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Heater embodiments are presented to aid in the recovery of hydrocarbon from underground deposits. In one embodiment, a
heater is provided to a well that has been drilled through an oll-shale deposit. A fuel and an oxidizer are provided to the heater and
flue gases are recovered. The heater has a counterflow design and provides a nearly uniform temperature along the heater length.
The heater may be designed to operate at different temperatures and depths to pyrolyze or otherwise heat underground
hydrocarbon deposits to form a product that is easily recovered and which is useful without substantial further processing. Various
embodiments of a counterflow heater are described including heaters having, down the heater length, distributed reaction zones,
distributed catalytic oxidation of the fuel, and discrete or continuous heat generation. The heaters may also utilize inert gases from
product recovery or from heater flue gases to control the heater temperature.

‘ l an a d a http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191

e

T N §.
.l.!.\‘\-c.c..--.
. T

3 '_{,-.T'l'.
o~




CA 02741861 2011-04-27

ABSTRACT

Heater embodiments are presented to aid in the recovery of hydrocarbon from underground
deposits. In one embodiment, a heater is provided to a well that has been drilled through an
oll-shale deposit. A fuel and an oxidizer are provided to the heater and flue gases are
recovered. The heater has a counterflow design and provides a nearly uniform temperature
along the heater length. The heater may be designed to operate at different temperatures and
depths to pyrolyze or otherwise heat underground hydrocarbon deposits to form a product
that 1s easily recovered and which 1s useful without substantial further processing. Various
embodiments of a counterflow heater are described including heaters having, down the heater
length, distributed reaction zones, distributed catalytic oxidation of the fuel, and discrete or
continuous heat generation. The heaters may also utilize inert gases from product recovery or

from heater flue gases to control the heater temperature.
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HEATER AND METHOD FOR RECOVERING HYDROCARBONS FROM
UNDERGROUND DEPOSITS

10001)

FIELD OF THE INVENTION

10002)  The present invention generally relates to apparatus and methods for factlitating the
recovery of hydrocarbon products from underground deposits, and more particularly to a method

and system for in situ heating of 0il shale to recover liquid shale oil.
BACKGROUND

[0003]  Large underground oil shale deposits are found both in the US and around the world.
In contrast to petroleum deposits, these oil shale deposits are characterized by their solid state; in
which the organic material is a polymer-likc structure ofien referred to as “kerogen” intimately
mixcd with inorganic mincral components. Heating oil shale deposits to a temperaturc of about
300 C has been shown to result in the pyrolysis of the solid kerogen to form petroleum-hke
“shale oil” and natural-gas likc gaseous products.. The cconomic cxtraction of products derived
from oil shale is hindered, in part, by the difficulty in efficiently heating underground oil shale
deposits.

10004]  Thus there is a need in the art for a method and apparatus that permits the efficient in

situ heating of large volumes of oil-shale deposits.

SUMMARY

[0005] The present application addresses some of the disadvantages of known systems and
techniques by providing an apparatus for the heating of large underground volumes. In one
cmbodiment, a heater is provided that can hcat to a specified temperature along the length of the
heater.

[0006] In general, the heater acceplts fuel and oxidizer and 1s designed to promote exothermic

reaction zones along the length of the heater. In various ecmbodiments, the heatcr includes
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mixing regions for the fuel and oxidizer, and reactions occur within the mixture at the mixing

regions, on catalytic surfaces, or some combination thercof.

[0007] These featurcs together with the various ancillary provisions and featurcs which will
become apparent to those skilled in the art from the following detailed description are attained by

the apparatus and method of the present disclosure, preferred cmbodiments thereof being shown

hercin.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 1s a schematic of-an oil-shale rich site in Colorado’s Green River .Formation;

[0009] FIG. 2 i1s a schematic of some of the elements for heater control that may be

contained within the Heater Control Building;

0010} FIG.31sa schematic illustrating an exemplary embodiment of a hecater in the form of

a Permeable Catalytic Material Heater;

[0011] FIG. 4 1s a schematic 1llustrating another exemplary embodiment of a heater in the

form of a Catalytic Bed Heater;

[0012]  FIG. 5 shows the temperature distribution resulting {from a numerical simulation of

the performance of a Catalytic Bed Heater as shown in FIG. 4; and

[0013]  FIG. 615 a schematic illustrating yct another exemplary embodiment of a heater in the

form of a Catalytic-Wall lcater.

DETAILED DESCRIPTION

(0014]  FIG. | is an elevation view of an oil-shale rich site 100 in Colorado known as the
Green River Formation. FIG. | is an exemplary, non-limiting illustration. Some of the layers
shown 1n the elcvation view include, at increasing depth, a Mahogany Zonc 102, a Nahcolite-rich
O1l Shale Cap Rock Layer 104, and an Illite-rich Oil Shale Zone 106. The distances shown are
approximate and give a rough idea of the geology of the formation. The region above the
Mahogany Zone 102 typically has good water quality. The salinity of the waler increases as the
Nahcolite-rich Oil Shale Cap Rock Layer 104 is approached. The Illitc-rich Oil Shale Zone 106

