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DESCRIPTION

Field of the Invention

[0001] The present invention relates to well tools for use in down-hole operations, such as oil
and gas well work. More specifically the invention relates to tools capable of setting
eutectic/bismuth based alloy seals and plugs in various down-hole environments.

Background of the Invention

[0002] Well plugs can be employed in both oil/gas well repair operations and in oil/gas well
abandonment operations.

[0003] When a well, such as an oil or gas well, is at the end of its useful life it is usually
abandoned. From time to time the operation of such wells can also be suspended for reasons
such as low oil prices, "workovers" and other unexpected events that require the well to be
temporary suspended (i.e. approaching storms or hurricanes). However before a well can be
abandoned/suspended the well must be "plugged" to ensure that potentially hazardous
materials, such as hydrocarbons, cannot escape the well.

[0004] In the past various methods have been employed to plug abandoned wells. One such
known method involves pouring cement or resin into a well so as to fill a length of the well.
However the use of cement/resin has proven to be unreliable and vulnerable to leaking. This
can lead to previously abandoned wells being re-plugged at considerable extra expense.

[0005] In view of the limitations of using cement/resin to plug or seal wells an alternative
approach was developed which uses a eutectic alloy, such as bismuth-containing alloy, to form
a seal within the well. This approach, which is described in detail in CA 2592556 and US
6,923,263, utilises the fact that such alloys contract upon melting and expand again when they
re-solidify. Essentially the alloy is deployed into a well; heated until it melts and "slumps"; and
then allowed to cool whereby the alloy expands to form a tight seal with the walls of the well.

[0006] The use of eutectic alloys, such as bismuth-containing alloys, to plug wells or repair
existing plugs in wells is described in: US 7,290,609; US 7,152,657; US 2006/0144591; US
6,828,531; US 6,664,522; US 6,474,414; and US 2005/0109511.

[0007] In addition to their use in well abandonment, well plugs are also utilised in well
completion operations. One common application is in the repair of Open Hole Gravel Packs

(OHGP), where it is necessary to seal selected zones within the down-hole environment.

[0008] With well abandonment, well repair and well completion operations, it is the case that,
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before a plug or seal can be set within a well, the tool must first be delivered to the target
region down-hole. This deployment process presents a number of problems, with one of the
main challenges being access.

[0009] When dealing with deviated wells (i.e. wells that run in a direction that deviates from
vertical) the passage of the tool from the surface to the target region (i.e. where the plug is to
be deployed) can be torturous. Open Hole Gravel Packs are generally deviated wells.

[0010] The passage of the tool towards the target region can also be impeded by other
obstacles in the path to the target region, such as a collapsed casing or abandoned equipment
within the well.

[0011] In order to facilitate the travel of tools down wells having one or more of the above
challenges it is known to reduce the size and diameter of the tools to make them more
manoeuvrable. However such reductions lead to compromises on the functionality of the tool.

[0012] In the case of tools where a eutectic/bismuth based alloy is mounted on the exterior of
a heater, a reduction of the outer diameter of the tool can be achieved by making the tool
longer and thinner. However this can make the tool less manoeuvrable around the corners and
s-bends, which are often present in highly deviated wells.

[0013] Another approach to reducing the outer diameter of these tools is to reduce the size of
the heater. However this reduces the heat output of the tools, which can lead to unsatisfactory
heating of the alloy within the target region.

[0014] A further approach is to reduce the outer diameter of the tool by reducing the amount of
alloy provided on the outside of the tool. This approach can lead to incomplete plugs being
formed within the well due to the insufficient quantities of alloy present.

[0015] US2076308 relates to a well heating device that employs a refractory lining in the form
of stacked tubular sections of refractory material.

Summary of the Invention

[0016] The present invention provides a number of improvements to both the cartridges used
in down-hole chemical heaters, the heaters, and the well plugging/sealing tools used in down-
hole operations, such as oil and gas well plugging/sealing in both well abandonment, well
repairs (e.g. OHGP), and well completions.

[0017] The solutions of the present invention are considered particularly suitable for use in
wells that are highly deviated, contain obstacles or combinations of both, and which, as such,
would otherwise be difficult to plug or repair.
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[0018] It is envisaged that, although the various aspects of the present invention described
herein are particularly suitable for use in oil and gas wells, they can also be employed in other
under-ground conduits (e.g. water conduits).

[0019] In a first aspect, the present invention provides a cartridge for a chemical heater used
in down-hole operations, said cartridge comprising a quantity of a chemical reaction heat
source wrapped in a temporary coating that is capable of maintaining the shape of the
cartridge prior to use but which is consumed during the burn of the heater.

[0020] Providing the chemical heat source for down-well chemical heaters in the form of a self-
contained cartridge allows for a greater range of flexibility during on-site operations.

[0021] In the past, chemical heaters have been manufactured off-site with the chemical heat
source added at the manufacturing stage. This meant that the correct chemical heater would
need to be selected in advance and any last minute changes in heating requirements would
require the ordering of new chemical heater.

