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METHOD OF DIRECT STEAM GENERATION
USING AN OXYFUEL COMBUSTOR

Technical Field

The following invention relates to methods and systems for generating steam directly as
products of combustion of oxygen with a hydrogen containing fuel. More particularly, this
invention relates to methods of direct steam generation and utilization which generate both steam
and carbon dioxide as products of combustion of a hydrogen and carbon containing fuel with
oxygen and methods and systems for utilizationof the resulting steam and carbon dioxide mixture

in processes such as hydrocarbon recovery.

Background Art

Steam has many uses. For instance, steam is used in food processing, industrial processing,
refining processes and chemical processes. Furthermore, steam can be utilized for power
generation. Steam is also used to enhance oil and other hydrocarbon recovery. For instance,steam
is used for recovery of heavy oils that have become somewhat entrapped within other soils or other
constituents in geological formations and to cause the heavy oils and/or bitumen or other
hydrocarbons to be more readily extracted and handled.

Depending on the use to which the steam is to be put, varying degrees of steam purity are
required. Furthermore, some processes may have a high tolerance of some types of impuritiesand
a low tolerance for other types of impurities. For instance, any non-condensable gases within a
steam working fluid can cause a condenser of a power plant to work improperly unless a condenser
is properly configured to remove such non-condensable gases (i.e. carbon dioxide or air). In food
processing, contaminates which might be harmful to the consumer of the food are to be avoided if
the steam comes into direct contact with the food. While non-condensable gases (unless in high
amounts) are generally not a problem with food processing uses for steam.

In the prior art, the most typical way to generate steam is to utilize a boiler. Most boilers are
indirect in that they combust a fuel and heat walls of a heat exchanger with the hot products of
combustion. Water flows on the other side of the heat exchanger wall (typically within pipes) with
the water in the pipes boiling into steam as the water passes through the boiler. The wateris thus
indirectly heating into steam. When all of the waterhas been boiled into steam, and no additional
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heat has been added, the steam is considered to be “saturated.” If the waterhas not been entirely
boiled, but has some condensate water still therein, the steam is considered to be “wet.” If more
heat has been added past the boiling point for all of the water, and all of the steam has been elevated
in temperatureabove the boiling point for waterat the given pressure, the steam is considered to be
“super heated.” Depending on the temperature of steam required, and whether or not it is
importantthat the steam be completely gaseous or benefits from being wet,the boiler is configured
to raise the steam to the desired temperature and state. The steam can then be beneficially utilized.

More recently, a form of direct steam generation has been developed that is referred to as
oxyfuel combustion. With oxyfuel combustion, a fuel containing hydrogen and/or carbon is
combusted with oxygen (either pure oxygen or an oxidizer containing a greater proportion of
oxygen than is present in air, i.e. about twenty percent). The hydrogen in the fuel reacts with the
oxygen to directly form water. The temperatureof such reactionsis such that typicallythe wateris
formed in a gaseous state as super heated steam. Most typically with oxyfuel combustion, water
(or some other diluent) is also added into a combustion chamber thereof to cool down the high
temperature steam produced by combustion of the fuel with the oxygen. This additional water is
directly heated into steam and is mixed with the steam generated by combustion of the fuel with the
oxygen.

When the fuel also contains carbon, this carbon combines with the oxygen to also form carbon
dioxide withinthe combustion chamber. Once the steam and carbon dioxide generated within the
oxyfuel combustion gas generator are mixed withdiluent cooling water,the stream exitingthe gas
generator is typically largely steam, with the carbon dioxide being a minority component. The
degree of cooling required, the diluent flow rate, and the type of fuel influence these relative
percentages of steam and carbon dioxide in the mixture exiting the gas generator.

Examples of such oxyfuel combustors and oxyfuel combustion systems are described in U.S.
Patent Nos. 5,680,764, 5,709,077 and 6,206,684, incorporated herein by reference in their entirety.

Steam and carbon dioxide can be relatively easily separated from each other, such as by
providinga condenser cooling the mixture to the point where the water condenses into a liquid and
the carbon dioxide remains a gas for effective separation of the carbon dioxide from the water.
Also, many processes utilizingsteam are tolerantto some amount of carbon dioxide along with the
steam. Thus, direct steam generation through use of an oxyfuel combustion gas generator can be
utilizedfor a varietyof the processes which require steam. This inventionis directed to variations
on oxyfuel combustion gas generators and associated systems for effective utilization of direct
steam generation oxyfuel combustion gas generators for the generation of steam for various uses in
which steam is to be utilized.
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Disclosure of Invention