has a low pcrmeability.
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[0015] One exemplary process to extract kerogen, in situ, includes heating the Illite-rich Oil
Shale Zonc 106 to the pyrolysis temperature. Heat may be provided by a heat source via a heater
well 108. Fluid kerogen may be removed via a production well 110. /n-situ extraction is further
described 1n co-pending United States Patent Application Serial Number 11/655,152, titled /n-
Situ Method and System for Extraction of Oil From Shale, filed January 19, 2007, incorporated
herein by reference as if set out in full. As can be seen, both the heater well 108 and the
production wcell 110 have a section extending in the Ilhte-rich Qil Shale Zone 106, While shown
as a horizontal well scction, the wells may be horizontal, vertical, or any anglc therebetween.
10016] In onc cmbodiment, the heater well 108 may include a counter-flow heat exchanger to
prcheat combustible fluids (explained more fully below), which are then combusted (o generate
hcat in the lllite-rich Oil Shale Zonc 106. [n another embodiment, the heater well 108 may
include a down-hole burner within the Illite-rich Oil Shale Zone 106. The heater wcll 108
provides heat for pyrolyzing the shale such that the kerogen is converted to fluids that can be
extracted through the production well 110. The combustible fluids supplied to the heater well
may in various embodiments, including a mixture rich in oxygen and/or containing carbon
dioxide, be recovered on the surface from the production well 110 or the heater well 108. In this
context, the term fluid is intended to encompass both liquids and gases.

[0017]  The shale volume targeted for heating is referred to as the “retort.” The heater forms
an underground retort in a deposit by transferring heat by conduction and convection of heated
fluids to the retort volume, converting the deposit into recoverable hydrocarbon liquids and
gases. Thus, for example and without limitation, an oil-shale may be pyrolyzed to form synthetic
crude oil, which may then be extracted through another well. In some embodiments, the retort
will extend from 50 ft to 100 ft from the heater, for example.

[0018] The temperature required to facilitate removal of the underground deposits depends
on the chemical nature and/or physical statc of the deposit and the depth. In general, the heaters
discloscd herein can be configured to operate over a range of temperaturcs and at a range of
depths and configurations, to facilitate recmoval of many types of deposits, including but not
limited to, shale, tar sand, and heavy-oil deposits. Examples presented herein are for illustrative
purposes, and arc not meant to be limiting. In one embodiment, the hecater tempcerature 1s greater
than the pyrolysis temperature of the kerogen, and less than the temperature at which the shalc

o1l cokes on the heater surface.
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10019] Bccause oil shale deposits typically contain large amounts of inorganic material
mixed with the kerogen, and these inorganic materials are heated along with the kerogen, the
efficicnt heating of the retort is desirable. One efficient heating method for rccovery of shale o1l
is to drill one or more wells into the shalc deposit, install downhole heaters in one or more wells
for heating the oil shale in siru, and thus pyrolyze the kerogen to liquid and gaseous products
recoverablc through one or more production wells.

(0020]  If the deposit in the region of the retort has uniform physical and chemical properties,
and if the heating is uniform along the heater, then the retort will develop uniformly along the
heater. Thus, for example, a long straight heater producing uniform heating will form a
cylindrical retort. Longitudinal variations in heating may result in non-cylindrical retort shapes.
Such variations in retort shape may result in a system that does not efficiently process all of the
oil shale ncar the retort, and may rcquire the heater to be shut down until uniformity 1s
recstablished. For this reason, it is preferred that the heating be such that the radial extent of the
retort does not vary appreciably along the length of the heater.

[0021] Also shown in FIG. 1 are a Heater Control Building 112 and a Shale Oil Recovery
Building 114. In one embodiment, retort heating is achieved by underground reaction of a fuel
and oxidizer. Alternatively, rctort heating may be supplemented by electrical heating of the
heater. FIG. 2 is a schematic of some of the elements for heater control that may be contained
within the Heater Contro} Building 112. Heater Control Building 112 may include: a controller
200, one or more adjustable valves 202(1)-202(N) connecting a fuel supply 204 and the heatcr
fuel line 206: one or more adjustable valves 203 connecting an oxidizer supply 208 and an
oxidizer line 207; and one or more optional adjustable valves 205 connecting a source of diluent
210 and a diluent supply line 209. Adjustable valves 203 and 205 may be arranged similar to the
manifold associated with adjustable valves 202. Heater Control building 112 may also include
devices or mixing fluids (not shown). For example, some embodiments may provide premixed

fuel, oxidizer, diluent, or mixtures thereof.

10022} In one embodiment, fluids arc controllably provided to differcnt regions of the heater
well 108, as described subsequently. Thus, for example and without limitation, the supplies of
fuel. oxidizer, and/or diluent may be regulated indepcendently and provided by plumbing to
different portions of the heatcr (“Heater Zones”). In yet another embodiment, tempcerature

sensor devices are provided along the length of the Heater. As an example, thermocouples or
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resistance temperature detectors (RTD) are strategically placed along the heater, near or on the
outer surface of the heater. Through judicious adjustment of the fuel supply, the heater may be
operated to obtain temperature uniformity. Alternatively, electrical resistance heaters may be
uscd to provide additional heating to achieve temperature uniformity along the heater.

[0023] In one embodiment, the temperature along the heater varics by no more than 10 C. In
another embodiment, the temperature along the heater varies by no more than 20 C. In yet
another embodiment, the temperature along the heater varies by no more than 10 C over 10
meter lengths of the heater. In another cmbodiment, the temperature along the heater varies by
no more than 20 C over 10 meter Iengths of the heater. In another embodiment, the temperature
along the length of the heater varies by less than 40 C. In yet another embodiment, the
temperature along the heater varies by less than 100 C.

