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(57) Abrégé/Abstract:

A water delivery system (18) for delivering water for injection into gas turbine engine combustor (4) includes a centrifugal pump (19)
and a metering valve (23). The centrifugal pump (19) has an inlet (20) connected to a water source and a discharge (21)
connected to a water supply line (22). The metering valve (23) is connected to the water supply line (22) downstream of the
discharge (21) of the centrifugal pump (19). The water supply line (22) is connected to an injector nozzle (14) downstream of the
metering valve (23). The metering valve (23) is operable to regulate a flow rate of water in the water supply line (22), to thereby
meter an amount of water supplied to the injector nozzle (14).
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(57) Abstract: A water delivery system (18) for delivering water for injection into gas turbine engine combustor (4) includes a centrifu-
gal pump (19) and a metering valve (23). The centrifugal pump (19) has an inlet (20) connected to a water source and a discharge (21)
connected to a water supply line (22). The metering valve (23) is connected to the water supply line (22) downstream of the discharge
(21) of the centrifugal pump (19). The water supply line (22) is connected to an injector nozzle (14) downstream of the metering valve
(23). The metering valve (23) is operable to regulate a flow rate of water in the water supply line (22), to thereby meter an amount

of water supplied to the injector nozzle (14).
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GAS TURBINE WATER INJECTION FOR EMISSIONS REDUCTION
BACKGROUND

1. Field

[0001] The present disclosure relates to the field of gas turbine engines, and in
particular, to a system and method for water injection into a combustion section of a

gas turbine engine for reduction of emissions.

2. Description of the Related Art

[0002] As technology continues to improve, more requirements are imposed by
government and environmental agencies on products being created. In the context of
gas turbine engines, with improvements to combustion technologies, the limits to the
overall emissions produced by the engines may be reduced further and further.
Combustion byproducts that are currently regulated include nitrogen oxides (NOx),
among others. Reducing NOx emissions is often a requirement in the overall engine

design.

[0003] There are several known ways for reducing emissions from gas turbine
engines. For example, NOx may be removed from the gas turbine exhaust using a
selective catalytic reduction system. Another approach may include preventing or
minimizing NOx from being produced during the combustion process using specific
combustor designs and/or techniques such as cooling the air in the combustion
process or injecting water with the fuel, both resulting in a lower overall flame

temperature.

SUMMARY

[0004] Briefly, aspects of the present disclosure are directed to an improved
system and method for water injection in a combustion section of a gas turbine engine

for reduction of emissions.

[0005] According to a first aspect, a water delivery system is provided for

delivering water for injection into a combustor of a gas turbine engine. The water
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delivery system comprises a centrifugal pump having an inlet connected to a water
source and a discharge delivering pressurized water to a water supply line. The water
delivery system further comprises a metering valve connected to the water supply line
downstream of the discharge of the centrifugal pump. The water supply line is
connected to an injector nozzle downstream of the metering valve. The metering
valve is operable to regulate a flow rate of water in the water supply line, to thereby
meter an amount of water supplied to the injector nozzle for injection into the

combustor.

[0006] According to a second aspect, a combustion system for a gas turbine
engine is provided. The combustion system comprises a fuel supply line for supplying
a fuel from a fuel source to one or more fuel injector nozzles for injection into a
combustor of the gas turbine engine. The combustion system further comprises a
water delivery system as described above for delivering metered water for injection
into the combustor. The combustion system also includes a control unit operatively
coupled to the metering valve of the water delivery system for regulating a flow rate
of water injected into the combustor as a function of an amount of fuel supplied to the

one or more fuel injector nozzles.

[0007] According to a third aspect, a method is provided for delivering water for
injection into a combustor of a gas turbine engine. The method comprises operating a
centrifugal pump having an inlet connected to a water source and a discharge
delivering pressurized water to a water supply line. A metering valve is connected to
the water supply line downstream of the discharge of the centrifugal pump. The water
supply line is connected to an injector nozzle downstream of the metering valve. The
method further comprises controlling the metering valve to regulate a flow rate of
water in the water supply line, to thereby meter an amount of water supplied to the

injector nozzle for injection into the combustor.