The basic concept of this inventionis to use a high pressure oxyfuel combustor (i.e. a “gas
generator’”) operating at near stoichiometricconditions with waterinjectionfor direct generation of
a high temperature,steam rich steam/CO2 gas mixture. This concept provides an efficient, very
compact means of producing such a fluid without the need for a conventionaltype boiler. The
resulting steam/CO2 mixture stream may be used for many different applicationsincluding power
generation in a direct, indirect (using a heat recovery steam generator (HRSG)), simple or
combined power cycles; chemical refining; industrial and food processing; and recovery of fossil
fuels using the steam fraction, CO2 fraction or the combined gas stream, such as in enhanced oil
recovery (EOR) operations, enhanced natural gas recovery (EGR), enhanced coal bed methane
(ECBM) recovery, steam assisted gravitydrain (SAGD) hydrocarbon (typically heavy oils and/or
bitumen recovery) or other such operations.

The fuel feed may vary widely in both chemical makeup and physical form but is preferably
composed primarily of the elements hydrogen and carbon and may contain oxygen without a
detrimental effect. Fuels that contain substantial amounts of elements that can form acidic oxides
(e.g. nitrogen, sulfur and phosphorous), elements that form ash (aluminum, silicon, calcium,
magnesium, iron, etc.), or heavy metals adversely affect the quality of the steam rich gas. Such
fuels can, however, be used if the resulting contaminants of the steam/CO2 stream are not
detrimental to the downstream application or if post combustion cleanup processes are
implemented.

The oxygen supply to the oxyfuel combustor is normally derived from air from which the

“nitrogen is largely separated by any of several well known processes (e.g. cryogenic distillation,

pressure (or vacuum)swing adsorption or membranes). The purity of oxygen supply is generally
dictated by the tolerance for nitrogen and argon in the steam/CO2 product stream. Typically,the
oxygen purity will be greater than 90% O2 by volume.

The water injected into the oxyfuel combustor is preferably near boiler feedwater quality when
the downstream steam/CO2 product must be very low in solids content and/or a recycle condensate

provides the major portion of the water supply. This case is most prevalent in applications

. involving direct drive power generation and chemical, refining, industrial or food processing

applications. In other processes, such as in hydrocarbon recovery, the water quality does not
significantly affect the process, so that water quality need only be sufficient to avoid hampering
operation of the gas generator (e.g. plugging of water inlets, scaling, corrosion, etc.).

In some cases, the steam in the steam/CO2 mixture may be partially consumed by the
downstream process. This results in decreased production of recyclable condensate and excess
water and may even require a continuous supply of makeup water. Similarly, the CO2 may be

partially consumed by the downstream process and result in a decrease in the amount of CO2
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leavingthe system. The exiting CO2 stream may be recoveredand conditioned to make it suitable
for commercial sale, enhanced possible fuel recovery (i.e. EOR, ECBM, etc.), or for sequestration,
such as by storage in a saline aquifer or other subterranean geological storage location. If
significant amounts of contaminants (elements other than carbon, hydrogen and oxygen) enter in
any of the feed streams, the steam/CO2 mixture from the combustor may require cleanup prior to
downstream use or the recycle water and/or the CO2 may require cleanup.

A second embodiment of the conceptinvolvesthe use of brackish and/or oily wateralong with
fuel and oxygen supplies as described previously. One of the preferred uses of the second concept
is for the steam assisted gravity drain (SAGD) method of recoveringbitumen or heavy oils. The
brackish and/or oily watermay come from any source but often results from the separation of the
water fraction of the oil/bitumen obtained from the SAGD operation and upgrading of that wateras
deemed most appropriate (e.g. lime softening).

If the resulting saturated steam/COz2 stream requires superheat, this can be accomplished using
an isenthalpic throttling valve/deviceor an oxyfuel reheater. Although a preferred use of the
steam/COz2 stream shown in Figure 2 is direct injectionfor SAGD operations, it may alternatively
be directed to a heat recovery steam generator (HRSG) to raise high pressure steam for various
purposes (e.g. power generation, recovery of heavy oil or chemical,refining, industrial and food
processing) while also producing recyclable condensate and a CO2 rich stream which can be
recovered for commercial sale, use for enhanced oil recovery (EOR), enhanced coal bed methane
(ECBM) recovery or for sequestration away from the atmosphere.

Brief Description of Drawings

Figure 1 is a schematic of a simple closed cycle including steam and CO2 generation within a
gas generator and feeding the steam and CO2 to a processor and recirculationof some of the water
from the processor back to the gas generator.