[0024]  In onc embodiment, the heat flux along the heater varics by no more than 10%. In
another embodiment, the heat flux along the heater varies by no more than 20%. In yet another
embodiment, the heat flux along the heater varies by no more than 10% over 10 meter lengths of
the heater. In another embodiment, the heat flux along the heater varies by no more than 20%
over 10 meter lengths of the heater. In yet another embodiment, the retort may not have constant
heat transfcr characteristics. Thus, for exampile, the flow of o1l vapors may increése the heat
transfer over some parts of the heater. Variations in heat transfer may be compensated by
purposely providing variations in heat flux and/or temperature either longitudinally or
circumfercntially.

[0025]  In onc cmbodiment, the heater 1s sized to fit within a perforated well casing within the
retort. The perforated casing provides mechanical protection from spalling rock fragments that
can break loosc from the well wall. Thus, for example, the heater is sized to fit within a well
casing having a circular opcening of from 150 mm to 300 mm in diametcr. In various
embodiments the heater 1s cylindrical and has a diameter of from 150 mm to 300 mm. In various
cmbodiments, the heater has a diameter of approximately 150 mm, of approximately 200 mm, of

approximately 250 mm, or approximately 300 mm.

10026] Studies have shown that the profitability of extraction from oil shale deposits
improves with lateral retort length, i.e., the longer the retort served by one heater well, the lower
the cost due to the substantial cost of the wells. The disclosed heater may heat very long retorts

1o a uniform temperature. In one embodiment, the length of the heater 1s, for example and
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without imitation, greater than 1000 m. In alternative embodiments, the heater has a length
greater than 100 m, greater than 200 m, greater than 300 m, greater than 400 m, greatcr than 500
m, greater than 600 m, greater than 700 m, greater than 800 m, or greater than 900 m. In other
altcrnative embodiments, the heater has a length greater than 1500 m, or greater than 2000 m.
{0027] Conversion of kerogen in the oil shale deposit to liquid and/or gaseous products by
pyrolysis also facilitatcs the separation of the organic components from the inorganic
constituents of the shale that are present in large QUamitics.

[0028] In one embodiment, a heater for underground heating of shale, tar sand, and heavy-oil
deposits is provided. The heater may be installed, for example, 1n a horizontal well. Upon
heating, the deposits form boiling oil that is maintained at a tcmperature that depends on the

- deposit composition and depth. For many underground deposits, temperatures of interest are
from 275 C to 450 C. In one embodiment, the oil botils at about 350 C.

10029]  In another embodiment, a heater may be installed in a horizontal well that traverses a
deposit, such as an oil-shale deposit. In another embodiment, the product contacting the heater
liquefics, as the result of heating and/or pyrolysis, and forms a boiling liquid that contacts a
length of thc heater. In one embodiment, the deposit is heated to a boiling point, which will vary
with the type of deposit and the depth. Thus, for examplc, the heater, once operating, 1s
preferably surrounded by underground boiling product o1l maintained at approximately 350 C.

- 10030} In yét another embodiment, a heater includes a counterflow heat exchanger. A
gaseous or liquid fuel and gaseous oxidizer, which may be diluted, and which may be premixed
or supplied separately, are provided to the heater, The fuel and oxidizer react exothermically and
form “flue gases” which counter flow through the heat exchanger and preheat the incoming
gases. The released heat preheats the incoming fuel and/or oxidizer and/or diluent and an outer
housing of the heater.. The heating may take place over some or all of the len‘gtﬁ of the heater.

In certain other cmbodiments, the fuel and oxidizer react within the heater, in the gas phase or on
a surface promoted by a catalyst. The rcsulting fluc gases flow counter to the incoming {luids,
preheating the fucl and oxidizer as they {low into the burner and also heating an outer pipe of the

heater.
{0031] In one embodiment, the supply and flue gas hines from the ground surfacc to the
heater arc arranged to provide counterflow heat exchange. The flue gas 1s thus cooled to

approximately 25 C, for example, by the time it rcaches the surface, and the fuel and oxidizer are
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preheated up to the maximum flue gas temperature, which may be, for example, approximately
400 C, or approximately 500 C prior to entcring the heater.

[0032] In certain embodiments, the fuel and oxidizer may, in various embodiments, inciude a
stoichiometric proportion or a fuel lean (oxidizer rich) proportions. In some embodiments, the
fucl and oxidizer are premixed, and in other embodiments the fluids are supplied separately and
are mixed at reaction zones along the heater. Alternatively, a diluent may be added to the fuel,
oxidizer, or mixture thereof. The diluent may be, but is not limited to, carbon dioxide recovered
on the surface from the production well.

[0033] In certain other embodiments, specifically where fuel/oxidizer reactions within the
heater are not sufficiently complete for the flue gas to meet emission or scquestration
requircments, a catalytic converter may be provided at the flue gas exits of the heater to
eliminatc residual hydrocarbons and CO at a location where the temperature is high enough to

support the catalytic oxidation.

[0034]  In other embodiments, some of the flue gases may be recycled back into the heater by

mixing them with the fuel, oxygen, or a mixture thereof.