[0022] It will therefore be appreciated that providing the chemical heat source in the form of a
self-contained cartridge gives much greater flexibility on site because the operators can
choose the cartridge with the appropriate heating characteristic for the particular job and
simply insert it into the tool on site, rather than waiting for a replacement tool to be
manufactured and shipped to site.

[0023] Thus, providing a tool together with a range of cartridges (each having different heating
characteristics) gives the end user, who may be located in a remote location (e.g. an offshore
oil rig), the ability to make last minute adjustments. As described in WO 2014/096857 A2, it is
possible to control the heating characteristics of chemical heaters by varying the mixtures used
in the chemical reaction heat source.

[0024] Producing the chemical heat sources in the form of cartridges also provides for greater
quality control in the mixtures and blends used in a particular batch. In this way the heating
characteristics of a particular batch can be measured and checked before cartridges are
shipped with the tool.

[0025] The primary function of the temporary coating is to ensure that the chemical heat
source material, an example of which is a thermite-based blend, retains its shape and is
protected from the environment during storage and transport. However, as the chemical heat
source material will be inserted into a tool before it is deployed down-hole, the structural
strength/resilience of the coating is not as important.

[0026] In view of this, the chemical heat source material is preferably wrapped in a plastic film
(e.g. PVC) and further preferably the chemical heat source is shrink wrapped. It has been
discovered that using a plastic film wrap makes it easier to slide the cartridge into the tool.
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[0027] Another advantage of wrapping the chemical heat source material in a transparent
plastic film is that the chemical heat source material is visible. This is particularly useful when
the chemical heat source material is provided in the form of one or more solid blocks, because
it enables visual inspection of the cartridge for gaps and breaks. It is appreciated that gaps and
breaks in the chemical heat source material can cause problems during burning and thus
should be minimised.

[0028] Advantageously the wrapped heat source of the cartridge may be held within a flexible
elongate surround that is preferably tubular or sock-shaped. By placing the wrapped heat
source in the surround it is envisaged that the cartridge may be provided with additional
characteristics, such as improved insulation and/or improved structural strength or resistance
to wear and tear.

[0029] Further preferably, the flexible surround may be formed from one or more of the
following: fibre glass, thin steel, carbon fibre, and synthetic fibre of a high tensile strength (e.g.

Kevlar ®). It is envisaged that these materials provide the cartridge with the above mentioned
additional characteristics (e.g. improved insulation in the case of fibre glass, carbon fibre and

Kevlar and improved strength/resilience in the case of Kevlar ®).

[0030] Further preferably, the flexible surround may be wrapped in an additional layer of the
material used to wrap the chemical heat source material (e.g. plastic shrink wrap) so as to
further help hold the cartridge together.

[0031] Preferably the chemical heat source material may be provided in the form of one or
more solid blocks. In this way the heating characteristics of the cartridge can be better
controlled and even varied along its length. However, it is appreciated that in some cases
powdered material or fragmented block material can be employed.

[0032] It is envisioned that the cartridge of the first aspect of the present invention can be used
in combination with a range of chemical heaters and combined plug/heater assemblies,
including those described herein.

[0033] In a second aspect of the present invention one such combined plug/heater assembly is
provided in the form of a well plugging/sealing tool.

[0034] In this regard the present invention provides a eutectic/bismuth based alloy well
plugging/sealing tool, said tool comprising: a tubular heater body with an internal cavity
capable of receiving a chemical heat source; a quantity of eutectic/bismuth based alloy
provided in thermal communication with the heater body around an outer surface of the heater
body; and a sleeve provided around an outer surface of the alloy.

[0035] As will be appreciated hereinafter, providing the tool with an outer sleeve that surrounds
both the heater body and the alloy provides a number of technical benefits that facilitate the
production of a tool with a reduced outer diameter, which is better suited for deployment down
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deviated wells and wells with in-path obstructions.

[0036] Although the disclosure primarily refers to eutectic and bismuth based alloys, it is
envisaged that other alloys might suitably be employed in certain conditions. In particular,
alloys referred to as ‘low melt alloys' or “low melting point alloys' (LMPA) are considered
suitable. These alloys are defined as having a melting point of 385°C or below. The chemical
heater system that is the subject of this invention is capable of melting such alloys. In view of
this, the present disclosure should be read as contemplating the use of not only eutectic and
bismuth based alloys, but also LMPAs in the described tools and methods.

[0037] Preferably the tubular heater body, the alloy and the sleeve may be arranged coaxially
to one another.

[0038] Advantageously the tubular heater body and the sleeve may define an annular space
within which at least a portion of the alloy is enclosed. In this way a shielded region is provided
to house at least a portion of the alloy.

[0039] It is appreciated that providing the alloy with a shielded region away from the harsh
environment at the target region within a well can provide a number of benefits; details of
which will be provided hereinafter.

[0040] Further preferably the annular space may further contain a spacer element with a
greater structural strength than the alloy. In this way the spacer element, which can be formed
for example from steel, provides structural protection to the softer alloy held within the annular
space. This additional strength is particularly important during any machine handling of the well
plugging/sealing tool prior to and during its insertion within a well opening.

