wo 2012/173928 A2 | IV OO OO 0 AR

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(43) International Publication Date
20 December 2012 (20.12.2012)

(10) International Publication Number

WO 2012/173928 A2

WIPOIPCT

(51) International Patent Classification:
E21B 34/16 (2006.01) E21B 34/10 (2006.01)
E21B 34/08 (2006.01)
(21) International Application Number:
PCT/US2012/041890
(22) International Filing Date:
11 June 2012 (11.06.2012)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
13/161,623 16 June 2011 (16.06.2011) US
(71) Applicant (for all designated States except US): HAL-
LIBURTON ENERGY SERVICES, INC. [US/US];
10200 Bellaire Blvd., Houston, Texas 77072 (US).
(72) Inventors; and
(75) Inventors/Applicants (for US only): DYKSTRA, Jason

D. [US/US]; 3405 Hillpark Ln., Carrollton, Texas 75007

(US). FRIPP, Michael Linley [US/US]; 3826 Cemetery
Hill Rd., Carrollton, Texas 75007 (US).

Agents: GRISWOLD, Joshua A. et al.; Fish & Richard-
son P.C., P.O. Box 1022, Minneapolis, Minnesota 55440

(US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(74

(8D

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

[Continued on next page]

(54) Title: MANAGING TREATMENT OF SUBTERRANEAN ZONES

éQO-\\

‘;58~\§> P /~'i12

~108
?ﬁj/ 110

108~

e

SO T TTTT

A
{1

ToLLDD D
IEET RS T

FIG. 1

(57) Abstract: A downhole heated fluid generation system in-
cludes an air subsystem having at least one of an air compressor
and an air flow control valve; a fuel subsystem having at least
one of a fuel compressor and a fuel flow control valve; a treat-
ment fluid subsystem having a fluid pump; a combustor tluidly
coupled to at least one of the air subsystem, the fuel subsystem,
or the treatment fluid subsystem, and operable to provide a
heated fluid into a wellbore; and a controller operable to re-
ceive an input representing a heated fluid parameter; determine
a virtual heated fluid generation rate based at least partially on
the heated fluid parameter; and control at least one of the air
subsystem, the fuel subsystem, or the treatment fluid subsystem
by the virtual heated fluid generation rate.
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MANAGING TREATMENT OF SUBTERRANEAN ZONES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the priority from U.S. Patent Application Serial No.
13/161,623, filed on June 16, 2011 which is incorporated herein by reference in its entirety.

TECHNICAL BACKGROUND

[0001] This disclosure relates to managing, directing, and otherwise controlling a

treatment of one or more subterrancan zones using heated fluid.

BACKGROUND

[0002] Heated fluid, such as steam, can be injected into a subterrancan formation to
facilitate production of fluids from the formation. For example, steam may be used to reduce the
viscosity of fluid resources in the formation, so that the resources can more freely flow into the
well bore and to the surface. Generally, steam generated for injection into a well requires large
amounts of energy such as to compress and/or transport air, fuel, and water used to produce the
steam. Much of this energy is largely lost to the environment without being harnessed in any
useful way. Consequently, production of steam has large costs associated with its production.

[0003] Furthermore, a control system for managing, directing, or otherwise controlling a
downhole steam generation system often must control a number of components, such as, for
example, compressors, pumps, valves, downhole combustors, and/or steam generators. The
control system, ideally, should efficiently provide quantities of fuel, air, and water injection for
downhole steam generation through the control of such components. An efficient and
coordinated control system for the components of the downhole steam generation system may
reduce failures that could occur, for example, by using separate controllers or a manual control

system for the downhole steam generation system.
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DESCRIPTION OF DRAWINGS
[0004] FIG. 1 illustrates an example embodiment of a heated fluid generation system;
[0005] FIG. 2 illustrates a block diagram of an example embodiment of a control system

for managing and/or controlling a heated fluid generation system;

[0006] FIG. 3 illustrates a schematic diagram of an example embodiment of a control
system for managing and/or controlling a heated fluid generation system;

[0007] FIG. 4 illustrates a schematic diagram of an example embodiment of a control
system for managing and/or controlling a portion of a heated fluid generation system; and

[0008] FIG. 5 illustrates a schematic diagram of an example embodiment of a control

system for managing and/or controlling another portion of a heated fluid generation system.
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DETAILED DESCRIPTION

[0009] The present disclosure relates to controlling a system for treating a subterrancan
zone using heated fluid introduced into the subterrancan zone via a well bore. The fluid is
heated, in some instances, to form steam. The subterranean zone can include all or a portion of a
resource bearing subterranean formation, multiple resource bearing subterranean formations, or
all or part of one or more other intervals that it is desired to treat with the heated fluid. The fluid
is heated, at least in part, using heat recovered from near-by operation. The heated fluid can be
used to reduce the viscosity of resources in the subterranean zone to enhance recovery of those
resources. In some embodiments, the system for treating a subterranean zone using heated fluid
may be suitable for use in a “huff and puff” process, where heated fluid is injected through the
same bore in which resources are recovered. For example, the heated fluid may be injected for a
specified period, then resources withdrawn for a specified period. The cycles of injecting heated
fluid and recovering resources can be repeated numerous times. Additionally, the systems and
techniques of the present disclosure may be used in a Steam Assisted Gravity Drainage
(“SAGD”).

[0010] In some embodiments, the control system may create a virtual heated fluid
generation rate and couple one or more of the heated fluid generation subsystems to this virtual
rate. The heated fluid generation subsystems may include, for example, one or more valve
subsystems, one or more compressor subsystems, one or more pump subsystems, and/or one or
more compressor-valve subsystems. For instance, there may compressor-valve subsystems for
both an air system (or subsystem) as well as a fuel (e.g., methane) system (or subsystem). Each
subsystem may function to reduce the virtual rate through feedback and feed forward control if
the virtual rate exceeds the capability of the particular subsystem to meet the desired setpoint
(e.g., desired flow rate, speed, position, or otherwise). In some embodiments, a system operator
may need to provide only two input values: desired heated fluid flow rate (e.g., steam flow rate)
and desired heated fluid quality (e.g., steam quality). All other inputs to the components (e.g.,
valves, compressors, pumps, and others) may be handled by the control system. Each of the
components and subsystems may be balanced according to the virtual heated fluid generation
rate in order to ensure that the entire heated fluid generation system does not become unstable,
for example, with one or more components unable to meet the desired setpoints. Thus, ramping

the virtual heated fluid generation rate up and/or down may cause all of the components and/or
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subsystems to correspondingly ramp up and/or down.

[0011] In one general embodiment, a method for controlling a downhole heated fluid
generation system includes: receiving an input representing a heated fluid parameter;
determining a virtual heated fluid generation rate based at least partially on the heated fluid
parameter; and controlling at least one subsystem of the downhole heated fluid generation
system by the virtual heated fluid generation rate.

[0012] In one aspect of the general embodiment, the method may further include
receiving a feedback from the at least one subsystem indicative of a parameter of the subsystem;
and adjusting the virtual heated fluid generation rate based at least partially on the feedback.
[0013] In one aspect of the general embodiment, the method may further include
comparing the feedback indicative of the parameter of the subsystem to a setpoint of the
parameter; and adjusting the virtual heated fluid generation rate based at least partially on the
comparison of the feedback indicative of the parameter of the subsystem and the setpoint of the
parameter.

[0014] In one aspect of the general embodiment, adjusting the virtual heated fluid
generation rate based at least partially on the determined difference between the feedback and the
setpoint may include reducing the virtual heated fluid generation rate based on the determined
difference between the feedback and the setpoint being below a threshold value.

[0015] In one aspect of the general embodiment, the virtual heated fluid generation rate
may include a time history of the heated fluid parameter.

[0016] In one aspect of the general embodiment, receiving a feedback from the at least
one subsystem may include receiving a first feedback from a first subsystem of the heated fluid
generation system. The method may further include receiving a second feedback from a second
subsystem; scaling the first and second feedbacks; and adjusting the virtual heated fluid
generation rate based at least partially on the scaled first and second feedbacks.