[0008] According to a fourth aspect, a computer implemented method is provided
for controlling an amount of water injected into a combustor of a gas turbine engine
for reduction of emissions produced by the gas turbine engine. The method involves
determining a change in engine operating state and adjusting a fuel demand of the

combustor responsive to the change in engine operating state. The method further



CA 03142100 2021-11-26

WO 2020/242556 PCT/US2020/023081

comprises dynamically determining a flow rate of water to be injected into the
combustor responsive to the change in engine operating state and the adjustment of
the fuel demand. The method further comprises generating a control signal to actuate
a metering valve of a water delivery system to achieve the determined flow rate of
water injected into the combustor. The water delivery system comprises a centrifugal
pump and said metering valve connected to a discharge of the centrifugal pump for

delivering metered pressurized water to an injector nozzle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The invention is shown in more detail by help of figures. The figures show

preferred configurations and do not limit the scope of the invention.

[0010] FIG. 1 is a schematic diagram of a gas turbine engine;

[0011] FIG. 2 is a schematic diagram of a portion of a combustion system with

water injection according a first example embodiment;

[0012] FIG. 3 is a schematic diagram of a portion of a combustion system with

water injection according a second example embodiment; and

[0013] FIG. 4 is a flowchart illustrating an example control method in accordance

with an aspect of the present disclosure.

DETAILED DESCRIPTION

[0014] In the following detailed description of the preferred embodiments,
reference is made to the accompanying drawings that form a part hereof, and in which
is shown by way of illustration, and not by way of limitation, a specific embodiment
in which the invention may be practiced. It is to be understood that other
embodiments may be utilized and that changes may be made without departing from

the spirit and scope of the present invention.
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[0015] Referring to FIG. 1, a gas turbine engine 1 generally includes a compressor
section 2, a combustor section 4 and a turbine section 8. In operation, the compressor
section 2 inducts an oxidant, typically including ambient air 3, and compresses it. The
compressed air from the compressor section 2 enters one or more combustors in the
combustor section 4. The compressed air is mixed with the fuel 5, and the air-fuel
mixture is burned in the combustors to form a combustion product 6. The combustion
product 6 is routed to the turbine section 8 where it is expanded through alternating
rows of stationary airfoils and rotating airfoils and used to generate mechanical power
that can drive a turbine rotor 7. The turbine rotor 7 may be linked to an electric
generator (not shown) and used to generate electricity. The expanded fluid constitutes

an exhaust gas 10, which exits the engine via a turbine exhaust section 9.

[0016] It is desirable to limit or minimize overall level of emissions in the exhaust
gas 10. Aspects of the present disclosure are directed to the objective of reducing the
amount of emissions in the exhaust gas 10. In the described embodiments, the
objective is achieved by injecting water into the combustor, which results in a lower
flame temperature, thereby limiting formation of emissions products such as NOx

during the combustion process.

[0017] Combustion systems using water injection to lower combustion flame
temperature typically employ pressurizing means, such as positive displacement
pumps, to deliver high pressure water into the combustor. Such systems typically
require multiple pumps and large motors to overcome combustion pressure and to
meet the high water-to-fuel ratio that is required to reduce NOx formation in the
combustion process. Furthermore, to maintain emissions levels while ensuring that the
engine does not flame out throughout different engine maneuvers, it is desirable that
the amount of water injected into the combustor be dynamically adjusted as a function
of the amount of fuel supplied to the combustor. In conventional water delivery
systems using positive displacement pumps, a change in flow rate of water injected
into the combustor is typically achieved by varying the speed of the pumps and/or by
operating a larger or smaller number of pumps in response to a change in engine load
or power. The present inventors recognize that such systems lack the transient
responsiveness to continue engine operation, particularly during sharp changes in