[0041] It will be appreciated that providing the tool with a region of greater structural strength
enables the well tool to be gripped in that region by the machinery that is typically used to
deliver well tools to the well opening. In the absence of the strengthened region it is possible
that the softer alloy could be vulnerable to being crushed, along with the outer sleeve, when
the tool is gripped by the handling machinery.

[0042] It is also appreciated that providing the strengthened region enables the thickness of
the sleeve, which is on the outside of the tool, to be reduced. This helps further reduce the
overall diameter of the tool, which is one of the key aims of the present invention.

[0043] Preferably the sleeve may be formed from a material with insulating properties.
Providing the sleeve with insulating properties is highly beneficial because it serves to reduce
heat loss from the tool of the present invention. This means that any heat generated by the
tool is used more efficiently, which in turn means that less chemical heat source material is
needed to achieve the required heat output.

[0044] This more efficient use of the chemical heat source material means that less space
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needs to be given over to the cavity in the heater body, which in turn enables the overall
diameter of the well plugging/sealing tool to be decreased without necessarily having to also
increase the length of the plug.

[0045] Providing an outer sleeve with insulating properties also helps to prevent heat being
'sucked' away from the tool as a consequence of the environmental conditions within the target
region. By way of an example, it is envisioned that insulating the tool in this way prevents heat
loss as a result of cross-flow within the well.

[0046] Cross-flow occurs when fluids move down a pressure gradient within the well and, in
doing so, create a flow of fluids past the target region, which can remove heat from the region
over time.

[0047] Providing the insulating sleeve also helps to “super heat' the alloy that is held between
the heater body and the sleeve. Super heating the molten alloy enables the alloy to penetrate
further into the surrounding environment when it eventually leaves the tool. This is considered
particularly beneficial when forming seals in wells located in sand pack formations.

[0048] Additionally or alternatively the sleeve may be formed from a material which has
structural strength. Providing a sleeve with increased structural strength helps to protect the
well tool as it is deployed down-hole. This is considered particularly important in the case of
highly deviated wells because it is not uncommon for well tools to be dragged across
substantially horizontal regions, which can subject the well tool to stresses.

[0049] In view of the above benefits the sleeve is preferably formed from one or more of the
following: fibre glass, thin steel, carbon fibre, and synthetic fibre of a high tensile strength (e.g.

Kevlar ®).

[0050] The above identified materials are considered suitable for the sleeve because they are
capable of providing insulating properties and/or structural strength/durability even when
provided in relatively low thickness. By way of example it has been discovered that a few
millimetres of fibreglass bonded to the well plug using epoxy resin has an insulation value that
is 200 times that of steel. Once again this helps keep the overall diameter of the well tool to a
minimum.

[0051] It is envisaged that the material may be used in combination to achieve both insulating
and structural benefits. In addition, it is envisaged that composite materials capable of
providing both benefits may also be employed to form the sleeve.

[0052] Advantageously the sleeve may further be provided with wear pads that extend radially
outwards from the sleeve. In this way the well tool can be better protected against the stresses
imparted on the well tool as it is dragged across substantially horizontal regions of wells, for
example. As the person skilled in the art will be well aware of suitable types of wear pads they
will not be discussed in further detail here.
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[0053] Preferably the sleeve may not extend the full length of the heater body and/or the alloy.

[0054] Extending the sleeve along only a portion of the alloy serves to control the location on
the well tool from which the molten alloy is released. That is to say, the alloy is trapped
between the heater and the sleeve (i.e. in the annular space) until the sleeve ends - at which
point the molten alloy is free to escape into the surrounding environment.

[0055] This focusing of the alloy is considered particularly advantageous when setting plugs in
oil and gas wells that employ sand screens (i.e. Open Hole Gravel Packs).

[0056] By way of some brief background, Open Hole Gravel Packs (OHGP) employ screens to
hold back the surrounding proppant (e.g. sand) whilst allowing the oil/gas to be extracted.
However, these “sand screens' present a problem when it comes to sealing off zones within
this environment because it is not possible to pump resin, epoxy or cement through the
screens to seal of the annulus.

[0057] In contrast, the viscosity of the molten eutectic/bismuth based alloy is such that it can
flow out through the screens and reach the surrounding sand, for example. This eliminates the
need to perforate the screen, which can potentially destroy the completion. Thus the use of an
alloy to seal OHGP zones has advantages.

[0058] The inventors have discovered in deviated wells, however, that if molten alloy is allowed
to flow freely from the well tool the alloy will essentially drip through the screen along the whole
length of the well tool. This leads to the creation of multiple small moulds of alloy on the outside
of the screen rather than a complete seal.

[0059] In order to address this problem it has been found that providing a sleeve which does
not extend the full length of the well tool ensures that the location at which the alloy is deployed
from the tool is more focused.