[0017] In one aspect of the general embodiment, scaling the first and second feedbacks
may include scaling the first feedback to a first scale and scaling the second feedback to a second
scale. The method may further include comparing the first scaled feedback and the second
scaled feedback.

[0018] In one aspect of the general embodiment, the method may further include

providing the virtual heated fluid generation rate to an air subsystem of the downhole heated
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fluid generation system; receiving a first feedback from the air subsystem indicative of a pressure
of an air compressor; receiving a second feedback from the air subsystem indicative of a position
of an airflow control valve; and determining an adjusted virtual heated fluid generation rate
based, at least partially, on one or more of the first and second feedbacks from the air subsystem.
[0019] In one aspect of the general embodiment, the method may further include
providing the virtual heated fluid generation rate to a fuel subsystem of the downhole heated
fluid generation system; receiving a third feedback from the fuel subsystem indicative of a
pressure of a fuel compressor; receiving a fourth feedback from the fuel subsystem indicative of
a position of a fuel flow control valve; and determining an adjusted virtual heated fluid
generation rate based, at least partially, on one or more of the third and fourth feedbacks from the
fuel subsystem.

[0020] In one aspect of the general embodiment, the method may further include
providing the virtual heated fluid generation rate to a treatment fluid subsystem of the downhole
heated fluid generation system; receiving a fifth feedback from the treatment fluid subsystem
indicative of a flow rate of an untreated fluid through a first fluid pump; receiving a sixth
feedback from the treatment fluid subsystem indicative of a flow rate of a treated fluid through a
second fluid pump; and determining an adjusted virtual heated fluid generation rate based, at
least partially, on one or more of the fifth and sixth feedbacks from the treatment fluid
subsystem.

[0021] In one aspect of the general embodiment, the heated fluid parameter may include
a desired rate of generation of the heated fluid.

[0022] In one aspect of the general embodiment, the heated fluid may be steam.

[0023] In one aspect of the general embodiment, the method may further include
combusting an airflow and a fuel in a downhole combustor of the downhole heated fluid
generation system to generate heat; and generating the steam by applying the generated heat to a
treatment fluid supplied to the downhole combustor.

[0024] In one aspect of the general embodiment, controlling at least one subsystem of the
downhole heated fluid generation system by the virtual heated fluid generation rate may include
controlling all of the subsystems of the downhole heated fluid generation system by the virtual
heated fluid generation rate, each of the subsystems having a corresponding rate of response.

[0025] In one aspect of the general embodiment, the method may further include
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maintaining the virtual heated fluid generation rate to control each of the subsystems at a rate
less than a slowest corresponding rate of response of the subsystems.

[0026] In another general embodiment, a downhole heated fluid generation system
includes an air subsystem having at least one of an air compressor and an air flow control valve;
a fuel subsystem having at least one of a fuel compressor and a fuel flow control valve; a
treatment fluid subsystem having a fluid pump; a combustor fluidly coupled to at least one of the
air subsystem, the fuel subsystem, or the treatment fluid subsystem, and operable to provide a
heated fluid into a wellbore; and a controller operable to receive an input representing a heated
fluid parameter; determine a virtual heated fluid generation rate based at least partially on the
heated fluid parameter; and control at least one of the air subsystem, the fuel subsystem, or the
treatment fluid subsystem by the virtual heated fluid generation rate.

[0027] In one aspect of the general embodiment, the controller may be further operable to
receive a feedback indicative of a parameter of at least one of the air subsystem, the fuel
subsystem, or the treatment fluid subsystem; and adjust the virtual heated fluid generation rate
based at least partially on the feedback.

[0028] In one aspect of the general embodiment, the controller may be further operable to
compare the feedback indicative of the parameter of at least one of the air subsystem, the fuel
subsystem, or the treatment fluid subsystem to a setpoint of the parameter; and adjust the virtual
heated fluid generation rate based at least partially on the comparison of the feedback indicative
of the parameter of the subsystem and the setpoint of the parameter.

[0029] In one aspect of the general embodiment, the controller may be operable to reduce
the virtual heated fluid generation rate based on the determined difference between the feedback
and the setpoint being below a threshold value.

[0030] In one aspect of the general embodiment, the feedback from at least one of the air
subsystem, the fuel subsystem, or the treatment fluid subsystem may be a first feedback, and the
controller may be further operable to receive a second feedback from at least one of the air
subsystem, the fuel subsystem, or the treatment fluid subsystem; scale the first and second
feedbacks; adjust the virtual heated fluid generation rate based at least partially on the scaled first
and second feedbacks.

[0031] In one aspect of the general embodiment, the controller may be further operable to

control each of the air subsystem, the fuel subsystem, and the treatment fluid subsystem by the
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virtual heated fluid generation rate. Each of the subsystems may have a corresponding rate of
response, and the controller may be operable to maintain the virtual heated fluid generation rate
to control each of the subsystems at a rate less than a slowest corresponding rate of response of
the subsystems.

[0032] In one aspect of the general embodiment, the controller may be operable to
receive a first feedback indicative of a pressure of the air compressor and a second feedback
indicative of a position of the airflow control valve; and adjust the virtual heated fluid generation
rate based at least partially on the first or second feedbacks.

[0033] In one aspect of the general embodiment, the combustor may include a downhole
combustor operable to combust an airflow and a fuel to generate heat and to output steam as the
heated fluid.

[0034] In one aspect of the general embodiment, the virtual heated fluid generation rate
may include a time history of the heated fluid parameter.

[0035] Moreover, one aspect of a control system for managing a heated fluid generation
system according to the present disclosure may include the features of receiving an input
representing a heated fluid parameter; and controlling at least one subsystem of the downhole
heated fluid generation system by the virtual heated fluid generation rate.

[0036] A first aspect according to any of the preceding aspects may also include the
feature of determining a virtual heated fluid generation rate based at least partially on the heated
fluid parameter.

[0037] A second aspect according to any of the preceding aspects may also include the
feature of receiving a feedback from the at least one subsystem indicative of a parameter of the
subsystem.

[0038] A third aspect according to any of the preceding aspects may also include the
feature of adjusting the virtual heated fluid generation rate based at least partially on the
feedback.

[0039] A fourth aspect according to any of the preceding aspects may also include the
feature of comparing the feedback indicative of the parameter of the subsystem to a setpoint of
the parameter.

[0040] A fifth aspect according to any of the preceding aspects may also include the

feature of adjusting the virtual heated fluid generation rate based at least partially on the
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comparison of the feedback indicative of the parameter of the subsystem and the setpoint of the
parameter.

[0041] A sixth aspect according to any of the preceding aspects may also include the
feature of reducing the virtual heated fluid generation rate based on the determined difference
between the feedback and the setpoint being below a threshold value.

[0042] A seventh aspect according to any of the preceding aspects may also include the
feature of the virtual heated fluid generation rate including a time history of the heated fluid
parameter.

[0043] An eighth aspect according to any of the preceding aspects may also include the
feature of receiving a first feedback from a first subsystem of the heated fluid generation system.
[0044] A ninth aspect according to any of the preceding aspects may also include the
feature of receiving a second feedback from a second subsystem.

[0045] A tenth aspect according to any of the preceding aspects may also include the
feature of scaling the first and second feedbacks.

[0046] An eleventh aspect according to any of the preceding aspects may also include the
feature of adjusting the virtual heated fluid generation rate based at least partially on the scaled
first and second feedbacks.

[0047] A twelfth aspect according to any of the preceding aspects may also include the
feature of scaling the first feedback to a first scale and scaling the second feedback to a second
scale.

[0048] A thirteenth aspect according to any of the preceding aspects may also include the
feature of comparing the first scaled feedback and the second scaled feedback.

[0049] A fourteenth aspect according to any of the preceding aspects may also include
the feature of providing the virtual heated fluid generation rate to an air subsystem of the
downhole heated fluid generation system.

[0050] A fifteenth aspect according to any of the preceding aspects may also include the
feature of receiving a first feedback from the air subsystem indicative of a pressure of an air
COMpIressor.