[0035] . The following are illustrative of several heater cmbodiments, which should not be

construcd as hmiting.
PERMEABLE CATALYTIC MATERIAL HEATER

[0036] Onc embodiment of a heater 1s shown in F1G. 3 as a Permeable Catalytic Material
Heater 300. The hcater embodiment of FIG. 3 may include one or more of the clements
described above, as appropriate. The heater of FIG. 3 has an open end 302 that has a Gas
Inlet/Qutlet portion 306 that provides both gas inflow and outflow, and a Closed Heater I:nd 304.
The heater 300 includcs an elongated Burner Housing 308 suitable for placing in a well. Interior
to the Burner Housing 308 is a Flow Restriction Medium 310 that extends to the Closed Heater
End 304. In this exemplary embodiment, the Flow Restriction Medium 310 divides the interior
volume of the Burncr Housing 308 into an Inner Flow Passageway 303 and an QOutcer Flow
Passageway 305, sometimes referred to as a first housing region and a sccond housing region, -
At lcast a portion ot the Flow Restriction Medium 310 ts formed from a permcable catalytic
material that uses a sclected permeability to provide a controlled transverse flow from the Inner
to the Outer Flow Passageways. Although the embodiment of FIG. 3 shows a cylindrical Burner

Housing and a cylindrical Flow Restriction Medium, this configuration is for illustrative
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purposes, and is not limited to this geometry. In one alternative embodiment, the Quter Flow
Passageway extends along the Heater, but does not include the Closed Heater End. In another

altcrnative embodiment, the flow travels from the Outer Flow Passageway to the Inncr Flow
Passageway.

[0037] Premixed fluids, which.include a fuel and an oxidizer, are provided through the well
from the surface into the Gas Inlet/Outlet Portion 306 and flow through the Inner Flow
Passageway 303 towards the Closed Heater End 304, as indicated by axial arrows 320. The
Premixed Gases may be a stoichiometric or fuel lean mixture, and may include diluent to lower
the reaction temperature. The diluent may be recovercd Flue Gases, inert gases recovered from
the production well, or other non-reactive gases, such as nitrogen contained in air.

[0038] The premixed fluids also flow through the permeable catalytic material 310, as
indicated by the radial arrows 330, where they rcact to form Flue Gases that flow away from the
Closed Heater End 304, as indicated by axial arrows 340. The distribution of flow through the
permeable catalytic material 310 1s affected by fluid properties and pressures and the porosity,
thickness, and area of the permeable catalytic material. The heat of rcaction of the premixed
fluids hcats the IFlow Restriction Medium 310, the premixed fluids, Flue Gases, and the Housing
308. Completc. reaction of the premixed, fluids in the catalytic material 1s desirable to achieve the
maximum temperature rise across the catalytic material. A large pressure drop through the
catalytic matenal facilitates the axial distribution of premixed fluids, which should be uniform
for unitorm heating of the Heater 300.

0039] The Fluc Gases flow from the Flow Restriction Medium 310 through the Outer Flow
Passageway 305 towards the Gas Inict/Outlet Portion 306, and eventually through the well and to
the surfacc.

{0040] In one embodiment, the flow of {uel and oxidizer through the Flow Restriction
Medium 310 1s approximately constant along the burner length. Thus, for example and without
Limitation, the flow rate varies by lcss than 5% along the burner length, except near the ends of
the burncr. In another embodiment, the flow rate varies by less than 2%.

[0041] The Flow Restriction Medium 310 provides a means to achieve a desired, controlled,
transverse flow profile along the length of the heater between the Inner and Outer flow
Passageways. The Ilow Restniction Mcedium 310 can be continuous or non-contiguous,

comprised of porous and non-porous segments, comprised of porous panels in an otherwise solid
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pipe wall, or any combination of the preceding. In other embodiments, the porous panels may be
made of sintered metal {rit, ceramic frit, or small holes in the wall separating the Inner and Outer
IFlow Passageways.

[0042] In one embodiment, a small flow rate variation through the Flow Restriction Medium
310 and along the Burner 300 is provided by a Flow Restriction Medium with an approximately
constant permeability with a pressure drop through the Flow Restriction Medium that is greater
than the pressure drop along Outer Flow Passageway 305. Alternatively, a small flow rate
variation through the Flow Restriction Medium 310 and along the Burner 300 is provided by a
Flow Restriction Medium 310 having a permeability that increases with distance along the '
burner, matching the pressure drop through the Flow Restriction Medium to the pressure as it
vanes along the Outer Flow Passageway 305, In yet another embodiment, a small flow rate is
provided by having differcnt areas of a uniformly permeable material along the length of the
Flow Restriction Medium to match the pressure drop between the Inner and Outer Flow
Passageways.

(0043]  In one embodiment, the permeable catalytic material portion of the Flow Restriction
Mecdium 310 has a diameter of 200 mm and a wall thickness of a few mm (for example, 10 mm).
The Housing 308, in one embodiment, is a stainless steel tube having a diameter of
approximalely 300 mm. The permeable catalytic material may be, for examplc and without
limitation, a sintered stainless steel or specially alloyed stecl. Alternatively, the catalytic
material includes a noble metal, such as palladium or platinum, on sintered alumina. The
permeability constant of the permcable catalytic matcrial may be, for example and without
limttation, from 0.1 to 1.0 mDarcy. These values are merely illustrative, with the actual values
chosen to distnbute reactions of the Premixed Gases such that the Housing maintains an
approximately constant temperature.