[0060] As a result a single seal is produced at the desired location (i.e. adjacent to the point
where the overlap between the sleeve and the alloy/heater ends) instead of lots of smaller
alloy mounds along the length of the screen.

[0061] In addition, it has also been discovered that having the heater extend beyond the
sleeve provides the further benefit of heating the area where the seal is to be formed, which
helps the alloy to stay molten for longer and thus penetrate further through the surrounding
sand screen.

[0062] Although this approach to focusing the molten alloy is considered highly effective it is
also envisioned that, in arrangements where the sleeve extends along the entire length of the
well tool, the sleeve may be provided with weakened regions that perish before the main body
of the sleeve and, in so doing, provide clearly defined conduits for the molten alloy to escape.
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[0063] Preferably the well tool may further comprise connection means for attaching the well
plugging/sealing tool to a well deployment tool. Further preferably the connection means may
secure the heater body and the sleeve together.

[0064] Additionally, or alternatively, the heater body may be connected to the sleeve via the
spacer element provided in the annular space between the heater body and the sleeve.

[0065] Preferably the well tool may further comprise resilient basing means located within the
cavity of the tubular heater body that are configured to impart pressure on any chemical heat
source received with the cavity.

[0066] In this way any chemical heat source material housed within the cavity is urged together
so as to eliminate any gaps, which could affect the passage of the chemical reaction from the
ignition means along the length of the heater.

[0067] If the chemical heat source material is provided in the form of a plurality of blocks that
are urged together, it is considered advantageous to further provide chemical heat source
material in a powdered form so as to fill any spaces that may be formed between adjacent
blocks and also between the blocks and the heater body.

[0068] Preferably the inside surface of the tubular heater body may also be provided with a
refractory lining that, in use, is located between the chemical heat source and the heater body.
Examples of materials that are considered suitable for the refractory lining include fibre glass,

Kevlar ® and a coating of ceramic material, such as zirconium oxide (ZrO,), aluminium oxide,

magnesium oxide. Other suitable refractory materials will be appreciated by the skilled person
upon consideration of the following explanation.

[0069] It is envisaged that zirconium oxide may also be partially stabilized using dopants such
as yttrium oxide, magnesium oxide, calcium oxide, and cerium(lll) oxide. Zirconium oxide may
also be referred to as zirconium dioxide and zirconia.

[0070] The refractory material is provided as a coating on the inner walls of the heater body
because the mechanical properties of refractory materials typically do not make them suitable
for construction of the entire heater body, which needs to maintain its structural integrity under
the increased mechanical stresses placed on the heater when it is deployed down-hole.

[0071] Coating the inside of the heater body with a refractory lining provides a number of
benefits.

[0072] One benefit of having a lining within the heater body is that it prevents the chemical
heat source material (e.g. thermite) from sticking to the inside surface of the heater body. This
is a problem in heaters where it is desirable for the molten heat source to flow within the heater
body. Essentially the refractory lining serves to reduce the wettability of the inside surface of



DK/EP 3464799 T3

the heater body and prevent the heat source material clumping within the cavity.

[0073] Preventing the molten heat source material from sticking to the heater body stops the
heat source material from concentrating heat in a particular spot and melting through the wall
of the heater body at that point.

[0074] Another benefit of the refractory lining is that it affords some heat shielding to walls of
the heater body, which in turn enables the heater body walls to be made thinner without risk of
them being burned through.

[0075] Preferably the lining may be made from fibre glass, Kevlar ®, or provided as a ceramic
layer coated on the inner walls of the tubular heater body. One example of a suitable ceramic
material is ZrO,.By way of some background it is note that refractory coatings are often used,

in the casting industry, in equipment to transfer molten metals. However these are generally
used in conjunction with low-melting point alloys such as aluminium or bronze, which have
melting points in the range of 500 to 1000 degrees C.

[0076] Refractory coatings are generally not recommended for use with high-temperature
molten materials such as iron or steel. This is relevant because steel is one of the preferred
materials used for chemical heater bodies of the present invention. In contrast to aluminium
and bronze, iron and steel have melting points of about 1500 and 1400 degrees C,
respectively.

[0077] The aluminium/iron oxide thermite which is commonly used as the chemical reaction
heat source in the heaters of the present invention, in further contrast, has a reaction
temperature of about 3200 degrees C.

[0078] Typically, refractory coatings are generally only rated to a range of about 1500 to 1800
degrees C. Therefore one would not normally consider a refractory coating as a viable method
to protect a steel heater tube from molten thermite.

[0079] However, the inventors have surprisingly discovered that heater body 'burn-throughs’,
when they do occur, usually happen within less than a minute after the thermite is ignited. In
view of this, the inventors determined that if a refractory coating could survive long enough for
the heater tube to endure this critical one-minute interval, 'burn-throughs' could be prevented.

[0080] Zirconium oxide was selected as the coating material for testing based on its relatively
high (1800 degrees C) operating temperature rating, and on the fact that its coefficient of
thermal expansion (CTE) is closer to that of steel than do most other ceramic materials. This is
an advantage because the greater the mismatch in CTE, the more likely a coating is to spall off
the heater tube walls at elevated temperatures.