[0051] A sixteenth aspect according to any of the preceding aspects may also include the
feature of receiving a second feedback from the air subsystem indicative of a position of an

airflow control valve.
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[0052] A seventeenth aspect according to any of the preceding aspects may also include
the feature of determining an adjusted virtual heated fluid generation rate based, at least partially,
on one or more of the first and second feedbacks from the air subsystem.

[0053] An cighteenth aspect according to any of the preceding aspects may also include
the feature of providing the virtual heated fluid generation rate to a fuel subsystem of the
downhole heated fluid generation system.

[0054] A nineteenth aspect according to any of the preceding aspects may also include
the feature of receiving a third feedback from the fuel subsystem indicative of a pressure of a
fuel compressor.

[0055] A twentieth aspect according to any of the preceding aspects may also include the
feature of receiving a fourth feedback from the fuel subsystem indicative of a position of a fuel
flow control valve.

[0056] A twenty-first aspect according to any of the preceding aspects may also include
the feature of determining an adjusted virtual heated fluid generation rate based, at least partially,
on one or more of the third and fourth feedbacks from the fuel subsystem.

[0057] A twenty-second aspect according to any of the preceding aspects may also
include the feature of providing the virtual heated fluid generation rate to a treatment fluid
subsystem of the downhole heated fluid generation system.

[0058] A twenty-third aspect according to any of the preceding aspects may also include
the feature of receiving a fifth feedback from the treatment fluid subsystem indicative of a flow
rate of an untreated fluid through a first fluid pump.

[0059] A twenty-fourth aspect according to any of the preceding aspects may also include
the feature of receiving a sixth feedback from the treatment fluid subsystem indicative of a flow
rate of a treated fluid through a second fluid pump.

[0060] A twenty-fifth aspect according to any of the preceding aspects may also include
the feature of determining an adjusted virtual heated fluid generation rate based, at least partially,
on one or more of the fifth and sixth feedbacks from the treatment fluid subsystem.

[0061] A twenty-sixth aspect according to any of the preceding aspects may also include
the feature of the heated fluid parameter having a desired rate of generation of the heated fluid.
[0062] A twenty-seventh aspect according to any of the preceding aspects may also

include the feature of the heated fluid being steam.
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[0063] A twenty-eighth aspect according to any of the preceding aspects may also
include the feature of combusting an airflow and a fuel in a downhole combustor of the
downhole heated fluid generation system to generate heat.

[0064] A twenty-ninth aspect according to any of the preceding aspects may also include
the feature of generating the steam by applying the generated heat to a treatment fluid supplied to
the downhole combustor.

[0065] A thirtieth aspect according to any of the preceding aspects may also include the
feature of controlling all of the subsystems of the downhole heated fluid generation system by
the virtual heated fluid generation rate.

[0066] A thirty-first aspect according to any of the preceding aspects may also include
the feature of each of the subsystems having a corresponding rate of response.

[0067] A thirty-second aspect according to any of the preceding aspects may also include
the feature of maintaining the virtual heated fluid generation rate to control each of the
subsystems at a rate less than a slowest corresponding rate of response of the subsystems.

[0068] Various embodiments of a control system for managing and/or controlling a
system for providing heated fluid to a subterrancan zone according to the present disclosure may
include one or more of the following features. For example, the control system may more
efficiently react to dynamically changing parameters, such as, for example, heated fluid quantity
and heated fluid quality. The control systems may also ensure that all or most subsystems of a
system for treating a subterrancan zone using heated fluid are coordinated. For instance, the
control system may ensure coordination between such subsystems (e.g., a compressor subsystem,
an air valve subsystem, a fuel valve subsystem) by coupling (i.e., fully or partially) one or more
inputs into the control system. Further, the control system may reduce waste heat and lost energy
from a system for treating a subterrancan zone using heated fluid. As another example, the
control system may control one or more components of the subsystems while minimizing energy
(e.g., fluid) losses due to, for instance, pressure changes through such components. In addition,
the control system may utilize a combination of feedback and feed forward control loops to
control one or more subsystems of system for treating a subterranean zone using heated fluid.
[0069] Various embodiments of a control system for managing and/or controlling a
system for providing heated fluid to a subterrancan zone according to the present disclosure may

also include one or more of the following features. The control system may control the
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components of a system for providing heated fluid to a subterrancan zone (e.g., a downhole
steam generation system) to account for system inertia. The control system may provide for
coupled control of a compressor and valve combination used in a downhole steam operation
using a single, nested control loop to more efficiently provide heat fluid to a subterrancan zone.
The control system may also operate to decouple a desired steam quality parameter from a steam
flow rate parameter to control a downhole steam generation system. Further, the control system
may also allow for a system for providing heated fluid to a subterrancan zone to automatically
adjust (e.g., reduce) a virtual heated fluid generation rate to help eliminate and/or balance around
system bottlenecks.  For example, the control system may provide for substantial
synchronization among the subsystems of a downhole steam generation system. As another
example, the control system may not be driven by errors in one or more subsystems and/or
components of the system for providing heated fluid to a subterranecan zone (i.e., a lagging
system), but instead may look forward.

[0070] FIG. 1 illustrates an example embodiment of a heated fluid generation system 100.
System 100 may be used for treating resources in a subterrancan zone for recovery using heated
fluid that may be used in combination with other technologies for enhancing fluid resource
recovery. In this example, the heated fluid comprises steam (of 100% quality or less). In certain
instances, the heated fluid can include other liquids, gases or vapors in licu of or in combination
with the steam. For example, in certain instances, the heated fluid includes one or more of water,
a solvent to hydrocarbons, and/or other fluids. In the example of FIG. 1, a vertical well bore 102
extends from a terrancan surface 104 and intersects a subterrancan zone 110, although the
vertical well bore 102 may span multiple subterranean zones 110.

[0071] A portion of the vertical well bore 102 proximate to a subterrancan zone 110 may
be isolated from other portions of the vertical well bore 102 (e.g., using packers 156 or other
devices) for treatment with heated fluid at only the desired location in the subterranean zone 110.
Alternately, the vertical well bore 102 may be isolated in multiple portions to enable treatment
with heated fluid at more than one location (i.e., multiple subterranean zones 110)
simultaneously or substantially simultaneously, sequentially, or in any other order.

[0072] The length of the vertical well bore 102 may be lined or partially lined with a
casing (not shown). The casing may be secured therein such as by cementing or any other

manner to anchor the casing within the vertical well bore 102. However, casing may omitted
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within all or a portion of the vertical well bore 102. Further, although the vertical well bore 102
is illustrated as a vertical well bore, the well bore 102 may be substantially (but not completely)
vertical, accounting for drilling technologies used to form the vertical well bore 102.

[0073] In the illustrated embodiment, the vertical well bore 102 is coupled with a
directional well bore 106, which, as shown, includes a radiussed portion and a substantially
horizontal portion. Thus, in the illustrated embodiment, the combination of the vertical well bore
102 and the directional well bore 106 forms an articulated well bore extending from the
terrancan surface 104 into the subterranean zone 110. Of course, other configurations of well
bores are within the scope of the present disclosure, such as other articulated well bores, slant
well bores, horizontal well bores, directional well bores with laterals coupled thereto, and any
combination thereof.

[0074] As illustrated, heated fluid 108 is introduced into the well bore portions and,
ultimately, into the subterrancan zone 110 by heated fluid generator 112. The heated fluid
generator 112 shown in FIG. 1 is a downhole heated fluid generator, although the heated fluid
generator 112 may additionally or alternatively include a surface based heated fluid generator. In
certain embodiments, the heated fluid generator 112 can include a catalytic combustor that
includes a catalyst that promotes an oxidization reaction of a mixture of fuel and air without the
need for an open flame. That is, the catalyst initiates and sustains the combustion of the fuel/air
mixture.