[0044]  In onc embodiment, the premixed fluids include a gaseous stoichiometric

fuel/oxidizer mixture with 2 wt% CHy and 8 wi% O, with an adiabatic temperature rise of about

900 C.
[0045] [n another embodiment, the premixed fluids are fuel lean, with a CH,4 flow rate of

0.02 kg/s and an O, flow rate of 0.08 kg/s. This mixture is further diluted with the addition of
1.0 kg/s of an 1inert gas which may be, for example and without limitation, CO;, H,0, or N,. The

premixecd gases are provided at low tempcrature (near room température) and high pressure
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(approximately 30 atm). The flue gas outlet pressure 1s from 15-20 atm, and the casing 1s

maintained at about 410 C to maintain a boiling oil pool external to the pipe at approximately

400 C.

[0046]  The counterflow arrangement of premixed fluids and Flue Gases heats the premixed
fluids as they flow through the Inncr Flow Passageway 303 by the returning hot Flue Gases in
the Quter Flow Passageway 305, and reach a temperature that does not vary down significantly
down the length of the bumer. In one embodiment, the premi.xed fluids are heated 10 a
temperaturc of approximately 400 C a short distance into the Heater.

{0047] As the premixed fluids flow down the heater, the fluid permeates through the catalytic
material and undergoes catalytically activated exothermic reaction of the fuel and oxidizer. The
heat released in reaction increases the catalytic material 1o a tempcrature that 1s approximatcly
constant along the length of the burner. In one embodiment, the catalytic matcrial reaches a
temperature to about 450 C.

[0048] Another embodiment involves recycling a portion of the exiting flue gas to the inlet
or feed side. In this embodiment 1.0 kg/s of flue gas is recycled through a recycle ejector-type
compressor. ‘The motive gas for the ejector may be the oxidizer or tuel supply, such as the
oxygen fced or the CHy feed. In the gas-recycle cmbodiment, the permeability of the catalytic
material should be higher to reduce the overall pressure drop. Thus, for example and without
limitation, the permcability may vary from 1.0 mDarcy at the inlet to 100 mDarcy toward the
closcd end of the burner.

[0049] In one embodiment, the inner tube is electrically conductive and may be clectrically

heated along the length to provide an external heat sourc¢ for initially raising the heater

temperature high cnough for the catalytic surfaces to become active.
[0050] In one embodiment, a pilot burner near the entrance of the inner tubc provides a heat

source for initially raising the heater temperature high cnough for the catalytic surfaces to

become active.
BURNER OR CATAILYTIC BED HEATER

[0051] Another embodiment of a heater is shown in FIG. 4 as a Catalytic Bed Heater 400.
The heater embodiment of FIG. 4 may include one or more of the elements described above, as
appropriate. Thc Heater 400 of FIG. 4 provides a number of discrcte reaction zones 450. As

described below, the Heater 400 of FIG. 4 is provided with a near stoichiometric fuel and

10
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oxidizer mixture. The oxidizer may be pure oxidizer, such as pure oxygen, or may include a
non-reactive diluent. At each reaction zone, a portion of the fuel is mixed and reacted with the
oxidizer, producing a more dilutc oxidizer mixture. At the last reaction zone, the last of the fuel
1s reacted with the last of the oxidizer, resulting in a flue gas.

0052} In one embodiment, a number of rcaction zones are cach supported by a catalytic bed
455, indicated without limitation as a “Honcycomb Catalyst.” A honeycomb catalyst is a
structurc having many parallel flow channels aligned to permit gases to flow through the
structurc. The flow channels may be hexagonal or have somc other cross-sectional area that
permits regular packing of the structure. The honeycomb is formed from or is coated with a
catalytic material. Such catalysts are used as automotive catalytic converters, for cxample.
Alternatively, the catalytic bed 455 could be comprised of catalytic pellets, spheres, or
cxtrudates.

0053 The reaction zones 450 arc within the region in which the oxidizer flows. Fuel is
provided to cach reaction zone by a separate fuel line 452 terminating in a nozzle or injector 454
that promotes mixing of fuel and oxidizer before entry to the associated catalyst bed 455. The
fuel reacts with the oxygen within the catalyst, forming a mixture of flue gases and residual
oxygen. Additional fuel is provided before the next honeycomb catalyst and the process
proceeds until the last honeycomb catalyst where the last of the fuel and oxidizer arc reacted.
[0054] As shown in Fl1G. 4, the Inncr Flow Passageway 403 provides for the [low of an
oxidizer, as shown by axial arrows 420. One or morc Fuel Lines 452 extend down the Burner
400, either within the Outer Flow Passageway 405 or within the Inner Flow Passageway 403.
The Fuel Lines 452 provide fuel to the Heater, and terminatcs in one or more Fuel Injectors 454,
which inject fuel into the oxidizer of the Inner IFlow Passageway 403. In one embodiment, there
1s one Fuel Linc having a number of Fuel Injectors and in another embodiment there is a bundle
of Fuel Lines, each terminating with a Fuel Injector. Multiple fuel lines 452 may be placed

symmetrically or asymmetrically around the Inner Flow Passageway 403.

[0055] The Flow Barrier 410 of the embodiment of FIG. 4 is not permeable¢, as in FIG. 3 and
docs not extend all of the way 1o the Closed Heater End 404. In addition, a number of
Honeycomb Catalysts 455 allow the fucl and oxidizer to flow towards the Closed Heater End
404. Mixing of fuel an oxidizer occurs just before cach Honeycomb Catalyst, and reactions

between the fuel and oxidizer take place within cach Honcycomb Catalyst. The Fluc Gases flow

1l
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from the Closed Heater End 404 through the Outer Flow Passageway 405, to the Gas Inlet/Outlet
Portion 406.