[0081] Also, zirconium oxide has low thermal conductivity, which can provide some benefit in
delaying, or spreading out over time, the heat transfer from the termite reaction products to a
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steel heater tube, for example. Perhaps more importantly, zirconium oxide does not have a
chemical affinity to iron, and thus is less likely to be wetted by the iron by-products from the
termite reaction.

[0082] Although the refractory lining is preferably used in combination with the outer sleeve in
the tool of the present invention, it is envisaged that the benefits provided the refractory lining
mean that it could also be employed in a wide variety of down-hole chemical heaters including
those that do not have an outer sleeve in accordance with the second aspect of the present
invention.

[0083] In view of this, a third aspect of the present invention provides a chemical heater for
use in down-hole operations, the heater comprising a tubular heater body with an internal
cavity defined by internal walls; wherein the internal walls are provided with a refractory lining.

[0084] The chemical heater comprises a chemical heat source material housed within the
internal cavity of the tubular heater body. Typically the chemical heat source material will be
provided as thermite in powdered, solid block or fragmented solid block (i.e. crumble) form.

[0085] Preferably the tubular body of the heater is formed from steel.

[0086] The refractory lining comprises fibre glass; Kevlar ®; a coating of a ceramic material;
such as zirconium oxide (ZrO,), aluminium oxide and magnesium oxide; and combinations

thereof.

[0087] The refractory lining comprises a material with a similar coefficient of thermal expansion
(CTE) to the material used to form the tubular body of the heater.

[0088] It is envisaged that, in addition to being coated with the refractory lining, the chemical
heater may be provided with one or more of the further features described below with regard
to the other described aspects of the present invention.

[0089] The present invention also provides a eutectic/bismuth based alloy well
plugging/sealing tool that comprises the lined chemical heater of the third aspect of the present
invention.

[0090] Advantageously, both the well plugging/sealing tool of the second aspect of the present
invention and the refractory lined chemical heater of the third aspect of the present invention
described above may further comprise a cartridge according to the first aspect of the present
invention.

[0091] A particular additional advantage is obtained when the cartridge used in the well tool is
provided with the flexible elongate surround. This is because the surround provides additional
protection to the walls of the surround heater body from any heat spikes generated by the
chemical heater source material of the cartridge.
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[0092] A fourth aspect, not covered by the claims provides a variant of the heater cartridge.
The disclosure provides, not covered by the claims, a cartridge for a chemical heater used in
down-hole operations, said cartridge comprises a quantity of a chemical reaction heat source
material at least partially surrounded with a refractory material.

[0093] Preferably the chemical reaction heat source material is provided as one or more
stacked blocks and the refractory material is provided in the form of a ceramic coating (e.g.
zirconium oxide) on the outside of the stack.

[0094] Alternatively, the stacked blocks may be surrounded with fibreglass or Kevlar ®. It is
appreciated that when the refractory lining is provided in the form of fibreglass or

[0095] Kevlar ® the chemical reaction heat source material may be provided in the form of a
powder or a ‘crumble’.

[0096] It is appreciated that surrounding the chemical reaction heat source material with
refractory material provides similar benefits as are achieved by providing a refractory lining on
the inside of a heater body (i.e. preventing 'burn-through’ of the tubular heater body into which
the cartridge is inserted).

[0097] As with the cartridge not covered by the claims, it is envisaged that the cartridge variant
of the four aspect, not covered by the claims, can be used in combination with the both the well
plugging/sealing tool of the second aspect of the present invention and the refractory lined
chemical heater of the third aspect of the present invention.

[0098] In the case of the combined use of the refractory variant of the cartridge with the
refractory lined heater, it will be appreciated that providing two distinct refractory layers will
provide additional protection to the heater body.

[0099] It has been discovered that by protecting the inner walls of the heater body, by
wrapping the chemical heat source and/or lining the inner walls with a refractory material,
makes it possible to reduce the thickness of the heater body wall by about 30% (e.g. by about
6 to 9mm in the case of a heater with a 60mm outer diameter), which again helps to reduce
the overall diameter of the well tool. In the absence of the intermediary role of the flexible
elongate surround and/or the refractory lining any heater body with a reduced thickness would
be vulnerable to melting under the heat generated by the chemical heat source.

Brief Description of the Drawings

[0100] The various aspects of the present invention will now be described with reference to
preferred embodiments shown in the drawings, wherein:
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Figure 1 shows partially exposed view of a cartridge, not covered by the claims;

Figure 2 shows a cross-sectional view of a well plugging/sealing tool according to a second
aspect of the present invention; and

Figure 3 shows a closer view of the well tool shown in Figure 2.

Detailed Description of the Various Aspects of the Present Invention

[0101] Although eutectic/bismuth based alloys are referred to throughout the present
disclosure it is appreciated that 'low melt alloys' or 'low melting point alloys' may also be used
interchangeably with the eutectic/bismuth based alloys used in the tools of the present
invention. The low melting point alloy group is defined as those alloys that have a melting point
of 385 or below.