[0075] Alternately (or additionally), the heated fluid generator 112 may include one or
more other types of combustors. Some examples of combustors (but not exhaustive) include, a
direct fired combustor where the fuel and air are burned at burner and the flame from the burner
heats a boiler chamber carrying the treatment fluid, a combustor where the fuel and air are
combined in a combustion chamber and the treatment fluid is introduced to be heated by the
combustion, or any other type combustor. In some instances, the combustion chamber can be
configured as a pressure vessel to contain and direct pressure from the expansion of gasses
during combustion to further pressurize the heated fluid and facilitate its injection into the
subterranean zone 110. Expansion of the exhaust gases resulting from combustion of the fuel
and air mixture in the combustion chamber provides a driving force at least partially responsible
for heating and/or driving the treatment fluid into a region of the directional well bore 106 at or

near the subterranean zone 110. The heated fluid generator 112 may also include a nozzle at an
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outlet of the combustion chamber to inject the heated fluid 108 into the well bore portions and/or
subterranean zone 110.

[0076] The heated fluid generation system 100 includes surface subsystems, such as an
air subsystem 118, a fuel subsystem 124, and a treatment fluid subsystem 140. As illustrated, the
air subsystem 118, the fuel subsystem 124, and the treatment fluid subsystem 140 provide an air
supply 120, a fuel supply 126, and a treatment fluid 142 (e.g., water, hydrocarbon, or other
fluid), respectively, to a flow control manifold 114. The respective air supply 120, fuel supply
126, and treatment fluid 142 is apportioned and supplied to the heated fluid generator 112 by
and/or through the flow control manifold 114 and through an air conduit 144, a fuel conduit 146,
and a treatment fluid conduit 148, respectively. Further control (e.g., throttling) of the air supply
120, fuel supply 126, and treatment fluid 142 may be accomplished by an airflow control valve
150, a fuel flow control valve 152, and a treatment fluid flow control valve 154 positioned in the
respective air conduit 144, fuel conduit 146, and treatment fluid conduit 148.

[0077] The airflow control valve 150, fuel flow control valve 152, and treatment fluid
flow control valve 154 are illustrated as downhole flow control components within the vertical
well bore 102. Alternatively, one or more of the airflow control valve 150, fuel flow control
valve 152, and treatment fluid flow control valve 154 may be configured up hole within their
respective conduits (e.g., above and/or at the terranean surface 104).

[0078] In some embodiments, one or more of the airflow control valve 150, fuel flow
control valve 152, and treatment fluid flow control valve 154 may be check or one-way valves
on one or more of the respective conduits 144, 146, and 148. The check valves may prevent
backflow of the air supply 120, fuel supply 126, and treatment fluid 142 or other fluids contained
in the well bore 102, and, therefore, provide for improved safety at a well site during heated fluid
treatment. The valves 150, 152, and 154 may also be pressure operated check valves. For
example, the valves 152 and 150 may be pressure operated valves that are maintained in an
opened position, permitting the supply fuel and supply air 126 and 120, respectively, to flow to
the heated fluid generator 112 so long as the treatment fluid 142 is maintained at a defined
pressure. When the pressure of the treatment fluid 142 drops below the defined pressure, the
valves 152 and 150 close, cutting off the flows of fuel and air. As a result, the combustion within
heated fluid generator 112 may be stopped. This can prevent destruction (e.g., burning) of the
heated fluid generator 112 if the treatment fluid 142 is stopped. In such a configuration,

13



WO 2012/173928 PCT/US2012/041890

treatment fluid 142 (e.g., water) must be flowing to the heated fluid generator 112 in order for
fuel and air to be permitted to flow to the heated fluid generator 112.

[0079] As illustrated, the air subsystem 118 includes an air compressor 116 in fluid
communication with the flow control manifold 114. The supply air 120 is provided to the flow
control manifold 114 from the air compressor 116. The air compressor 116 may thus receive an
intake of air (or other combustible fluid, such as oxygen) and add energy to the intake flow of air,
thereby increasing the pressure of the air provided to the flow control manifold 114. According
to some implementations, the compressor 116 includes a turbine and a fan joined by a shaft (not
shown) extending through the compressor 116. Air is drawn into an inlet end of compressor and
subsequently compressed by the fan. In certain embodiments including a turbine, the air
compressor 116 may be a turbine compressor or other types of compressor, including
compressors powered by an internal combustion engine.

[0080] As illustrated, the fuel subsystem 124 includes a fuel compressor 122 in fluid
communication with the flow control manifold 114. The supply fuel 126 (e.g., methane,
gasoline, diesel, propane, or other liquid or gaseous combustible fuel) is provided to the flow
control manifold 114 from the fuel compressor 122. The fuel compressor 122 may thus receive
an intake of fuel and add energy to the intake flow of fuel, thereby increasing the pressure of the
fuel provided to the flow control manifold 114. According to some implementations, the
compressor 122 can be a turbine compressor or other type of compressor, including a compressor
powered by an internal combustion engine. In some embodiments, the fuel compressor 122 may
generate waste heat, such as, for example, by combusting all or a portion of a fuel supplied to the
compressor 122. The waste heat may be used to preheat the treatment fluid 142. Additionally,
waste heat from other sources (e.g., waste heat from a power plant used to drive a boost pump
128, and other sources of waste heat) may also be used to preheat the treatment fluid 142.

[0081] The treatment fluid subsystem 140, as illustrated, includes the boost pump 128 in
fluid communication with a treatment fluid source 130 via a conduit 132. In the illustrated
embodiment, the treatment fluid source 130 is an open water source, such as seawater or open
freshwater. Of course, other treatment fluid sources may be utilized in alternative embodiments,
such as, for example, stored water, potable water, or other fluid or combination and/or mixtures
of fluids. The boost pump 128 draws a flow of the treatment fluid source 130 through the

conduit 132 and supplies the flow to a fluid treatment 134 in the illustrated embodiment. The
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fluid treatment 134, for example, may clean, filter, desalinate, and/or otherwise treat the
treatment fluid source 130 and output a treated treatment fluid 136 to a treatment fluid pump
138. The treated treatment fluid 136 is pumped to the flow control manifold 114 by the
treatment fluid pump 138 as the treatment fluid 142.

[0082] The flow control manifold 114, as illustrated, receives the supply air 120, the
supply fuel 126, and the treatment fluid 142 and provides regulated flows of the supply air 120,
the supply fuel 126, and the treatment fluid 142 downhole to the heated fluid generator 112. As
illustrated, the flow control manifold 114 receives a control signal 170 from the control hardware
168.

[0083] The controller 164 supplies one or more control signal outputs 166 to the control
hardware 168. In some embodiments, the controller 164 may be a computer including one or
more processors, one or more memory modules, a graphical user interface, one or more input
peripherals, and one or more network interfaces. The controller 164 may execute one or more
software modules in order to, for example, generate and transmit the control signal outputs 166
to the control hardware 168. The processor(s) may execute instructions and manipulate data to
perform the operations of the controller 164. Each processor may be, for example, a central
processing unit (CPU), a blade, an application specific integrated circuit (ASIC), or a field-
programmable gate array (FPGA). Regardless of the particular implementation, “software” may
include software, firmware, wired or programmed hardware, or any combination thercof as
appropriate. Indeed, software executed by the controller 164 may be written or described in any
appropriate computer language including C, C++, Java, Visual Basic, assembler, Perl, any
suitable version of 4GL, as well as others. For example, such software may be a composite
application, portions of which may be implemented as Enterprise Java Beans (EJBs) or the
design-time components may have the ability to generate run-time implementations into different
platforms, such as J2EE (Java 2 Platform, Enterprise Edition), ABAP (Advanced Business
Application Programming) objects, or Microsoft’s .NET. Such software may include numerous
other sub-modules or may instead be a single multi-tasked module that implements the various
features and functionality through various objects, methods, or other processes. Further, such
software may be internal to controller 164, but, in some embodiments, one or more processes
associated with controller 164 may be stored, referenced, or executed remotely.

[0085] The one or more memory modules may, in some embodiments, include any
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memory or database module and may take the form of volatile or non-volatile memory including,
without limitation, magnetic media, optical media, random access memory (RAM), read-only
memory (ROM), removable media, or any other suitable local or remote memory component.
Memory may also include, along with the aforementioned solar energy system installation-
related data, any other appropriate data such as VPN applications or services, firewall policies, a
security or access log, print or other reporting files, HTML files or templates, data classes or
object interfaces, child software applications or subsystems, and others.