[0056] [n one embodiment, refractory maltenals are used near the point of fuel injection to
protect the Heater from excess heat and corrosion. Thus in one embodiment, the Fuel Injcctors
are ccramic. In another embodiment, ceramic lincrs are provided to metal surfaces where fuel
and oxidizer react or may react, such as near each Fuel Injector.

[0057]  In vanous embodiments, air, O;-enriched air, or purc O, is provided through the Inner
Ilow Passageway 403. Natural gas or other fuel! is provided through a plurality of Fuel injectors
454 (one per Honeycomb Catalyst), where the fuel i1s metered, injected, and mixed with the gas
in the Inner Flow Passageway 403. Thus, for example and without limitation, each fuel injection
nozzle 454 1s followed, downstream, by a oxidation catalyst bed 455 where the injected fuel gas
ts completely oxidized by the O, that is present in the oxidizer line. The oxidizer concentration
decreases as the oxidizer flows through the heater. In one embodiment, sufficient oxidizer is
provided to consumc all of the fuel at the last honeycorﬁb catalyst.

[0058]  The catalytic bed of this embodiment can be of standard “honcycomb’ design such as
those used 1n automobilc applications. Such honeycomb catalysts op¢rate with a gas velocity of
about 1-2 m/s (1n order to make mass-transfer {rom the bulk gas to the Flow Barrier 410 possible
1n a rcasonable channel length). The use of pure O, is thercfore favorable for minimizing heater
dimensions. To facilitate mixing, the fuel injection nozzles 454 are preferably placed closcly
after each catalyst bed 455 so that the following pipe sections provide both heat transfer and the
mixing of fuel into the bulk gas. Efficient mixing is desirable because low gas velocity may
cause mixing efficiency issues, potentially léading to so-called hotspots in the catalyst.

[0059] In onc embodiment the catalytic bed includes an active metal supported by a porous
ceramic catalytic material. In another cmbodiment, the catalytic bed 455 is the interior surface
of a porous metal frit. In yet anothcr embodiment, the catalytic bed 455 is an active metal
supported by a porous metal frit or screen. In another embodiment, the catalytic bed 455 is

compnscd of porous beads, pellets, or extrudites supporting an active metal.

[0060] FIG. 5 shows the temperature distribution resulting from a numerical simulation of
the performance of a specific embodiment of the heater embodiment of FIG. 4. The results of
FIG. 5 show the first 10 of 20 reaction zones, at which the tempcrature prolfiles repeat almost

identically at each zone. In this embodiment, 0.8 kg/s of pure O, is provided to the Inner Flow

12
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Passageway 403, and twenty FFuel Injectors for CHs are distributed 30 m apart over the length of
the Heater. Each Fuel Injector 454 1s fed with 0.01 kg/s CH4. The overall Heater is thus rated at
10 MW and has a length of 600 m, an Inner Flow Passageway 403 diameter of 300 mm, and a
Housing diameter of 350 mm.

[0061] The inner tube temperature profile 1s charactcrized by peaks after each honcycomb
catalyst bed 455 of about 800 C, followed by a decrease in temperature due to heat transfer to a

temperature of about 530 C before the next honeycomb catalyst bed 455 is rcached. This
simulation includes convective heat transfer only and neglccts radiative heat transfer, and thus s
expccted to over predict the actual heater temperatures. The flue-gas temperature 1s a nearly
constant tecmperature of 470 C.

|0062]  Asone cxamplé of a system to control heater temperatures, FIG. 4 1llustrates an
cmbodiment having optional temperature sensors (TS) 460 to measure the casing temperature
along the Heater. As shown, each catalyst bed 455 has an associated temperature sensor 400.
The control system shown schematically in FIG. 2 may be included 1n this or other |
embodiments, as appropriatc. Each sensor has communications means, such as an electrical or
fiber optic communication channel, to a controller 200, as shown for example in FIG. 2. The
temperature uniformity along the Heater 400 may be controlled by changing individual fuel flow

rates to incrcase or decreasc the measured temperatures.

10063} In alternative embodiments, a high-temperature burner replaces one or more of the
Honcycomb Catalyst beds 455 of FIG. 4, forming a combined Catalyst Bed/Burner-Based
Heater, or in the extreme, a fully Bumer-Bascd Heater. Each burner fires axially into the Inner
Flow Passageway 403 without flame impingement on the surrounding steel wall. In one

embodiment, a ceramic liner is provided inside the Inner Ilow Passageway 403 to protect that

surface.

[0064] In another alternative embodiment, a low-BTU fuel gas (which contains 1nert
components) is used as a fucl. For such a fuel, it may be advantageous to reversc the operation
of the heater embodiment of FIG. 4 by having thc fuel directed down the center and the oxidizer

{eed separately by individual pipes feeding the reaction zones. This configuration may have the

benefit of controlling the amount of heat generation more precisely in cach section.