[0102] The various aspects of the present invention disclosed herein are considered
particularly suitable for use in down-hole operations that take place within gas and oil wells. In
particular the well plug of the present invention is considered particularly suitable for use in
repair operations involving Open Hole Gravel Packs.

[0103] The term 'Open Hole Gravel Pack’ (OHGP) is used throughout to indicate when a
screen is used to hold back proppant / sand in a completion. It will be appreciated that, in
practise, this covers all gravel pack completions including open hole, cased hole and frac
packs.

[0104] Although the sealing and repair of Open Hole Gravel Pack is considered a particular
suitable application of the present invention, it is envisioned that the various aspects of the
present invention can also be employed in other well repair operations as well as in well
abandonment.

[0105] Given the main focus of the present invention, the preferred embodiments will be
described from this point of view. However, it is envisioned that the apparatus and methods
described could be usefully applied in other technical fields, such as those fields where
underground conduits are to be plugged (e.g. water pipes).

[0106] The first aspect of the present invention relates to a chemical heater cartridge 1 that is
considered particularly suitable for use in chemical heaters that are deployed in various down-
hole operations (e.g. forming eutectic/bismuth based alloy plugs).

[0107] An example of a cartridge 1 in accordance with Figure 1. The cartridge 1, which is
preferably tubular in shape to suit the internal cavity of the heating tools in which it can be
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used, is formed from a solid block 2 of a chemical heat source material, such as thermite.

[0108] In use the thermite material, for example, will undergo an extreme chemical reaction
that generates a large amount of heat energy. It is this heat energy which is harnessed by a
heater tool down a well to melt an alloy and form a plug.

[0109] Although only one block of the material is shown in Figure 1 it is anticipated that
multiple blocks of chemical heat source material could be placed together in the cartridge 1. In
particular, it is envisioned that a collection of blocks with different thermite mixtures could be
placed together to create a specific heating pattern. More details on this are provided in WO
2014/096857 A2, which is an earlier disclosure by the inventors.

[0110] As will be appreciated from Figure 1, the block 2 is surrounded by a wrap 3. The wrap
3, which is preferably a shrink wrap of a plastic film material (e.g. PVC), serves to maintain the
shape of the wrapped block 2 and, in the case of multiple blocks, keep the blocks closely
packed together. This is important because it prevents the formation of gaps between the
blocks 2 during transport, which can affect the progression of the cartridge's burn during the
chemical reaction.

[0111] The final outer layer of the cartridge 1 is provided by the tubular surround 4, which is
preferably formed from a material with insulating properties such as fibre glass. In use, when
the cartridge is housed within the cavity of a heater body (not shown), the tubular surround 4
provides an element of protection to the walls of the heater body.

[0112] Protecting the heater walls in this way allows for the option of reducing the thickness of
the heater body without increasing the risk of the heater walls being melted by the heat given
out by the cartridge 1.

[0113] Figure 1 shows an exposed view of the cartridge 1 so that the various layers can be
appreciated. In the complete cartridge the wrap 3 would completely surround the blocks of
chemical heat source material 2 and the surround 4 would form the outer surface of the
cartridge 1.

[0114] Figure 2 shows a well plugging/sealing tool 5 in accordance with a second aspect of the
present invention. Although it is envisaged that the cartridge of the first aspect of the present
invention may be used with the tool 5, this is not essential. The assembly is shown without a
cartridge to avoid overcomplicating the drawing. This is also the case with Figure 3.

[0115] The well plugging/sealing tool 5 is formed from a centrally located heater body 6 made,
for example, from steel, aluminium, stainless steel, carbon fibre, high temperature plastic. The
heater body 6 is provided with a suitable eutectic/bismuth based alloy 7 along majority of its
outside length.

[0116] The heater body 6 is also provided with a cavity 8 that, in use, receives a chemical heat
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source material, which may advantageously, but not essentially, be in the form of the cartridge.

[0117] As noted above, using the cartridge of the present invention within the cavity 8 of the
heater body 6 would allow the thickness of the heater body walls to be reduced without making
the heater body more vulnerable to melting by the heat generated within its cavity.

[0118] However it is envisaged that the internal walls of the heater body 6 might alternatively,
or additionally, be protected by coating the inner walls of the heater body that define the cavity
8 with a lining of refractory material 20 (shown as dashed line for ease of identification).

[0119] Preferably the walls of the cavity are coated with zirconium oxide (ZrO2), otherwise
known as zirconium dioxide or zirconia. However alternatives refractory materials are

envisaged, with suitable alternative including fibre glass, Kevlar ® and other ceramic materials
such as aluminium oxide and magnesium oxide.

[0120] It is also envisaged that the zirconium oxide may also be partially stabilized using
dopants such as yttrium oxide, magnesium oxide, calcium oxide, and cerium (lll) oxide.