Figure 2 is a schematicof a modified system of that whichis shown in Figure 1 which has been
modified to be potentially an open cycle or a closed cycle, and with cooling water provided in the
form of brackish or oily waterand with associated salt separation equipmentto accommodate salts
withinthe cooling water,as well as a throttling valvefor conditioning of the steam and CO2 mixture
(e.g. to enhance superheat of the water) before utilization.

Figure 3 is a schematicof a hydrocarbon recovery system and process utilizinga gas generator
for direct steam and carbon dioxide generation,the system and process configured to recirculate
water from the SAGD or other enhanced oil/hydrocarbon recovery operation back to the gas
generator, to provide a closed loop hydrocarbon recovery system with no waste water and
potentially zero atmospheric emissions.



10

15

20

25

30

35

WO 2010/101647 PCT/US2010/000664

Figure 4 is a graph of enthalpy vs. entropy for the water within the system of Figure 3 with
letters on the graph of Figure 4 corresponding with points on the schematic of Figure 3 and
providing enthalpy and entropy information (as well as some pressure information) for the water
within the system at various stages within the system, and relative to the water vapor dome.

Figure 5 is a schematic of a hydrocarbon recovery system similar to that which is shown in
Figure 3, but further including an optional power generation turbine and optional water softener for
softening of recovered water before recirculation to the gas generator.

Best Modes for Carrying Out the Invention

Referring to the drawings, wherein like reference numerals represent like parts throughout the
various drawing figures, reference numerals 10, 110, 210 and 310 are directed to various systems
and processes illustrativeof embodiments of this invention. The systems 10, 110, 210, 310 each
include a gas generator 2, 12 which is configured to combust an oxygen rich oxidizer with a
hydrogen containing fuel,and with waterinlets, resulting in the output of a high temperature steam
and carbon dioxide mixture (or conceivablyonly steam if the fuel is carbon free). This steam and
CO2 mixture can then be used for a variety of different processes (Figure 1). If the water is
“dirty” such as being brackish, a salt separator, such as a cyclone type separator 14 (Figures 2 and
3) can be utilized for separation of such contaminants before utilization of the steam/CO2 mixture.
In the case of the water being oily, hydrocarbons within the water can potentially be combusted
withinthe gas generator 12 along withthe fuel and oxygen. The process can be closed cycle with
recirculation of water from the steam/CO2 mixture back to the gas generator 12, or open without
such recirculation.

In particularembodiments of the system 210,310 the steam and CO2 mixture is routed into a
well 30 of a subterranean hydrocarbon containing space 40, such as a steam assisted gravity drain
(SAGD) operation. The steam and CO2 interact with hydrocarbons in the subterranean space 40 to
assist in removal of a mixture of hydrocarbons and water from the subterranean space 40.
Hydrocarbons (e.g. oil and/or bitumen) can then be recovered 60 from this output 50 from the
subterranean space 40. Water from this removalprocess can optionally be recycled back to the gas
generator 12, such that the system 210, 310 can operate substantially withoutemissions, eitherinto
the atmosphere or in the form of waste water or other surface discharge.

Many details of the gas generator 2, 12 of the various embodiments of this invention are
described in the prior art,and as incorporated herein by reference hereinabove. Oxygen for the gas
generator2, 12 (Figures 1-3 and 5) can be provided from a varietyof different sources, but is most
preferably supplied from an air separation unit (ASU) 100. Such an air separation unit separates

oxygen from the air, such as by liquefaction or pressure/vacuum swing adsorption, or other air
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separation technologies. The oxygen could also be supplied from liquid oxygen storage tanks or
oxygen pipelines. While the oxygen is preferably substantially pure, systems according to this
inventioncould beneficiallyoperate with sources of oxidizer which are merely oxygen rich, having
a greater proportion of oxygen than that present in air (i.e. twenty percent).

The fuels utilized by the gas generators 2, 12 of the various embodiments of this invention
could be either gaseous or liquid fuels. Some of the preferred gaseous fuels include hydrogen,
natural gas, digester gases, landfill gases, refinery waste gases and syngas, such as that derived
from gasification of coal or petcoke. Some of the preferred liquid fuels include unadulterated
hydrocarbons, alcohols and glycerin or their solutions, emulsions or gels in a carrier such as water:
Preferred solid fuels include small particle,high carbon fuels such as petcoke or heavy residuum or
biomass (plant or algal) suspended in a fluid carrier.

While the fuel inletis shown at an injection end of the gas generator 2, 12, particularly in the
case of liquid fuels, the fuels could be introduced at downstream sections of the gas generator?2, 12
spaced from the injection end of the gas generator 2, 12.