[0086] The controller 164 communicates with one or more components of the heated
fluid generation system 100 via one or more interfaces. For example, the controller 164 may be
communicably coupled to one or more controllers of the air subsystem 118, the fuel subsystem
124, and the treatment fluid subsystem 140, as well as the control hardware 168. For example,
the controller 164 may be a master controller communicably coupled to, and operable to control,
one or more individual subsystem controllers (or component controllers). The controller 164
may also receive data from one or more components of the heated fluid generation system 100,
such as the flow control manifold 114 (via manifold feedback 162), the sensor 158 (via sensor
feedback 160), as well as the subsystems 118, 124, and 140. In some embodiments, such
interfaces may include logic encoded in software and/or hardware in a suitable combination and
operable to communicate through one or more data links. More specifically, such interfaces may
include software supporting one or more communications protocols associated with
communication networks or hardware operable to communicate physical signals to and from the
controller 164.

[0084] In some embodiments, the controller 164 may provide an efficient method of
safely controlling the supply fuel, the supply air, and the treatment fluid (e.g., heated water,
steam, and/or a combination thereof) water injection for downhole steam generation. The
controller 164 may also greatly reduce failures that could occur by using separate controllers or a
manual control system. During the steam generation process air, gas, and water are pumped
downhole where the fuel is burned and the energy generated is used to heat the water into a
partial phase change. To automate this process the flow of air, gas and fuel may be controlled and
sensors at those inputs may be combined with those downhole (e.g., sensor 158) in the proximity
of the burn chamber and used as feedback to the controller 164.

[0085] FIG. 2 illustrates a block diagram of an example embodiment of a control system
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200 for managing and/or controlling a heated fluid generation system, such as the heated fluid
generation system 100. In some embodiments, the control system 200 may be implemented in
the controller 164, the control hardware 168, one or more of the subsystems 118, 124, and 140,
and/or the flow control manifold 114. As illustrated, the control system 200 includes a virtual
treatment fluid system 206 that receives a treatment fluid input rate 202 (e.g., a desired rate
input) by an operator of the control system 200 and a plurality of subsystem feedback values 212
and outputs a virtual fluid generation rate 210. In some embodiments, the virtual system 206 is
executed on and/or by the controller 164 and describes or represents (virtually) a control system
for a heated fluid generation system, such as the heated fluid generation system 100. For
example, the virtual system 206 may create the virtual fluid generation rate 210 based on, for
instance, the treatment fluid input rate 202 and the plurality of subsystem feedback values 212,
and couple one or more subsystems while allowing each particular subsystem to reduce the
virtual rate 210, individually, if the rate 210 exceeds an ability of the particular subsystem to
keep up. Thus, the virtual system 206 may balance all the bottlenecks and keep the heated fluid
generation system running smoothly.

[0086] As illustrated, the control system 200 includes the air subsystem 118, including an
air compressor 230 and an air valve 234. In some embodiments, the air compressor 230 may
represent the air compressor 116 shown in FIG. 1, while the air valve 234 may represent the
airflow control valve 150, an airflow valve within the flow control manifold 114, and/or another
air valve within the air subsystem 118. The control system 200 also includes the fuel subsystem
124 including a fuel compressor 236 and a fuel valve 238. In some embodiments, the fuel
compressor 236 may represent the fuel compressor 122 shown in FIG. 1, while the fuel valve 238
may represent the fuel flow control valve 152, a fuel valve within the flow control manifold 114,
and/or another fuel valve within the fuel subsystem 124.

[0087] The control system 200 also includes the treatment fluid subsystem 140 including
a fluid pump 220, one or more filtration tanks 222, a first treatment stage 224 (e.g., a reverse
osmosis treatment), a second treatment stage 226 (e.g., an ion exchange treatment), and a treated
fluid pump 228. In some embodiments, the fluid pump 220, the filtration tanks 222 and
treatment stages 224/226, and the treated fluid pump 228 may represent the boost pump 128, the
fluid treatment 134, and the treatment fluid pump 138, respectively, illustrated in FIG. 1. At a
high level, these components of the treatment fluid subsystem 140 may be controlled by the
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control system 200 in order to supply an adjustable flow of a treatment fluid (e.g., a heated fluid
such as hot water, steam, or a combination thereof) to a downhole combustor, such as the heated
fluid generator 112 shown in FIG. 1. Thus, flow quantities of the treatment fluid, air, and fuel
may be supplied downhole at rates determined and controlled by the control system 200 in order
to treat a subterranean zone with heated fluid.

[0088] The illustrated embodiment of the control system 200 also includes a fluid quality
control 208, which receives a treatment fluid quality 204 (e.g., a desired quality input by an
operator of the control system 200) as an input and provides a corrected treatment fluid quality
218 that, for example, accounts for an actual fluid quality (e.g., steam quality) measured
downhole. For example, at a high level, the fluid quality control 208 may sweep of input
parameter and monitor an output parameter to estimate the actual fluid quality and, thus, system
health of the heated fluid generation system. As one example, fuel and air inputs to the
subsystems 118 and 124, respectively, are increased while downhole fluid temperature and
pressure is monitored (e.g., by the sensor 158). From the temperature and pressure data, a
transition from, for instance, water into mixed water-steam and from mixed water-steam to pure
steam, can be observed.

[0089] As illustrated, the treatment fluid rate 202 is input to the virtual treatment fluid
system 206, which provides the virtual fluid generation rate 210 to an air ratio control 214, a fuel
ratio control 216, as well as the components 220 through 228 of the treatment fluid subsystem
140, based on one or more of the feedback values 212. Thus, the virtual system 206 may drive
the subsystems 118, 124, and 140 through the virtual fluid generation rate 210 in order to
maintain substantial synchronization of all of the subsystems within the heated fluid generation
system. In addition, the corrected treatment fluid quality 218 (determined by the fluid quality
control 208 based on the desired treatment fluid quality 204) is also input into the air ratio
control 214. Based on the input virtual fluid generation rate 210 and the corrected treatment
fluid quality 218, the air ratio control 214 determines an airflow rate to meet the virtual fluid
generation rate 210. The corrected treatment fluid quality 218 is also input into the fuel ratio
control 216. Based on the input virtual fluid generation rate 210 and the corrected treatment
fluid quality 218, the fuel ratio control 216 determines a fuel flow rate to meet the virtual fluid
generation rate 210.

[0090] The airflow rate is provided to the air compressor 230 and the air valve 234 to, for
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example, drive the air compressor 230 at a particular rate (e.g., an RPM, a pressure, or otherwise)
and drive the air valve 234 to a particular position (e.g., 20% open, 40% open, and other
positions). In other words, the airflow rate (as determined according to the input virtual fluid
generation rate 210 and the corrected treatment fluid quality 218) may be a setpoint to which the
air compressor 230 and air valve 234 work to meet. The air compressor 230, at the particular
rate set by the airflow rate, and the air valve 234, at the particular position set by the airflow rate,
will work in conjunction to provide a set airflow rate. That rate and position of the air
compressor 230 and air valve 234, respectively, may then be provided as feedback values 212 to
the virtual system 206. For example, as described below, the air subsystem 218 (through the
feedback values of the air compressor 230 and/or air valve 234) may provide a proportional term
(e.g., of a proportional-integral-derivative (“PID”) controller) to the virtual treatment fluid
system 206. In some embodiments, as described more fully below, this proportional term may be
used as a feed forward term.

[0091] The fuel flow rate is provided to the fuel compressor 236 and the fuel valve 238
to, for example, drive the fuel compressor 236 at a particular rate (e.g., an RPM, a pressure, or
otherwise) and drive the fuel valve 238 to a particular position (e.g., 20% open, 40% open, and
other positions). The fuel compressor 236, at the particular rate set by the fuel flow rate, and the
fuel valve 238, at the particular position set by the fuel flow rate, will work in conjunction to
provide a set fuel flow rate. That rate and position of the fuel compressor 230 and fuel valve
234, respectively, may then be provided as feedback values 212 to the virtual system 206. Like
the air subsystem 218, and as described below, the fuel subsystem 124 (through the feedback
values of the fuel compressor 236 and/or fuel valve 238) may provide a proportional term (e.g.,
of a PID controller) to the virtual treatment fluid system 206. In some embodiments, as
described more fully below, this proportional term may also be used as a feed forward term,
along with the proportional term from the air subsystem 218.