[0121] In a preferred embodiment, the zirconium oxide coating is applied to the inner walls of
the heater body 6 using a drip process. The preferred coating process involves dripping a
suitable water-based slurry containing zirconium oxide (an example of which is PyroPaint
63470, available from Aremco, 707-B Executive Boulevard, Valley Cottage, NY 10989) in to a
tubular heater body that is titled at an angle of between 5-30 degrees.

[0122] Before the slurry is applied, the internal cavity of the tubular heater body is first treated
with a phosphoric acid solution and then rinsed with clean water to as to clean the inner walls
of the tubular heater body to ensure the walls are ready to receive the coating. It will be
appreciated that other acids, such as hydrochloric acid, may also be used to treat the tubular
heater body.

[0123] Alternative methods for cleaning the inner walls in preparation for receiving the coating
include: sand blasting, grit blasting, mechanical roughening (e.g. sanding down). The skilled
person will appreciate that further alternative methods might be employed without departing
from the present invention.

[0124] Once clean, the tubular heater body is rotated at a rate of between 20 to 60 revolutions
per minute (RPM) as the slurry is dripped into the cavity of the tubular heater body via the
elevated opening at the end of the tubing. In this way the inner walls of the tubular heater body
are coated with the zirconium oxide slurry.

[0125] Once the coating has been applied, the tubular heater body is placed in an oven and
cured at about 90°C for around 1 to 4 hours. Using this method it has been possible to achieve
a coating thickness of between 0.0508mm and 0.5080mm (0.002 inches and 0.020 inches) on
the inner walls of the heater body.
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[0126] Once the coating is cured, the heater end tubes are capped off with welded and/or
threaded plugs and filled with the thermite chemical heat source.

[0127] Although the drip process is considered preferable due to its economic efficiency, it is
envisaged that the coating may be applied using alternative approaches such as vapour
deposition and spraying (including thermal spraying).

[0128] It is envisaged that the above coating process can be used to apply the refractory lining
to a variety of tubular heater bodies; that is to say heaters with or without the features of the
externally mounted alloy and protective sleeve.

[0129] The heater body 6 and the alloy 7 are mounted to connection means 9 such that the
tool 5 can be attached to a well deployment tool (not shown) for delivery down-hole.

[0130] A sleeve 10 is provided on the outer surface of a majority (preferably about 2/3 of the
total length) of the well plugging/sealing tool 5. The sleeve 10 acts with the heater body 6 to
almost completely envelop the alloy 7 with an annular space between the sleeve and the
heater body 6.

[0131] As detailed above the sleeve 10 serves to protect the alloy 7. In a first instance the
sleeve protects the alloy mechanically as the well plug travels down-hole to the target region.
To achieve this, the sleeve is preferably made using a structurally strong and resilient material,

such as thin steel or Kevlar ® tubing. The mechanical protection is considered particularly
necessary when the well plug assembly is being deployed in highly deviated wells (i.e. wells
with not vertical orientations).

[0132] In a second instance the sleeve protects the alloy by insulating it from the down-hole
environment. To achieve this, the sleeve is preferably made using a material with suitable
insulating properties, such as fibre glass. It is envisaged that while the sleeve does not
necessarily need to provide mechanical protection, particularly in cases where the well path is
more of a vertical nature, the insulating protection provided by the sleeve is considered to be
applicable in most applications of the present disclosure.

[0133] As detailed above, providing an insulating layer outside the alloy serves to not only
retain heat within the well tool 5 for longer - thus achieving more efficient heat generation - but
it also counters the loss of heat that might occur to fluids flowing passed the well tool within the
target region.

[0134] The well plugging/sealing tool 5 shown in Figure 2 is provided with both a mechanically
protective outer sleeve 10 (e.g. thin steel) and an insulating sleeve layer 10a (e.g. fibre glass).
However it is envisaged that a composite material with suitable structural and heat retaining
characteristic might be employed instead of the two layer sleeve arrangement.
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[0135] As can be seen from Figure 2, the sleeve 10 only extends along a portion of the full
length of the well plugging/sealing tool 5. As a result, a portion of the alloy and the heater are
not shielded by the sleeve 10.

[0136] The partial coverage of the alloy by the sleeve causes the covered alloy to become
super-heated within the annular space between the heater and the sleeve because the alloy's
only escape route is located at the point where the sleeve ends. It is envisaged that the
positioning of the sleeve's end point can therefore be used to focus where the molten alloy is
ejected into the surrounding well environment.

[0137] By ejecting super-heated molten alloy in this way, rather than releasing it more slowly
from along the entire length of the well plug, it is possible to get the alloy to travel much further
before it cools and solidifies. This is considered particularly advantageous when forming seals
in sand pack formations (i.e. OHGPs), because the alloy can penetrate much further into the
sand pack before it finally sets - thus forming a better seal.

[0138] The well tool 5 shown in Figure 2 is also provided with wear pads 12 located on spacers
11 that project out radially from the sleeve 10 of the well tool 5. This arrangement serves to
further protect the well tool from damage during its deployment down-hole.