The gas generator 2, 12 preferably has an injection head where oxygen and fuel are primarily
introduced through inlets into the gas generator 2, 12. A series of separate sections are provided
downstream from the injection head of the gas generator 2, 12. Each of these sections preferably
includes water or other diluent inlets 3, 13 between these sections. With water or other diluent
introduced into the gas generator 2, 12 in these sections; each section exhibits a progressively lower
temperature. In such a configuration,reaction time withinthe gas generator2, 12 can be controlled
to some extent and enhance the degree to which combustion reactions are driven to completion
before being quenched by cooling associated with introduction of the water or other diluentinto the
gas generator 2, 12.

These water inlets 3, 13 primarily introduce water for cooling of the steam and carbon dioxide
mixture produced by combustion of the fuel and oxidizer within the gas generator 2, 12.
Optionally, especially early water inlets close to the injection head can also introduce water with
fuel, or at least oily residuum from a oil/bitumen recovery process 60 (Figures 3 and 5) for
combustion of such hydrocarbons withinthe gas generator 12 in high temperaturesections thereof.
While five sections are shown in the figures (Figures 1-3 and 5) a greater or lesser number of such
sections could optionally be provided.

Particularly oily water is fed only to the highest temperature zones (also called sections) of the
gas generator2, 12 (first and possibly second zones) whereas brackish watercan be fed to all the
zones. In general,the product from the combustor is a mixture of wetsteam and CO2. The quality
of the steam is such that the liquid water fraction is sufficientto keep salts in solution. If the salt
content of the product stream is high enough to cause problems (e.g. corrosion or plugging) with
direct injection,the wet steam/CO2 mixture can be separated into a saturated steam/CO2 fraction

and a brine fraction by a de-entrainment 14 device such as a cyclone or dropout vessel.



10

15

20

25

30

35

WO 2010/101647 PCT/US2010/000664

With particular reference to Figure 1, details of a closed cycle simple process according to an
embodimentof this inventionare described. In this system 10, the gas generator 2 is fed with fuel
and oxygen, as well as water through water inlets 3. A steam and CO2 mixture is provided to a
processor 4. This processor 4 can be in the form of power generationi.e. through a heat recovery
steam generator (HRSG) or by directly driving a turbine, or could provide chemical refining,
industrial process implementation or food processing applications.

As depicted herein, the steam and CO2 mixtureis utilizedin a way which results in temperature
decrease to the point where CO2 remains gaseous and steam condenses into water. Separate CO2
and water outlets are provided. This CO2 could be captured for other industrial use or for
sequestration away from the atmosphere, or merely released to the atmosphere. Water condensing
as part of the process 4 or in a condenser downstream from the processor 4 is typically a greater
amount of waterthan is required as diluent withinthe gas generator2. Hence, some excess water6
is removed from the system 10. Remaining recycle water 8 is returned back to the water inlets 3
for recirculation within the overall process 10.

With particular reference to Figure 2, a system 110 is described which is a variation on the
system 10 of Figure 1. In the system 110, the water can optionally be “dirty” water such as being
either brackish water, oily water, or water that otherwise includes various contaminants therein.
Also, the system 110 of Figure 2 is particularly shown as an open, rather than a closed cycle
(although it could readily be closed by rerouting of steam discharged from the system 110 back to
the water supply of the gas generator 12).

With the system 110, the gas generator 12 is configured similar to the gas generator 2 of
system 10. Uniquely,dirty waterinlets 13 are provided for introductionof dirty waterinto the gas
generator 12.  Should the water be brackish, salts within the water would typically remain in
solution due to the high temperatures generated within the gas generator 12. If the contaminants
within the water are susceptible to scaling walls of the gas generator 12 at the high temperatures
involvedwithin the gas generator 12, a softener can be provided upstream of the water inlets 13 to
condition the water discourage such scaling from occurring. Similarly,if the “dirty” water has a
pH which would tend to cause detrimental corrosion within the gas generator 12, the water can be
appropriately conditioned, such as by adjusting pH thereof before entering the gas generator 12.
Furthermore,appropriate filtrationcan be utilizedto remove particulates of a size sufficiently large
to plug portions of the waterinlets 13 or which might be detrimentalto downstream processes
utilizing the steam and CO2 mixture generated from the gas generator 12.

In the case of brackish water,or conceivablyeven high salinity watersources, such as sea water,
salts withinthe water would typicallyremain and enter the gas generator 12 through the waterinlets
13. Downstream of the gas generator 12, a separator 14 is provided for removal of brine and to
allow lower salinity water to be discharged through a high pressure outlet 16 through utilization
within an appropriate process.
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If itis desired that this steam and CO2 mixture have a lower pressure and/or a greater amount of
superheat,the steam and CO2 mixture can be routed through a throttling device 17, such as a valve
configured to drop the pressure an appropriate amount and increase an amount of superheat (see
Figure 4, line segment DE). The resulting lower pressure outlet 18 can then be supplied to an
appropriate process for further utilization of the steam and CO2 mixture. Conceivably after
utilizationwithin this process, the steam and/or steam and CO2 mixture can be recycled back to the
water inlets 13, such that the overall system can be a closed system with little or not discharge of
waste water from the system.