[0092] As described above, the virtual fluid generation rate 210 may be fed to each of the
components of the treatment fluid subsystem 140 to drive the particular components of the
subsystem 140. For example, the virtual fluid generation rate 210 may, as illustrated, be
provided to each individual component: the fluid pump 220, the filtration tanks 222, the first
treatment stage 224, the second treatment stage 226, and the treated fluid pump 228. The rate

210 may thus act as a setpoint to control one or more of the components of the treatment fluid
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subsystem 140. Each of the aforementioned components of the subsystem 140 may provide
feedback values to the virtual treatment fluid system 206. As illustrated, each of the components
of the treatment fluid subsystem 140 may provide feedback to the next component within the
process. For instance, the fluid pump 220 may provide feedback values (e.g., pump speed,
pressure, or other value) to the filtration tanks 222. The filtration tanks 222 may provide
feedback values (e.g., flow rate entering and/or exiting the tanks). The first treatment stage 224
may provide feedback values (e.g., flow rates, fluid quality, or other values) to the second
treatment stage 226. The second treatment stage 226 may provide feedback values (e.g., flow
rates, fluid quality, or other values) to the treated fluid pump 228. In such fashion, one or more
of the components of the treatment fluid subsystem 140 may operate according to the “setpoint”
(i.e., the virtual fluid generation rate 210) and be responsive to the preceding component in the
process of the subsystem 140.

[0093] In operation, by providing the virtual fluid generation rate 210 as a driving
setpoint to each of the subsystems (i.e., the air subsystem 118, the fuel subsystem 124, and the
treatment fluid subsystem 140), the subsystems are operated to achieve a common goal, or
setpoint. This setpoint, i.e., the virtual fluid generation rate 210, is set by the user by providing
the desired treatment fluid rate 202 to the virtual system 206, and adjusted according to the
subsystem feedback values 212. The effect of the subsystem feedback values 212 may thus be to
adjust and/or change the virtual fluid generation rate 210 if a particular subsystem (or component
within a particular subsystem) cannot meet the setpoint (i.e., cannot meet the virtual fluid
generation rate 210). In such cases, the virtual system 206 will adjust the virtual fluid generation
rate 210, such as, for example, by reducing the rate 210 and “slowing” the entire system. Thus,
the virtual system 206 may ensure that the subsystems 118, 124, and 140 (as well as other
subsystems) remain synchronized.

[0094] In some embodiments, the virtual fluid generation rate 210 may act as an “inertia”
provided to the subsystems 118, 124, and 140 in order to achieve the desired treatment fluid rate
202 (e.g., steam flow rate) and/or the desired treatment fluid quality 204 (e.g., steam quality)
provided by an operator. For instance, the virtual fluid generation rate 210 may initially
represent a predicted virtual inertia of the overall system (i.e., the combination of the subsystems
118, 124, and 140). The virtual fluid generation rate 210, as an inertia, may be virtually moved

according to the subsystem feedback values 212 to eventually reach an actual inertia of the
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overall system. For instance, each of the subsystems 118, 124, and 140 may be connected to the
virtual inertia — as the virtual inertia moves (e.g., speeds up), one or more of the subsystems
118, 124, and 140 may also move (e.g., compressors, pumps, and other components may operate
at higher rotational speeds). The virtual inertia, moreover, may determine a maximum
acceleration of the system 200 (i.e., how fast the system 200 may be sped up to produce a heated
fluid at desired properties) with, for example, an applied torque through the controller 164 and/or
a negative torque feedback via the subsystem feedback values 212). At the actual inertia, for
example, each of the subsystems 118, 124, and 140 (as well as the components of the
subsystems) may be able to operate to achieve the desired treatment fluid rate 202 and/or the
desired treatment fluid quality 204.

[0095] FIG. 3 illustrates a schematic diagram of an example embodiment of a control
system 300 for managing and/or controlling a heated fluid generation system. In some
embodiments, the control system 300 may be used, for example, with the heated fluid generation
system 100 through the controller 164. Generally, the control system 300 illustrates one example
embodiment for a self-balancing virtual heated fluid (e.g., steam, hot water, or other heated fluid)
rate control. As illustrated, the control system 300 includes the virtual treatment fluid system
206, which feeds the virtual fluid generation rate 210 to an air subsystem 234, a fuel subsystem
238, and a fluid pump subsystem 228. At a high level, the virtual system 206 utilizes feedback
values 324, 340, and 354 from the air valve subsystem 234, the fuel subsystem 238, and the fluid
pump subsystem 228, respectively, as well as the desired treatment fluid rate 202 (e.g., from an
operator) to control the heated fluid generation system response. For instance, the feedbacks
324, 340, and/or 354 may act to slow the heated fluid generation system response when one or
more of the subsystems 234, 238, and 228 cannot achieve the virtual fluid generation rate 210
output from the virtual treatment fluid system 206.

[0096] As illustrated, virtual treatment fluid system 206 receives the desired treatment
fluid rate 202 and compares the rate 202, through a summing (or other) function 301, to the
virtual fluid generation rate 210 (i.e., the output of the virtual treatment fluid system 206). The
result of the function 301 is then adjusted according to a proportional coefficient 302. In some
embodiments, the proportional coefficient 302 may be a controller term (i.e., of the controller
executing the virtual treatment fluid system 206) that defines a response of the entire heated fluid

generation system. For example, the response of the entire heated fluid generation system may
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be set to be slower than one or more (and preferably all) of the individual controllers for the
subsystems 234, 238, and 228 (as well as other subsystems, if necessary). Thus, the individual
subsystems 234, 238, and 228 (as well as other subsystems) may be ramped up and/or down
together by adjusting the desired treatment fluid rate 202.

[0097] The adjusted fluid generation rate, as illustrated, is then further adjusted by a
summing (or other) function 304 according to the feedback values 324, 340, and 354 received
from the respective subsystems 234, 238, and 228 (described more below). By adjusting the
fluid generation rate according to the feedback values 324, 340, and 354, the heated fluid
generation system response may be adjusted (e.g., slowed) when one or more of the respective
subsystems 234, 238, and 228 (or other subsystems) cannot achieve the desired rates and/or
experience a problem or malfunction. For example, if the air subsystem 234 (e.g., a valve and/or
air compressor component) is unable to supply the required rate and/or pressure of air for the
heated fluid generation system, then this feedback subsystem will feed back through the
feedback term 324 and will reduce the virtual fluid generation rate 210 until all the subsystems
are working in unison at the maximum rate that the air can supply. As another example, if a fluid
source (e.g., a tub, tank, or other source) is being substantially reduced, the fluid pumping rate
may be reduced, resulting in a reduction in the feedback term 354. Reduction in the feedback
term 354 may then (through the virtual treatment fluid system 206 and virtual fluid generation
rate 210) reduce the rate of the entire system to maintain balance in all inputs. In other words,
the control system 300 may operate to ensure that the entire system reacts (and responds) no
faster than the slowest subsystem.

[0098] The fluid generation rate may then be further adjusted according to a virtual
inertia 306. In some embodiments, the virtual inertia 306 may be predetermined and/or set by a
user (e.g., an operator of the control system 300). In some embodiments, the virtual inertia 306
may help provide for a maximum rate of response of the controller executing the virtual
treatment fluid system 206 (i.e., a top level controller, such as the controller 164) to ensure that
the top level controller response does not exceed the response rates of one or more subsystem
controllers.

[0099] The fluid generation rate may then be further adjusted according to an error
integration function 308. For example, in some embodiments, the error integration function 308

may be a function (e.g., a first order function) that smooths out the rate of changes of the
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subsystems, such as the subsystems 234, 238, and 228 illustrated in FIG. 3. For example, in
some aspects the error integration function 308 may smooth out noise in the virtual fluid
generation rate signal.