13
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CATALYTIC-WALL HEATER

10065} Another embodiment of a heater is shown in FIG. 6 as a Catalytic-Wall Heater 600.
The heater embodiment of FIG. 6 may includc one or more of the elements described above, as
appropriate. As 1n the embodiment of FIG. 4, the Flow Barrier 610 does not extend to the
Closed Heater End 604. Oxidizer is provided through the Inner Flow Passageway 603, where 1t
flows to the Closed Hceater Lind 604, and then flows through the Outer Flow Passageway 605 to
the Gas Inlet/Outlet Portion 606. One or more Fuel Lines 652 include a plurality of Fuel
~Injectors 654 that direct fuel into the Outer Flow Passageway 605. The inner surface of the
Burner Housing or casing 608 includes a Catalyst 615. The fuel and oxidizer thus mix along the
length of the Heater 600 and react on the Burncr Housing Surface. As shown in the figure
multiplc injection points 654 may be positioned about the circumference of inner tube 610.
(0066] In alternative embodiments, air or oxygen-spiked recycled flue gas 1s provided
through the Inner Flow Passageway 603, which serves as an air delivery tube to the Closed
Heater End_ 604. The oxidizer then flows back, counter to the inflow, in the Outer IFlow
Passageway 605. The Heater Housing 608 includes a catalyst covering the inner surface of the
Heater Housing 608, forming a catalytic wall 615. FFuel Injectors 654 are part of a manifold of
the Fucl Lines 652, and deliver fuel to the oxidizer along the length of the heater. The Fuel
Injectors 654 are sized and spaced such that all the injected fuel is transferred by diffusion and
turbulent mixing to the catalytic wall 615 in the downstream pipe section before the next fuel
nozzle. Catalytic-enhanced exothermic reactions occur at the catalyst, where the mixturc 1s
oxygen-rich near the closed end of the heater and near stoichiometric at the other end. The wall
is thus maintained at a temperature around 500 C along the fength of the heater.

{0067} In alternative embodiments, the catalytic wall 615 1s moved from the outside tube 1o
the inside tube to enable heat transfer at a lower temperature through the outside wall. In one
altcrnative embodiment, the catalytic wall is on the outside of the inner tube 610. In a second
alternative embodiment, the flows are revcrsed and the catalytic wall 615 is on the inside of the

inner tube 610. In this embodiment, the fucl injectors 654 may be located within the inner tubc.

[0068] In one embodiment, the catalytic wall 615 is a serics of ceramic tubcs, which may be
for example and without limitation, activated alumina or alumina coated with an active metal.

The small gap between the alumina tubes and the stecl pipe can be made gas-tight by a

14
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compressed and flexible mat installed in the gap at suitable locations. An alternative design of

the wall catalyst is a metallic “mat-type” catalytic material that can be directly attached to the

stecl surface.

|[0069])  This hcater embodiment lends itself to recycling of fluc gas within the heater: the low
pressure drop 1n both the inner feed tube and the outer annulus makes a standard cjector possible
at the outlel of the flue-gas side so that a fraction of the flue gas is sucked into the feed to the
inner tube. The motive gas for this ejector 1s the high-pressure O, feed from the surface facility.

This embodiment has the advantage of providing a smaller flue gas volume consisting of only

COz and Hzo.

10070]  This heater embodiment also makes use of additional countercurrent heat exchange
between the hotter flue-gas side and the incoming air (or Oz-spiked recycle gas). The heater can

also be designed so that the incoming gas flow goes down the outside annulus and the exiting

flue gas goes down the inside annulus.

[0071] As another example of a system to contro! heater temperatures, FIG. 6 illustrates an
embodiment having temperature sensors (TS) 660 to measure the casing temperaturc along the
Heater. Temperature sensors 660 and the control system shown schematically in FIG. 2 may be
included in this or other embodiments, as appropriate. Each sensor has communications means,
such as an electrical or fiber optic communication channel, to a controller 200, as shown for

example in FIG. 2. The tcmperature uniformity along the Heater 600 may be controlied by

changing individual fuel flow rates to increase or decreasc the measured temperatures.

[0072]  Reference throughout this specification 10 “one ecmbodiment,” *an embodiment,” or
“certain embodiment” means that a particular feature, structure or characteristic described in
conncction with the embodiment 1s included in at least one embodiment. Thus, appearances of
the phrases “1n one embodiment,” “in an embodiment,” or “in certain embodiments” in various
places throughout this specification are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures or characteristics may be combined 1n any

suitable manner, as would be apparent to onc of ordinary skill in the art {from this disclosure, in

one or more cmbodiments.
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[0073] Accordingly, the technology of the present application has been described with some
degrece of particularity directed to the exemplary embodiments. It should be appreciated, though,
that the technology of the present application is defined by the {ollowing claims construed 1n
light of the prior art so that modifications or changes may bc made to the exémplary

cmbodiments without departing from the inventive concepts contained herein.
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WHAT IS CLAIMED I8S:

3.

A heater operable on a fuel supply and an oxidizer supply, said heater comprising:
an elongated housing having a closed end and including:

a first housing region adapted to accept fluids from the fuel supply and the

oxidizer supply; and

a second housing region providing an outflow path for tflue gases created by

reaction of the fuel and the oxidizer; and

an elongate flow restriction medium including a catalytic material, interposed

between said first and second housing regions;

wherein fluids accepted from the fuel supply and the oxidizer supply tlow into said
first housing region, permeate said flow restriction medium along its

length, and react exothermically with said catalytic material; and

wherein said flow restriction medium is in the form of a tube positioned
concentrically within said housing and extending to the closed end, so as to

create a pressure drop across the flow restriction medium between the first

and second housing regions.
The heater of Claim 1, wherein said housing has a tubular configuration.

The heater of Claim 1, wherein said flow restriction medium has an interior

defining said first housing region.

4,

The heater of Claim 1, wherein said flow restriction medium has an interior

defining said second housing region.

.

The heater of Claim 1, wherein said fluids flow transversely in a controlled and

uniform manner through said flow restriction medium.

0.

The heater of Claim 1, wherein the heater is immersible in an oil pool, and wherein

the flow rates of supplied fuel and oxidizer are such that the exothermic reaction is

16
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sufficient to heat the inner surface to maintain the oil pool to a temperature between 275 C

and 450 C.

7. The heater of Claim 6, wherein the exothermic reaction is sufficient to heat the

inner surface to maintain the oil pool to a temperature of approximately 350 C.

8. The heater of Claim 6, wherein the housing temperature varies by less than 10 C

over 10m of heater length.

9. The heater of Claim 6, wherein the housing temperature varies by less than 20 C

over 10m of heater length.

10.  The heater of Claim 6, wherein the housing temperature varies by less than 40 C

over the length of the heater.

11.  The heater of Claim 6, wherein the housing temperature varies by less than 100 C

over the length of the heater.

12. A heater operable from a fuel supply and an oxidizer supply, said heater

comprising:
an elongated housing having a closed end and including:

a first housing region extending along a length of said housing and adapted

to accept fluid from one of the fuel supply and the oxidizer supply;

and

a second housing region providing an outtlow path for tlue gases created by

reaction of the fuel and the oxidizer;

a flow barrier disposed between said first and second housing regions such that the
first housing region and the second housing region are in fluid

communication at the closed end; and

a plurality of catalyst beds disposed along a length of said first housing region,

each said catalyst bed having a corresponding reaction zone; and

17
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at least one conduit for accepting fluid from the other one of the fuel supply and

the oxidizer supply and feeding it to each of said reaction zones;

wherein fluids accepted from the fuel supply and the oxidizer supply mix and react

exothermically in each said reaction zone.

13.  The heater of Claim 12, wherein said housing has a tubular configuration and said

flow barrier is in the form of a tube positioned concentrically within said housing.

14.  The heater of Claim 13, wherein said tlow barrier has an interior defining said first

housing region.

15.  The heater of Claim 13, wherein said flow barrier has an interior defining said

second housing region.

16. The heater of Claim 12, wherein the heater is immersible in an oil pool, and
wherein the flow rates of supplied fuel and oxidizer are such that the exothermic reaction

is sufficient to heat the inner surface to maintain the oil pool to a temperature ot between

275 C and 450 C.

17. The heater of Claim 16, wherein the exothermic reaction 1s sufficient to heat the

inner surface to maintain the oil pool to a temperature of approximately 350 C.

18.  The heater of Claim 16, wherein the housing temperature varies by less than 10 C

over 10m of heater length.

19.  The heater of Claim 12, wherein each said catalytic bed comprises honeycomb

material.

20.  The heater of Claim 12, wherein each said catalytic bed comprises an active metal

supported by a porous metal frit.

21.  The heater of Claim 12, wherein each said catalytic bed comprises an active metal

supported by a porous ceramic catalytic material.

22. The heater of Claim 21, wherein said catalytic material is in a form selected from the

group consisting of pellets, spheres, and extrudates.
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23, The heater of Claim 12, wherein each said reaction zone has an associated

injection nozzle connected to the said at least one conduit.

24.  The heater of Claim 23, wherein one or more of each injection nozzle includes a

burner nozzle to promote the mixing and reaction of accepted tluids.

25.  The heater of Claim 23, wherein each said injection nozzle has a nozzle size
selected to compensate for the pressure drop along the length of said first heater region in

order to provide an equal flow rate to each said reaction zone.

26.  The heater of Claim 23, wherein the flow through said at least one conduit 1s

controlled at the surface to enable active control of the injection flow rates of the injection

nozzles.

27.  The heater of Claim 23, wherein at least some of the flue gases are recycled trom

the second housing region to the first housing region.

28.  The heater of Claim 27, wherein the flue gases are recycled through an ejector type

recycle compressor.

29. A method of providing heat for pyrolyzing a hydrocarbon formation, the method

comprising:

inserting an elongate housing into the hydrocarbon formation; injecting an oxidizer

and a fuel into said housing;

flowing at least one of said oxidizer and said fuel through a flow restriction

medium including a catalytic material;
reacting said fuel and said oxidizer exothermically with said catalytic material; and

controlling the injection of oxidizer and fuel to maintain an oil pool surrounding

said housing at a temperature between 275 C and 450 C.

30.  The method according to Claim 29 including flowing said oxidizer and said fuel

through said flow restriction medium.

19
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31.  The method according to Claim 29 including evacuating flue gases created by

reacting said fuel and said oxidizer from said housing.

32.  The method according to Claim 31 including heating at least one of said oxidizer

and said fuel with said flue gases.

33.  The method according to Claim 29 including flowing one of said oxidizer and said

fuel through a plurality of catalyst beds.

34.  The method according to Claim 33 including injecting the other of said oxidizer

and said fuel proximate each said catalyst bed.

35.  The heater of Claim 1, wherein the fluids in the first housing region flow towards
the closed end, and wherein the flue gases in the second housing region flow away from

the closed end.

36.  The heater of Claim 1, wherein the flue gases are recycled through an ejector type

recycle compressor.

37.  The heater of Claim 1, wherein a permeability of the catalytic material increases

with distance along the heater.

WSLegal\01252110019818483693 v
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