With further discussion associated with Figures 3 and 4, details of a complete cycle are
disclosed for a steam assisted gravitydrain (SAGD) operation utilizingsteam generated in a direct
fashion utilizing the oxyfuel combustion gas generator 12, or analogous hydrocarbon recovery
systems for other processes utilizingsteam. In Figures 3 and 4 a SAGD operationis shown where
an input well 30 is provided above an oil or bitumen containing subterranean geological structure
40. A drain 50 or other outlet (e.g. a pump-fitted recovery well)is provided at a lower portion of
the geological structure 40 for drainage of a combination of oil and water condensed from the
steam injected into the geological structure 40. This water has oil and/or bitumen entrained therein.
As part of known SAGD operation procedures, the oil and/or bitumenis then recovered from the
water in a recovery plant 60.

While such known SAGD operations have utilized steam, this steam has heretofore been
generated utilizing traditional boilers as indirect steam generators. These boilers require a high
quality source of waterfor effectiveoperation,and also are relativelylarge for the amount of steam
to be generated, and difficult to operate in areas where SAGD operation are to occur.

With this invention,utilizingdirect steam generation,an oxyfuel combustion gas generator 12 is
provided. The gas generator 12 is coupled to a source of oxygen, such as the ASU 100, which is
preferably substantially pure oxygen, but can effectivelyoperate with less than pure oxygen. A
source of fuel containing hydrogen and/or carbon, and most typically a combination of both
hydrogen and carbon is inputted from a source of fuel into the gas generator 12. The oxygen and
fuel combust together within the gas generator 12 to developa high temperaturedrive gas, typically
including carbon dioxide and steam. To cool down this steam and carbon dioxide mixture,wateris
inputted into the gas generator 12 through the water inlets 13.

In this particularembodiment of Figure 3, the water remaining from the oil and/or bitumen
recovery station 60 typically still includes oil therein. This “oily water” can be inputted directly
into the gas generator 12 to “close the cycle” atleast partially. If the waterhas a large amount of
oil therein, it is desirable to input the oily wateras early as possible withinthe combustion reaction
occurring within the gas generator 12, such that the oil has an opportunity to combust within the
gas generator 12, and for such a combustion reactionto be drivento substantial completion before
discharge from the gas generator 12.
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The gas generator 12 would also typically have some tolerance for brackishness in the water or
other contaminates,in that the high temperatures present within the gas generator 12 tend to keep
salts from precipitatingtherein. If contaminantsexist withinthe diluent waterinserted into the gas
generator 12, itis desirable for the gas generator 12 to discharge the working fluid as substantially
saturated steam. In this way,any solids withinthe diluentcan be precipitatedmost effectively. In
this particularexample, the gas generator 12 cools down the working fluid to the point.where it is
saturated steam (point C on Figures 3 and 4). A salt separator 14 can then optionally be utilized
whichis optimized to operate with saturated steam. Thereafter, it is typically desirable to superheat
the steam somewhat. Such superheating can occur by dropping pressure through an isenthalpic
throttling device 17 (point E on Figures 3 and 4). As another alternative,a reheater 20 can be
provided to add additional heat to the steam (as well as carbon dioxide or other constituents) to
maintain the pressure of the steam and add further heat to the steam (point E’ of Figures 3 and 4).

Next, the superheated steam (and also typically carbon dioxide) is injected into the injection well
30 of the SAGD operation. It is typicallydesirable that the steam be sufficiently superheated that it
will not be condensing withinthe well head where corrosion might be more likely to occur. Rather,
it is desirable that the working fluid including primarily steam remain gaseous while passing
through the well head 30 and any casing of the well,and only begin to condense once within the
geological formation 40; depending on the particularcharacteristics of the geological formation 40
and the desires of the operator regarding the temperature and quality of the steam to be injected into
the geological formation 40.

The oil and/or bitumen laden water is then drained (such as through the output 50) from the
geological formation 40, typically at atmospheric pressure. Oil and/or bitumen can then be
recovered (at the recovery plant 60) from the water draining from the geological formation40. The
largely cleaned water can then be routed through a pump 70 back to the gas generator 12 to repeat
the cycle of the system 210.