engine load or power.
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[0018] Turning now to FIG. 2, a portion of a combustion system 11 is illustrated,
according to a first example embodiment. The combustion system 11 comprises a fuel
supply line 12 connected to a fuel source 13, for delivering a fuel to at least one fuel
injector 14, typically multiple fuel injectors 14, as illustrated in FIG. 2. Each fuel
injector 14 may be configured as a nozzle for discharging a fuel jet into a combustor,
where it reacts with compressed air from the compressor section to form a combustion
product. To this end, the fuel supply line 12 may be formed of a main line 12a, and a
plurality of branch lines 12b associated with each respective injector 14. The fuel flow
through the fuel supply line 12 may be regulated via at least one fuel valve 15. In the
shown configuration, the fuel valve 15 is arranged on the main line 12a. In other
configurations, each branch line 12b may be provided with a respective fuel valve for

independently controlling fuel supplied to each fuel injector 14.

[0019] The amount of fuel supplied to the fuel injectors 14 may be controlled by a
control unit 16, as a function of a fuel demand of the engine. The fuel demand of the
engine may be determined by the control unit 16 based on a multiplicity of engine
operating parameters, to achieve a desired engine load. The control unit 16 may be
operatively coupled to the fuel valve 15 and configured to generate control signals 17
to control the opening of the fuel valve 15, to thereby vary the flow rate of fuel
through the fuel supply line 12 based on the calculated fuel demand.

[0020] The illustrated combustion system 11 further comprises a water delivery
system 18 for delivering water for injection into a combustor of the combustion
system 11. The water delivery system 18 comprises a centrifugal pump 19, having an
inlet 20 and a discharge 21. The inlet 20 of the centrifugal pump is connected to a
water source, for example, a demineralization unit (not shown). The discharge 21 of
the centrifugal pump 19 supplies pressurized water to a water supply line 22. A
metering valve 23 is connected to the water supply line 22 downstream of the
discharge 21 of the centrifugal pump 19. The water supply line 22 is connected to one
or more injector nozzles (in this example, the fuel injectors 14) downstream of the
metering valve 23 for injecting the water into the combustor. The metering valve 23 is
operable to regulate a flow rate of water in the water supply line 12, to thereby meter

an amount of water supplied to the injector nozzle 14 for injection into the combustor.
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[0021] The metering valve 23 may be operatively coupled to the control unit 16,
which regulates the flow rate of water injected into the combustor as a function of the
amount of fuel supplied to the fuel injectors 14. To this end, the control unit 16 may
generate control signals 24 to actuate the metering valve 23 based on a water demand,
which may be determined as a function of the operating state and the fuel demand of
the engine. The metering valve 23 may comprise, for example, a stem connected to an
actuator that receives the control signals 24 from the control unit 16 that instruct the
actuator on how far to raise or turn the stem, to influence the flow rate of water. In a
non-limiting embodiment, the metering valve 23 may comprise a solenoid air actuated

valve. The control signals 24 may be, for example, in the form of electrical voltage.

[0022] The embodiments illustrated above thus provide a mechanism of
controlling the amount of water injected into the combustor by throttling the flow
downstream of the centrifugal pump 19 via a metering valve 23, without requiring a
change in rotational speed of the centrifugal pump 19. In one embodiment, the
centrifugal pump 19 may therefore be operated at a constant rotational speed
throughout during the operation of the metering valve 23 to vary the flow rate of
water through the water supply line 22. The metering valve 23 is fast acting, thereby
providing significantly improved transient response in comparison to varying pump
speed to control the amount of water injected into the combustor. The metering valve
23 may be configured as a modulating valve using feedback control (e.g., utilizing

flow sensors, not shown) to precisely control the flow rate of water.