[0139] Although only a pair of wear pads 12 is shown in Figure 2, it will be appreciated that the
pads could be arranged periodically around the entire circumference of the outer surface of the
well tool 5. It is also envisaged that multiple sets of wear pads could advantageously be
positioned along the length of the well plug's outer surface.

[0140] Advantageously the annular space between the heater 6 and the sleeve is not entirely
filed with alloy 7. Instead, and as will be appreciated from Figures 2 and 3, a spacer element
13 is provided in the annular space above the alloy 7.

[0141] The spacer element 13, which is preferably made from a structurally robust material
such as steel, provides the well plug with a structurally reinforced region that can be more
readily used by gripping machines to pick the well plug up during above-ground handling
operations. It is envisaged that without the space element 13, a gripping machine would be
more likely to crush the well plug due to the soft nature of eutectic/bismuth based alloys.

[0142] Finally, the well tool 5 is provided with a skirt 14 on its leading end. The skirt 14, which
is essentially an open ended tube attached to the end of the heater body 6, allows well fluids to
flow in and out of the open end thereby removing heat from the system and allowing the alloy
to cool as it moves away from the heater body 6.

[0143] The above described features of the well plugging/sealing tool 5 will be further
appreciated from Figure 3, which show a more detailed view of the top end of the well plug
together with part of a well deployment tool 15.
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[0144] As can be seen, the well plugging/sealing tool 5 is connected to a well deployment tool
15 via connection means 5. The connection means 5 also serves to hold the heater body 6
and the sleeve 10 together by way of grub screws 16 (sleeve to connection means) and 17
(heater body to connection means).

[0145] Within the cavity 8 of the heater body is provided an ignition device 18, which is in
operable communication with an operator at ground level via a linkage that passed through the
connection means 9 and the well deployment tool 15.

[0146] Also located within the cavity 8 is a spring 19. The spring 19, one end of which urges
against the ignition device 18, is used to urge the blocks of the chemical heat source material
housed in the cavity together so as to illuminate unwanted gaps between the blocks (not
shown). Preferably the spring is provided with a washer (not shown) that increases the surface
area pushing against the blocks.

[0147] The positioning of the spacer element 13 relative to the alloy 7 within the annular space
provide between the heater body 6 and the sleeve 10 will be better appreciated from Figure 3.
In particular it will be noted that the spacer is located in a region that is not aligned with the
heater cavity 8 into which the chemical heat source material is received. The alloy, however, is
aligned with the heater cavity so as to ensure it is adequately heated by the chemical reaction
heat source (e.g. thermite).
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PATENTKRAV

1. Kemisk borehuls-opvarmningsanordning til anvendelse ved brugen af eutek-
tisk/vismuth-legeringer til propper og teetninger, hvilken opvarmningsanordning
omfatter et rerformet varmelegeme (6) med en intern kavitet (8), der er defineret

af interne veegge;

hvorved et kemisk varmekildemateriale (2) rummes i den interne kavitet
(8) i det rarformede varmelegeme (6); og

kendetegnet ved, at de interne veegge er belagt med et ildfast kera-
mikmateriale med en lignende varmeekspansionskoefficient (CTE) som
det materiale, der er anvendt til dannelse af det rerformede legeme (6) i

opvarmningsanordningen.

2. Kemisk opvarmningsanordning ifelge krav 1, hvorved den kemiske varmekil-

de er termit.

3. Kemisk opvarmningsanordning ifalge krav 2, hvorved termitten er tilvejebragt

I pulver-, fast blok- eller fragmenteret fast blokform.

4. Kemisk opvarmningsanordning ifalge krav 1, 2 eller 3, hvorved det rgrforme-

de legeme (8) i opvarmningsanordningen er dannet af stal.

5. Kemisk opvarmningsanordning ifalge krav 1 til 4, hvorved det ildfaste kera-
mikmateriale er udvalgt blandt zirconiumoxid (ZrO2), aluminiumoxid og magne-

siumoxid; og kombinationer deraf.

6. Borehulsprop/teetningsveerktej (5) af eutektisk/vismuth-baseret legering,

hvorved veerktgjet omfatter:

en kemisk opvarmningsanordning nede i borehullet ifalge et af kravene
1til 5; og
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2

en maengde af en eutektisk/vismuth-baseret legering (7), der er tilveje-
bragt i termisk forbindelse med varmelegemet (6) rundt om en yderside

af varmelegemet.

7. Borehulsveerktgj (5) ifalge krav 6, ydermere omfattende forbindelsesmidler til

fastgerelse af veerktgjet til et borehulsindsaetningsveerktej (15).

8. Borehulsveerktgj ifalge et hvilket som helst af kravene 5 eller 6, ydermere
omfattende elastiske forspaendingsmidler (19), der befinder sig inden i kaviteten
(8) 1 det rerformede varmelegeme (6), og som er konfigureret til at udave tryk

pa den kemiske varmekilde (2), der er anbragt inden i kaviteten.
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DRAWINGS

Fig. 1
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Fig. 3
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