While Figures 3 and 4 depicta system where steam is utilized for a SAGD operation, other
processes utilizing steam could be interposed between points E and A in Figures 3 and 4 which
utilize steam for any purpose. Note that the combustion of the fuel with the oxygen generates
some new steam. Thus, even if some amounts of steam are consumed within the process, the
generation of additional steam minimizes the requirementof additional makeup water for operation
of such systems. Furthermore, such makeup water can often be less than pure water, and still
function properly with any impurities either feeding a portion of a combustion reaction from the
gas generator 12 or being separated either before or after passing through the gas generator 12.

With particular reference to Figure 5, details of an alternative embodiment system 310 are
described. The system 310 is similar to the system 210 of Figure 3, witha few refinements. First,
a watersoftener 80 is optionally supplied upstream of the water inlets 13 of the gas generator 12.
This water softener 80 is provided to appropriately condition the water should the water be of a
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characterwhich would detrimentallyaffect the gas generator 12 or detrimentally affect downstream
processes for which the steam and CO2 working fluid generated by the gas generator 12 is to be
utilized.

Such conditioning could include adding appropriate salts to minimize the potential for scaling
withinthe gas generator 12 or downstream equipment,as well as the pump 70 upstream of the gas
generator 12, and can also include neutralization equipment for pH adjustment to minimize
corrosion withinthe gas generator 12, the pump 70 or downstream equipment,filtration systems to
minimize particulates that would potentially otherwise be harmful for the gas generator 12, pump
70 or other downstream equipment, and other water conditioning.

Also, the system 310 is optionally provided with a turbine 90 which can be provided either
upstream of the reheater 20 or downstreamof the reheater20. When the turbine 90 is upstream of
the reheater 20, the gas generator 12 would typically be configured to discharge steam and COz2
withsome degree of superheat therein. If the steam and COz2 is saturated upon discharge from the
gas generator 12, the turbine 90 would typically be located downstream of the reheater 20. The
turbine 90 could output additional power, either in the form of shaft power to drive equipment
directly, or coupled to an electric generator to output electric power from the system 310. The
turbine 90 and reheater20 are in a line separate from the valvel7 or other throttlingdevice. Steam
and carbon dioxide flow can be directed either entirely through the throttling devicel7 or entirely
through the reheater 20, or some balancing can occur where split streams are provided.

This disclosure is provided to reveal a preferred embodimentof the invention and a best mode
for practicing the invention. Having thus described the invention in this way, it should be apparent
that various different modifications can be made to the preferred embodiment without departing
from the scope and spirit of this inventiondisclosure. When structures are identified as a means to
perform a function, the identificationis intended to include all structures which can perform the
function specified. When structures of this inventionare identifiedas being coupled together,such
language should be interpreted broadly to include the structures being coupled directly together or
coupled together through interveningstructures. Such coupling could be permanentor temporary
and eitherin a rigid fashion or in a fashion which allows pivoting,sliding or other relative motion
while still providing some form of attachment,unless specifically restricted. When elements are
described as upstream or downstreamrelativeto other elements,such positioning can be with flow
conduits therebetweenand/or with other elements therebetween,or can be directly adjacent each
other.
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Industrial Applicability

This invention exhibits industrial applicability in that it provides a direct steam generator that
eliminates the need for convention boilers to produce a high pressure, steam-rich gas.

Another object of the present inventionis to provide a steam generator that has the ability to use
a wide range of fuels varyingin both chemicalmakeup and physical form but preferably composed
primarily of the elements hydrogen and carbon.

Another object of the present invention is to pfovide a method for steam generation which
produces exhaust gases rich in steam, which also contains combustion-derived carbon dioxide
(CO2) with the COz2 optionally prevented from entering the atmosphere.

Another object of the present invention is to provide a method and system for removal of
hydrocarbons from a hydrocarbon containing subterranean space which is enhanced by steam and
CO:z injection into the subterranean space.

Another object of the present invention is to provide a method and system for removal of
hydrocarbons from a subterranean space involvinginjection of steam into the subterranean space,
with the steam generated in a manner which includes little or no atmospheric emissions.

Another object of the present invention is to provide a method and system for removal of
hydrocarbons from a subterranean hydrocarbon containing space which recycles oily waste water
by combusting oil withinthe oily waste water and in a manner which has low or zero atmospheric
emissions.

Another object of the present invention is to provide steam and carbon dioxide for a steam
assisted gravity drain (SAGD) operation in a manner which has low or zero atmospheric emissions
and which can operate on a variety of different available fuels including at least partially
hydrocarbons removed from the SAGD operation itself.

Another object of the present invention is to provide a method and process for direct steam
generation that can take “dirty” waterthat is brackish, oily or otherwise contaminated and input it
into a high temperature oxyfuel combustion gas generator to produce high temperature steam at
least partiallyfrom the “dirty” water, such thata source of relativelypure wateris not required for
steam generation.