[0023] In the present disclosure, the term centrifugal pump is used in a broad
sense to encompass a category of pumps that add energy to a fluid by increasing the
fluid angular momentum. Centrifugal pumps provide the ability to vary flow rate
without changing the rotational speed of the pump. In the illustrated embodiment, the
pump 19 is a pitot tube pump. A pitot tube pump is essentially a centrifugal pump in
the broadest sense as noted above, but differs from typical centrifugal pumps (also
known as “impeller pumps”) in that a pitot tube pump uses a rotating casing that
imparts centrifugal force to the fluid, and uses a fixed pitot tube located in the rotating
casing to capture the discharge flow. The present inventors have recognized that a
pitot tube pump provides specific features that make it particularly suitable for the

present application. As a first feature, a pitot tube pump is capable of providing a
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significantly higher discharge pressure than a conventional centrifugal pump having
the same speed and size. Furthermore, in contrast to a conventional centrifugal pump,
a pitot tube pump has an essentially flat pump curve over a wide operating range,
whereby the discharge pressure is substantially constant and independent of the flow
rate. The water delivery system 18 employing a pitot tube pump 19 according to the
illustrated embodiment may therefore be operated for delivering water at a constant
high pressure throughout a wide range of engine maneuvers. Furthermore, a single
pitot tube pump may be capable of providing a very high turn-down (for example, a
transient shift from 100% to 5 % load), which thereby eliminates the need for a large
number of pumps and motors. Accordingly, in the illustrated embodiment, only a
single pitot tube pump 19 may be used for the entire combustion system of the engine.
The illustrated embodiment therefore provides a reduced footprint and improved

transient response in relation to conventional delivery systems for water injection.

[0024] As an additional safety feature, a shut-off valve 25 may be provided on the
water supply line 22. The shut-off valve 25 may be operable, for example via control
signals 26 from the control unit 16, to temporarily shut-off flow in the water supply
line 22 in the event of an engine load shed. The shut-off may be transient, and water
may be reintroduced into the water supply line 22, for example, within seconds, to
continually maintain NOx emissions below required limits. In the illustrated
embodiment, the water delivery system 18 further comprises a bleed line 27
connected to the water supply line 22 for feeding back a portion of flow downstream
of the pump discharge 21 to the pump inlet 20. A flow valve 28 is arranged on the
bleed line 27, which may have a fixed setting, to allow a constant flow rate of water in
the bleed line. In particular, the flow valve 28 may be pre-set to allow a constant low
flow through the bleed line 27, to ensure that the centrifugal pump does not trip in the
event that the water supply line 22 is shut-off via the shut-off valve 25.

[0025] In the shown example, the water supply line 22 is connected to the fuel
injectors 14 to deliver metered water thereto, whereby the water is premixed with the
fuel in the fuel injectors 14 prior to being injected into the combustor. Such a
configuration may be particularly applicable to a combustion system utilizing liquid
fuel. In alternate embodiments, water and fuel may be injected into the combustor via

separate injector nozzles.
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[0026] FIG. 3 illustrates a portion of a combustion system 11, according to a
second example embodiment. The embodiment of FIG. 3 involves a dual fuel
combustion system capable of operating with a liquid fuel and a gas fuel. In FIG. 3,
the reference numerals for like elements have been retained from FIG. 2, for the sake
of brevity. The fuel distribution elements for the liquid fuel are identified by the letter
L in subscript, while the fuel distribution elements for the gas fuel are identified by
the letter G in subscript. As shown, the combustion system 11 herein comprises a first
fuel supply line 121 for supplying a liquid fuel from a liquid fuel source 131 to one or
more (typically multiple) first fuel injectors 14r. The combustion system 11 further
comprises a second fuel supply line 12 for supplying a gas fuel from a gas fuel
source 13 to one or more (typically multiple) second fuel injectors 14g. Each of the
fuel supply lines 121 and 12¢ are provided with respective fuel valves 151 and 15c.
The control unit 16 may be operatively coupled to the fuel valves 151 and 15¢ for
switching between a liquid fuel operating mode and a gas fuel operating mode.
Furthermore, the control unit 16 may be configured to control the fuel valves 151 and

156 based on a calculated fuel demand of the engine in a given operating mode.

[0027] The illustrated dual fuel combustion system 11 also comprises a water
delivery system 18, similar to that illustrated in FIG. 2, the description of which will
not be repeated. In the present embodiment, the water supply line 22 of the water
delivery system 18 is connected to the first fuel injectors 14r. In the liquid fuel
operating mode, the second fuel valve 15¢ is operated to shut-off gas fuel supply to
the injectors 14, while the first fuel valve 151 remains open. In this mode, the liquid
fuel is premixed with the water in the first fuel injectors 14t prior to injection into the
combustor. In the gas fuel operating mode, the first fuel valve 15; is operated to shut-
off liquid fuel supply to the injectors 141, while the second fuel valve 15 remains
open. In this mode, the water and the gas fuel are separately injected into the

combustor via the injectors 141 and 14 respectively.

[0028] FIG. 4 is a flow chart illustrating an exemplary computer implemented
method 30 for controlling an amount of water injected into a combustor of a gas
turbine engine for reducing emissions produced by the gas turbine engine. The
method 30 may be executed by the control unit of the above described embodiments.

To this end, the control unit may comprise a combination of hardware and software
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including specific algorithms to implement the method 30. At block 31, the method
includes determining a change in operating state of the engine. A change in operating
state may include, for example, a change in engine power/load and/or shaft speed. At
block 32, the method includes adjusting a fuel demand of the combustor responsive to
the change in engine operating state. The fuel demand may be determined based on a
multiplicity of engine operating parameters, to achieve the desired operating state.
Non limiting examples of operating parameters include measured or calculated values
of: ambient air temperature, temperature at compressor inlet, temperature at turbine
exhaust outlet, temperature at turbine inlet, temperature at combustor inlet,
combustion zone temperature, fuel-air ratio, among others. At block 33, the method
includes generating a control signal to actuate a fuel valve to regulate an amount of
fuel supplied to the fuel injectors. At block 34, the method includes dynamically
determining an adjustment in the water demand, which is the flow rate of water to be
injected into the combustor responsive to the change in the operating state and the
adjustment of the fuel demand. The water demand may be determined, for example,
based on look up tables or any other mathematical or analytical tools that define a
relationship between the fuel flow rate, the operating state and water flow rate, so as
to achieve a defined limit on emission products generated by the combustion process.
For example, the water demand may typically be low during engine startup, to prevent
flame-out, and high at baseload operation. At block 35, the method includes
generating a control signal to actuate a metering valve of a water delivery system to
achieve the determined flow rate of water injected into the combustor. The centrifugal
pump of the water injection may be operated at a substantially constant rotational

speed during the execution of the method.

[0029] While specific embodiments have been described in detail, those with
ordinary skill in the art will appreciate that various modifications and alternative to
those details could be developed in light of the overall teachings of the disclosure.
Accordingly, the particular arrangements disclosed are meant to be illustrative only
and not limiting as to the scope of the invention, which is to be given the full breadth

of the appended claims, and any and all equivalents thereof.
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CLAIMS

1. A water delivery system (18) for delivering water for injection into a
combustor (4) of a gas turbine engine (1), comprising:

a centrifugal pump (19) having an inlet (20) connected to a water source and a
discharge (21) delivering pressurized water to a water supply line (22),

a metering valve (23) connected to the water supply line (22) downstream of
the discharge (21) of the centrifugal pump (19),

wherein the water supply line (22) is connected to an injector nozzle (14)
downstream of the metering valve (23), and

wherein the metering valve (23) is operable to regulate a flow rate of water in
the water supply line (22), to thereby meter an amount of water supplied to the

injector nozzle (14) for injection into the combustor.

2. The water delivery system (18) according to claim 1, wherein the

centrifugal pump (19) is operated at a substantially constant rotational speed.

3. The water delivery system (18) according to any of the preceding

claims, wherein the centrifugal pump is a pitot tube pump (19).

4. The water delivery system (18) according to claim 3, wherein the water

delivery system (18) comprises a single pitot tube pump (19).

5. The water delivery system (18) according to any of the preceding
claims, further comprising a shut-off valve (25) operable to temporarily shut-off flow

in the water supply line (22) during a gas turbine engine load shed.

6. The water delivery system (18) according to any of the preceding
claims, further comprising;:

a bleed line (22) connected to the water supply line (22) for feeding back a
portion of flow downstream of the discharge (21) of the centrifugal pump (19) to the
inlet (20) of the centrifugal pump (19), and

10



CA 03142100 2021-11-26

WO 2020/242556 PCT/US2020/023081

a flow valve (28) arranged on the bleed line (27), the flow valve (28) being

configured to allow a constant flow rate of water in the bleed line.

7. A combustion system (11) for a gas turbine engine (1), comprising:

a fuel supply line (12) for supplying a fuel from a fuel source (13) to one or
more fuel injector nozzles (14) for injection into a combustor (4) of the gas turbine
engine (1),

a water delivery system (18) according to any of the preceding claims, for
delivering metered water for injection into the combustor (4), and

a control unit (16) operatively coupled to the metering valve (23) of the water
delivery system (18) for regulating a flow rate of water injected into the combustor (4)

as a function of an amount of fuel supplied to the one or more fuel injector nozzles

(14).

8. The combustion system (11) according to claim 7, wherein the water
delivery system (18) is connected to said one or more fuel injector nozzles (14) to
deliver metered water thereto, whereby the water is premixed with the fuel in said one

or more fuel injector nozzles (14).

9. The combustion system (11) according to claim 8§, wherein the fuel is a
liquid fuel.
10. The combustion system (11) according to claim 7, wherein the

combustion system (11) is a dual fuel combustion system, comprising:

a first fuel supply line (121) for supplying a liquid fuel from a liquid fuel
source (131) to one or more first fuel injector nozzles (141),

a second fuel supply line (12) for supplying a gas fuel from a gas fuel source
(13g) to one or more second fuel injector nozzles (14c),

wherein the water delivery system (18) is connected to said one or more first

fuel injector nozzles (141) for delivering metered water thereto.

11
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1. The combustion system (11) according to claim 10, wherein the first
fuel supply line (121) and the second fuel supply line (12¢) are respectively provided
with a first fuel valve (151) and a second fuel valve (15¢),

wherein the control unit (16) is operatively coupled to the first (151) and
second (15¢) fuel valves for switching between a liquid fuel operating mode and a gas
fuel operating mode,

whereby,

in the liquid fuel operating mode, the liquid fuel is premixed with the
water in said one or more first fuel injector nozzles (14L) prior to injection into the
combustor, and

in the gas fuel operating mode, the water and the gas fuel are
separately injected into the combustor via said one or more first fuel injector nozzles

(141) and said one or more second fuel injector nozzles (14c) respectively.

12. A method for delivering water for injection into a combustor (4) of a
gas turbine engine (1), comprising:
operating a centrifugal pump (19) having an inlet (20) connected to a water
source and a discharge (21) delivering pressurized water to a water supply line (22),
wherein a metering valve (23) is connected to the water supply line
(22) downstream of the discharge (21) of the centrifugal pump (19),
wherein the water supply line (22) is connected to an injector nozzle
(14) downstream of the metering valve (23), and
controlling the metering valve (23) to regulate a flow rate of water in the water
supply line (22), to thereby meter an amount of water supplied to the injector nozzle

(14) for injection into the combustor (4).

13. The method according to claim 12, comprising operating the

centrifugal pump (19) at a substantially constant rotational speed.

14. The method according to any of claims 12 and 13, wherein centrifugal

pump (19) is operated at a substantially constant discharge pressure

12
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15. A computer-implemented method (30) for controlling an amount of
water injected into a combustor of a gas turbine engine for reducing emissions
produced by the gas turbine engine, comprising:

determining (31) a change in engine operating state,

adjusting (32) a fuel demand of the combustor responsive to the change in
engine operating state,

dynamically determining (34) a flow rate of water to be injected into the
combustor responsive to the change in engine operating state and the adjustment of
the fuel demand,

generating a control signal (35) to actuate a metering valve of a water delivery
system to achieve the determined flow rate of water injected into the combustor,

wherein the water delivery system comprises a centrifugal pump and
said metering valve connected to a discharge of the centrifugal pump for delivering

metered pressurized water to an injector nozzle.
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