[0100] The virtual fluid generation rate 210 is output from the virtual treatment fluid
system 206 as a feed forward rate to the subsystems 234, 238, and 228, and also as a feedback
rate to the function 301. More specifically, the virtual fluid generation rate 210 is provided to an
air ratio control 310 and a fuel ratio control 326, along with the corrected treatment fluid quality
218. Control system 300, as illustrated, also includes the fluid quality control 208, which
receives a treatment fluid quality 204 (e.g., a desired quality input by an operator of the control
system 200) as an input and provides a corrected treatment fluid quality 218 that, for example,
accounts for an actual fluid quality (e.g., steam quality) measured downhole.

[0101] Based on the virtual fluid generation rate 210 and the corrected treatment fluid
quality 218, the air ratio control 310 determines an airflow rate that is provided to the summing
(or other) function 312. The airflow rate is compared to a feedback actual airflow rate through a
valve 318 of the air valve subsystem 234. As illustrated, the air subsystem 234 may be
controlled by a proportional-integral (“PI”’) control, with the error determined by the comparison
of the airflow rate and the feedback actual airflow rate through the valve 318. The integral term
includes an error integration function 320 and an integral gain 322. The integral term is then
added, through the summing (or other) function 316, to a proportional term 314. The
proportional term 314 is also provided as the feedback 324 to the function 304. In some
embodiments, the feedback 324 includes a balancing coefficient that, for example, scales the
proportional term 314 to a virtual inertia term so that the proportional term 314 can be compared
(i.e., on the same scale) to other feedback terms (such as feedbacks 340 and 354).

[0102] Based on the virtual fluid generation rate 210 and the corrected treatment fluid
quality 218, the fuel ratio control 326 determines a fuel flow rate that is provided to a summing
(or other) function 328. The desired fuel flow rate is compared to a feedback actual fuel flow
rate through a valve 334 of the fuel subsystem 238. As illustrated, the fuel subsystem 238 may
also be controlled by a PI control, with the error determined by the comparison of the desired
fuel flow rate and the feedback actual fuel flow rate through the valve 334. The integral term
includes an error integration function 336 and an integral gain 338. The integral term is then

added, through the summing (or other) function 332, to a proportional term 330. The
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proportional term 330 is also provided as the feedback 340 to the function 304. In some
embodiments, the feedback 340 includes a balancing coefficient that, for example, scales the
proportional term 330 to a virtual inertia term so that the proportional term 330 can be compared
(i.e., on the same scale) to other feedback terms (such as feedbacks 324 and 354).

[0103] As illustrated for both of the air subsystem 234 and the fuel subsystem 238, the
respective summing functions 316 and 332 provide revised setpoints (e.g., valve positions) to the
respective valves 318 and 334. The revised setpoints are based on the integral and proportional
terms in the respective PI controllers. In alternative embodiments, however, one or more of the
illustrated subsystems (including the air subsystem 234 and the fuel subsystem 238) may utilize
other forms of control, such as, for example, PID control, linear-quadratic-Gaussian (LQG)
control, linear-quadratic regulator (LQR) control, lead-lag control, or other form of control.
[0104] The virtual fluid generation rate 210 is also fed forward to the fluid pump
subsystem 228. A desired treatment fluid flow rate may be derived from the virtual fluid
generation rate 210, such as, for example, through predetermined data regarding the type of fluid
(e.g., density and other data). The desired treatment fluid flow rate is compared, through the
summing (or other) function 342 to an actual treatment fluid flow rate from a pump 348 of the
fluid pump subsystem 228 to determine an error (i.e., deviation between desired and actual flow
rates). As illustrated, the fluid pump subsystem 228 may also be controlled by a PI control. The
integral term includes an error integration function 350 and an integral gain 352. The integral
term is then added, through the summing (or other) function 346, to a proportional term 344.
The proportional term 344 is also provided as the feedback 354 to the function 304. In some
embodiments, the feedback 354 includes a balancing coefficient that, for example, scales the
proportional term 344 to a virtual inertia term so that the proportional term 344 can be compared
(i.e., on the same scale) to other feedback terms (such as feedbacks 324 and 340).

[0105] FIG. 4 illustrates a schematic diagram of an example embodiment of a control
system 400 for managing and/or controlling a portion of a heated fluid generation system, such
as the heated fluid generation system 100 shown in FIG. 1. For example, the control system 400
may be used to control a compressor of the heated fluid generation system 100, such as, for
example, the air compressor 116, and/or the fuel compressor 122. Moreover, in some
embodiments, the control system 400 may be a part of, for example, nested within, the control

subsystem of one of the air subsystem 234 and/or the fuel subsystem 238.
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[0106] In the illustrated embodiment, a compressor 414 (e.g., air or fuel) may be a source
of energized gas and a valve 416 (e.g., air or fuel) may be a control mechanism. An optimal way
to save energy would be to use the compressor without a valve, as there would be no energy
losses as the air or fuel passes through the valve. This scenario (e.g., a valve-less subsystem)
may be impractical since the inertia of a compressor is large and difficult to accelerate. Thus, the
subsystem may be designed such that the valve can be used to adjust the flow (e.g., of air or fuel)
with minimal energy losses to the fluid. The valve, therefore, may be preferably operated within
a range that leaves the valve mostly open while its behavior is still within its linear range. The
control in such a design may be divided between the compressor and the valve, with the
compressor having a response time slower (e.g., slower by an order of magnitude) than the valve
so that control of these components will not compete and become unstable.

[0107] As illustrated, a desired average valve position 404 is compared at a summing (or
other) function 402 to an actual valve position of the valve 416. In some embodiments, as
illustrated, the actual valve position may be filtered through an frequency-weighted filter 418
(e.g., an averaging filter) before being compared to the desired valve position 404. For example,
the frequency-weighted filter 418 may be a high frequency filter that removes valve noise and
captures an average valve position value.

[0108] In the illustrated embodiment of FIG. 4, the compressor control input is a
combination of feedback and feed forward control. In some embodiments (such as the illustrated
embodiment), the control may be PI control. Alternatively, other control schemes, such as PID
or otherwise, may be utilized. The PI control of system 400 includes an integral term including
an error integration function 420 and an integral gain 422. The integral and proportional terms
are then added, through the summing (or other) function 408 to account for the total error
between desired valve position 404 and the actual position of the valve 416. A summing
function 410 may then be applied to account for a decoupling term transfer function 424. As
illustrated, the decoupling term transfer function 424 may be a feed forward decoupling term,
which may be determined according to, for example, a well pressure (e.g., of the wellbore 102
and/or at the wellhead of the wellbore 102) and a desired fluid flow rate (e.g., of air or fuel).
From the summing function 410, a compressor setpoint pressure is fed to a compressor controller
412. The compressor controller 412 then adjusts (e.g., speeds up / slows down) the compressor

414 to meet the compressor setpoint pressure. The compressor pressure (e.g., actual) is then fed
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to the valve 416. In some embodiments, the valve 416 may adjust its position based on, at least
partially, the actual compressor pressure.

[0109] FIG. 5 illustrates a schematic diagram of an example embodiment of a control
system 500 for managing and/or controlling another portion of a heated fluid generation system,
such as the heated fluid generation system 100 shown in FIG. 1. For example, the control system
500 may be used to control a valve of the heated fluid generation system 100, such as, for
example, the airflow control valve 150 (or other air valve), and/or the fuel flow control valve 152
(or other fuel valve). Moreover, in some embodiments, the control system 500 may be a part of,
for example, nested within, the control subsystem of one of the air subsystem 234 and/or the fuel
subsystem 238.

[0110] In the illustrated embodiment of FIG. 5, the valve control input is a combination
of feedback and feed forward control. In some embodiments (such as the illustrated
embodiment), the control may be PID control. Alternatively, other control schemes, such as PI
or otherwise, may be utilized. As another example, the control scheme may be implemented by a
controller utilizing a state space scheme (e.g., a time-domain control scheme) representing a
mathematical model of a physical system as a set of input, output and state variables related by
first-order differential equations. For example, inputs to the state space model may include a
desired heated fluid flow rate, a desired heated fluid quality, or other inputs described in the
present disclosure. Outputs of the state space model may include, for instance, the virtual heated
fluid generation rate or other outputs described herein. In some embodiments using the state
space scheme (e.g., in order to anticipate the compressibility of the heated fluid, such as steam),
a time-dependent history of one or more inputs and/or outputs may be taken into account.