Other further objects of this invention, which demonstrate its industrial applicability, will
become apparent from a careful reading of the included detailed description, from a review of the
enclosed drawings and from review of the claims included herein.
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CLAIMS
What is claimed is;

Claim 1: A method for recovery of hydrocarbons from a subterranean space, including the
steps of: |
identifying a subterranean space with hydrocarbons therein;
identifying a well extending into the subterranean space;
operatinga gas generator havinga combustion chamber, an oxygen enriched oxidizer inlet,
a fuel inlet, at least one water inlet and a steam and CO2 mixture outlet;
generating oxygen enriched oxidizer by separating air constituents to produce the oxygen
enriched oxidizer having a grater proportion of oxygen than is present in air;
coupling the steam and CO2 mixture outlet of the gas generator upstream from the well of
said identifying a well step;
directing at least a portion of the steam and CO2 mixture into the subterranean space
through the well;
allowingthe steam and CO2 mixture to interact with hydrocarbons withinthe subterranean
space to enhance a removability of the hydrocarbons; and
removing at least a portion of the hydrocarbons from the subterranean space after the
hydrocarbon’s removabilityis enhanced by contact with the steam and CO2 mixture during said

allowing step.

Claim2: The method of Claim 1 whereinsaid removing step includes removing fluids from
the subterranean space, the fluids including a combination of water and hydrocarbons, at least a
portion of the waterbeing water condensed from the steam introduced into the subterranean space
by said directing step.

Claim 3:  The method of Claim 2 wherein said removing step includes the step of pumping
fluids from the subterranean space.

Claim4: The method of Claim 2 wherein said removing step includes draining fluids from

the subterranean space by gravity.

Claim5:  The method of Claim 2 including the further step of separating at least a portion of

hydrocarbons from at least a portion of the water after said removing step.
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Claim6: The method of Claim 5 wherein said separating step is followed by the step of
recirculatingthe water after reduction of hydrocarbons within the water during said separating step,
said recirculating step including recirculatingat least a portion of the waterto the at least one water

inlet of the gas generator.

Claim7:  The method of Claim 6 wherein said operating step includes configuring the gas
generator is adapted to combust both fuel entering the combustion chamber through the fuel inlet

and hydrocarbons entering the combustion chamber along with water at the at least one water inlet.

Claim 8: The method of Claim 7 wherein said operating step includes configuring the gas
generator to include multiple waterinlets into the combustion chamber of the gas generator, at least
one of the waterinlets located adjacent the oxidizer inlet and the fuel inlet,and at least one of the

water inlets spaced from the oxidizer inlet and the fuel inlet.

Claim9: The method of Claim 8 wherein said operating step includes configuring the gas
generator to include multiple water inlets spaced from the oxidizer inlet and the fuel inlet and
spaced from each other to enter the gas generator at locations within the gas generator having
different temperatures.

Claim 10: The method of Claim 6 wherein said recirculating step includes interposing a
softener upstream of the at least one waterinlet of the gas generator to soften the water before entry
into the gas generator.

Claim 11: The method of Claim 1 includingthe further step of throttling the steam and CO2
mixture downstream of the outletof the gas generatorto a lower pressure and to a higher amount
of super heat before said directing step.

Claim 12: A method for direct steam and CO2 mixed gas generation and utilization,including
the steps of:
providing a gas generator having a combustion chamber, an oxygen inlet leading into the
combustion chamber, a fuel inlet leading into the combustion chamber, a plurality of water inlets
leading into the gas generator and a steam and CO2 mixture outlet from the combustion chamber;
configuring the gas generator to include multiple adjacent chambers with separate water
inlets passing into the gas generator between the adjacent chambers,such that temperatures in the
adjacent chambers are progressively lower as distance from the combustion chamber increases; and
coupling the steam and CO2 mixture outlet of the gas generatorto an inlet of a steam and

CO:2 utilizing processor.
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Claim 13: The method of Claim 12 includingthe further step of recirculatingwater to the gas
generator water inlets from a discharge of the processor, such that the method is at least partially a
closed loop process.

Claim 14: The method of Claim 13 including the further step of configuring the processor to
include a separate water discharge and carbon dioxide discharge, the water discharge coupled to

said gas generator water inlets for recirculating of water to the gas generator water inlet.

Claim 15: The system of Claim 12 including the further step of locating a separator between
the steam and CO2 mixture outlet of the gas generator and the processor, the separator adapted to

separate non-steam and CO2 constituents from the steam and CO2 mixture.

