be seen in Figures 5 and 6 that
show the variation of the maximum and
minimum temperature of the bismuth-tin alloy as

without phase change

f 4 with phase change

a function of time and the compressive stress at
the interface between the bismuth-tin alloy and
the steel well liner tube: as the alloy transitions
from liquid to solid the compressive radial stress
at the interface increases significantly.

Time = 0 corresponds to removal of heater unit
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Figure 5: Temperature history of bismuth-tin alloy
and radial stress at interface with steel tube.

The resulting distributions of plastic strain and
residual compressive stress in the well seal
region due to the solidification process are
provided in Figure 7 and 8.
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Figure 7: Plastic strain distribution in well seal region
due to solidification of bismuth-tin alloy
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Figure 8: Von Mises stress distribution in well seal
region due to solidification of bismuth-tin alloy

5. Summary

This work has demonstrated the use of
computational analysis performed by COMSOL
Multiphysics to analyze the conjugate heat
transfer problems associated with melting and
freezing of a bismuth-tin alloy in the vicinity of a
oil or gas well head, and prediction of the
residual stresses developed during the
solidification process. The results of the
temperature predictions are comparable to
experimental measurements taken during
practical demonstration of the technology. The
results of the residual stresses developed during
the process demonstrate that high compressive
stresses can be developed that are suitable for
providing a permanent seal on abandoned oil and
gas wells.

Excerpt from the Proceedings of the 2015 COMSOL Conference in Boston



	1.  Introduction
	2. Problem description
	3. Computational model
	4. Results
	5. Summary


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