[0111] As illustrated, a desired flow rate 504 (e.g., of air or fuel or other fluid) is
compared, by summing (or other) function 502 to an actual flow rate through a valve 518. The
PID control of system 500 includes an integral term including an error integration function 506
and an integral gain 510; a proportional term (or gain) 522); and a derivative term including a
numerical derivative 508 (e.g., a Laplace transform representation of the derivative term) and a
derivative gain 512. The integral, proportional, and derivative terms are then added, through the
summing (or other) function 514 to account for the total error between desired flow rate 504 and
the actual flow rate through the valve 518. A transfer (or other) function 516 may then be
applied to account for a feed forward term 520. As illustrated, the feed forward term 520 may be
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a feed forward decoupling term, which may be determined according to, for example, a well
pressure (e.g., of the wellbore 102 and/or at the wellhead of the wellbore 102) and a fluid supply
pressure (e.g., of air or fuel). In some embodiments, the feed forward term 520 may decouple
the fluid pressure from the control of the valve 518. Based on the combination of the feed
forward term 520 and the feedback control from the PID control, a revised valve position
setpoint is fed to the valve 518.

[0112] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made. Accordingly, other embodiments are within

the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method for controlling a downhole heated fluid generation system, comprising:

receiving an input representing a heated fluid parameter;

determining a virtual heated fluid generation rate based at least partially on the heated
fluid parameter; and

controlling at least one subsystem of the downhole heated fluid generation system by the

virtual heated fluid generation rate.

2. The method of claim 1, further comprising:
receiving a feedback from the at least one subsystem indicative of a parameter of the
subsystem; and

adjusting the virtual heated fluid generation rate based at least partially on the feedback.

3. The method of claim 2, further comprising:

comparing the feedback indicative of the parameter of the subsystem to a setpoint of the
parameter; and

adjusting the virtual heated fluid generation rate based at least partially on the
comparison of the feedback indicative of the parameter of the subsystem and the setpoint of the

parameter.

4. The method of claim 3, wherein adjusting the virtual heated fluid generation rate
based at least partially on the determined difference between the feedback and the setpoint
comprises reducing the virtual heated fluid generation rate based on the determined difference

between the feedback and the setpoint being below a threshold value.

5. The method of claim 1, wherein the virtual heated fluid generation rate comprises

a time history of the heated fluid parameter.

28



WO 2012/173928 PCT/US2012/041890

6. The method of claim 2, wherein receiving a feedback from the at least one
subsystem comprises receiving a first feedback from a first subsystem of the heated fluid
generation system, the method further comprising:

receiving a second feedback from a second subsystem;

scaling the first and second feedbacks; and

adjusting the virtual heated fluid generation rate based at least partially on the scaled first

and second feedbacks.

7. The method of claim 6, wherein scaling the first and second feedbacks comprises
scaling the first feedback to a first scale and scaling the second feedback to a second scale, the
method further comprising:

comparing the first scaled feedback and the second scaled feedback.

8. The method of claim 1, further comprising:

providing the virtual heated fluid generation rate to an air subsystem of the downhole
heated fluid generation system,;

receiving a first feedback from the air subsystem indicative of a pressure of an air
COMpressor;

receiving a second feedback from the air subsystem indicative of a position of an airflow
control valve; and

determining an adjusted virtual heated fluid generation rate based, at least partially, on

one or more of the first and second feedbacks from the air subsystem.

9. The method of claim 1, further comprising;:

providing the virtual heated fluid generation rate to a fuel subsystem of the downhole
heated fluid generation system,;

receiving a third feedback from the fuel subsystem indicative of a pressure of a fuel
compressor;

receiving a fourth feedback from the fuel subsystem indicative of a position of a fuel flow
control valve; and

determining an adjusted virtual heated fluid generation rate based, at least partially, on

one or more of the third and fourth feedbacks from the fuel subsystem.
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10. The method of claim 1, further comprising;:

providing the virtual heated fluid generation rate to a treatment fluid subsystem of the
downhole heated fluid generation system;

receiving a fifth feedback from the treatment fluid subsystem indicative of a flow rate of
an untreated fluid through a first fluid pump;

receiving a sixth feedback from the treatment fluid subsystem indicative of a flow rate of
a treated fluid through a second fluid pump; and

determining an adjusted virtual heated fluid generation rate based, at least partially, on

one or more of the fifth and sixth feedbacks from the treatment fluid subsystem.

11.  The method of claim 1, wherein the heated fluid parameter comprises a desired

rate of generation of the heated fluid.
12.  The method of claim 1, wherein the heated fluid comprises steam.

13. The method of claim 12, further comprising:

combusting an airflow and a fuel in a downhole combustor of the downhole heated fluid
generation system to generate heat; and

generating the steam by applying the generated heat to a treatment fluid supplied to the

downhole combustor.

14.  The method of claim 1, wherein controlling at least one subsystem of the
downhole heated fluid generation system by the virtual heated fluid generation rate comprises
controlling all of the subsystems of the downhole heated fluid generation system by the virtual
heated fluid generation rate, each of the subsystems having a corresponding rate of response, the
method further comprising:

maintaining the virtual heated fluid generation rate to control each of the subsystems at a

rate less than a slowest corresponding rate of response of the subsystems.
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15. A downhole heated fluid generation system, comprising:

an air subsystem comprising at least one of an air compressor and an air flow control
valve;

a fuel subsystem comprising at least one of a fuel compressor and a fuel flow control
valve;

a treatment fluid subsystem comprising a fluid pump;

a combustor fluidly coupled to at least one of the air subsystem, the fuel subsystem, or
the treatment fluid subsystem, the combustor operable to provide a heated fluid into a wellbore;
and

a controller operable to:

receive an input representing a heated fluid parameter;

determine a virtual heated fluid generation rate based at least partially on the
heated fluid parameter; and

control at least one of the air subsystem, the fuel subsystem, or the treatment fluid

subsystem by the virtual heated fluid generation rate.

16.  The system of claim 15, wherein the controller is further operable to:
receive a feedback indicative of a parameter of at least one of the air subsystem, the fuel
subsystem, or the treatment fluid subsystem; and

adjust the virtual heated fluid generation rate based at least partially on the feedback.

17.  The system of claim 16, wherein the controller is further operable to:

compare the feedback indicative of the parameter of at least one of the air subsystem, the
fuel subsystem, or the treatment fluid subsystem to a setpoint of the parameter; and

adjust the virtual heated fluid generation rate based at least partially on the comparison of

the feedback indicative of the parameter of the subsystem and the setpoint of the parameter.

18.  The system of claim 17, wherein the controller is operable to reduce the virtual
heated fluid generation rate based on the determined difference between the feedback and the

setpoint being below a threshold value.
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19. The system of claim 16, wherein the feedback from at least one of the air
subsystem, the fuel subsystem, or the treatment fluid subsystem comprises a first feedback, and
the controller is further operable to:

receive a second feedback from at least one of the air subsystem, the fuel subsystem, or
the treatment fluid subsystem;

scale the first and second feedbacks;

adjust the virtual heated fluid generation rate based at least partially on the scaled first

and second feedbacks.

20.  The system of claim 15, wherein the controller is further operable to control each
of the air subsystem, the fuel subsystem, and the treatment fluid subsystem by the virtual heated
fluid generation rate, each of the subsystems having a corresponding rate of response, the
controller operable to maintain the virtual heated fluid generation rate to control each of the

subsystems at a rate less than a slowest corresponding rate of response of the subsystems.

21.  The system of claim 15, wherein the controller is operable to:

receive a first feedback indicative of a pressure of the air compressor;

receive a second feedback indicative of a position of the airflow control valve; and

adjust the virtual heated fluid generation rate based at least partially on the first or second

feedbacks.

22.  The system of claim 15, wherein the combustor comprises a downhole combustor

operable to combust an airflow and a fuel to generate heat and to output steam as the heated

fluid.

23. The system of claim 15, wherein the virtual heated fluid generation rate comprises

a time history of the heated fluid parameter.
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