Claim 16: The method of Claim 12 including the further step of configuring the processor to
be in the form of a steam assisted gravity drain site including a hydrocarbon containing
subterranean space and a well extendinginto the subterranean space, the well coupled to the steam

and CO2 mixture outlet of the gas generator.

Claim 17: The method of Claim 16 including the further step of recirculatingat least a portion
of water exiting from a drain of the steam assisted gravity drain site to the water inlets of the gas
generator.

Claim 18: The method of Claim 16 including the further step of recirculatingat least a portion
of water and hydrocarbons exiting from a drain of the steam assisted gravity drain site to the water
inlets of the gas generator; and

combusting at least a portion of the hydrocarbons contained within the water within the gas
generator.

Claim 19: A hydrocarbon production system, comprising in combination:

a gas generator having a combustion chamber with an oxygen inlet passing into the
combustion chamber,a fuel inlet passing into the combustion chamber and at least one water inlet
passing into the gas generator, and with a steam and carbon dioxide mixture outlet;

a well head accessing a subterranean space containing hydrocarbons;

an outlet from the subterranean space adapted to remove water and hydrocarbons from the
subterranean space;

a hydrocarbon separator coupled to said outlet from the subterranean space the
hydrocarbon separator adapted to separate at least a portion of the water from at least a portion of
the hydrocarbons; and
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a waterrecirculation line extending from the hydrocarbon separator to the at least one water
inlet of the gas generator.

Claim 20: The system of Claim 19 whereina softener is interposed between said hydrocarbon
separator and said at least one water inlet of said gas generator along said water recirculation line,
said softener adapted to soften the water before the water enters the gas generator.

Claim21: The system of Claim 19 wherein a separator is provided downstream of the gas
generator, said salt separator adapted to separate non-water and non-CO2 constituents within the

water and CO2 mixture exiting said gas generator through said outlet.

Claim 22: The system of Claim 19 wherein a reheater is located downstream of said gas
generator outlet, said reheater adapted to increase a heat of the steam and carbon dioxide mixture

downstream of said gas generator and upstream of said well head.

Claim 23: The system of Claim 19 wherein a pressure reducing valve is located downstream of
said outletof said gas generator, said pressure reducing valveadapted to decrease a pressure of the
steam and CO2 mixture and increase an amount of super heat of the steam in the steam and CO2

mixture.

Claim24: The system of Claim 19 whereinsaid hydrocarbon separator includes a wateroutlet
upstream of said at least one water inlet of said gas generator, said hydrocarbon separator adapted
to only partially separate hydrocarbons from water removed from the subterranean space with
hydrocarbons remaining in the water at said water outlet,said gas generator adapted to combust at
leasta portion of the hydrocarbons remaining in the water and entering said gas generator through
said at least one water inlet.

15



PCT/US2010/000664

WO 2010/101647

1/4

aulg

4
41
N - 209 jan
LI /wp8js
oM =
Noo\EoEmA % | S
o | - 001
' J9}pp All0 40 yspyooug
0I1 €09/ wpays
9
8
J9JDM SS8IX] e N ( 13JDM
. A 18ybp 8[ohoay
suoyypolddy bujssasouy
207 poo4 40 |DlI}SNpuU| 40} lenJ
‘Bujuiyey |poIWaBY) Jwpals |k uabAxQ
‘uolybiausg Jamod

i’




PCT/US2010/000664
2/4

WO 2010/101647

- Kianooay v
f -» uswnyig /|10 J
£/ QL . k =g
/A ", -
A/ 1
uolbiadg
» aulg
NN A (jouoydo)
eS| J0jpindag
A HPS m;
15| - J
pini3 Buppop
LI Cn pup woajg
%TN pini4 Bupyop
ie T : a
" 0J pup woais |
| ! NSy
T A (
| | L
3 o——] sopooyey | . _Pinij Bupyioy_ | 001
£0) puo woayg
(jouoydp) 0l



PCT/US2010/000664

WO 2010/101647

3/4

b S1q

g ‘Adouyju3

as( bfo
40 QIS

9A|DA swo( Jodpbp

N Bujioayy
Jajpbayay--

ainon

L

y ‘Adjpyjus



PCT/US2010/000664

WO 2010/101647

4/4

aullg

(Iouoydo)
Jojpapndag

HPS
15

ISETYREN
uswnpg/1io

Iy

an

«

18U8}J0S JBJDM

J8iom A0
40 ysiyonug

0.

pinj4 Buiyiop

———————

06

{0y pup woajg

= e
=

pinj4 Buppioy |

Noo pup wosjS

pini3 Buptiop
Noo pup woajg

¢Sy

Log

NSy

o

01¢




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings

