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METHOD FOR INCREASING AN EMISSIONS COMPLIANT LOAD RANGE FOR A
COMBINED-CYCLE SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.5. Provisional Application No.
61/351,661, which was filed on June 4, 2010.

FIELD OF THE INVENTION
The invention relates to combined-cycle systems, and more specifically, o a
method for increasing a load range over which a combined-cycle sysiem can operale

while still achieving an emission compliant status.

BACKGROUND OF THE INVENTION

Combined-cycle plants, combining a Rankine cycle and a Bravion cycle, typically
run at or near full power oculput level during day-time operation. During night operation,
with lower power requirements, it becomes desirable (o run the plant at less than the
power output level, and this has typically been effected by reducing the power cutput of
the gas turbine system (Bravion cycle)} to about 70 percent of the maximum operating
foad level. ldeslly, from a strictly economic point of view, it might be desirable to
operate the gas turbine system at much less than 70 percent of the maximum operating
load level rather than shut down the plant, as a shut down would necessitate incursion
of extensive start-up costs which could exceed any fuel savings realized during the shut
down period. On the other hand, # has not been possible 1o reduce power ouiput from
gas turbine systems significantly below about 70 percent due to emissions compliance
requirements, including limits on CO and NO, levels. Thus, while there is incentive o
minimize the amount of fuel consumed when operating the plant at partisi-load,
gconomic and environmental concerns create impediments 1o doing so.

With regard (o environmental compliance, exhaust emissions of the combined-
cycle system must comply with legal requirements which are specific to the
governmenial authority over the geographic locality in which the plant operales.
Generally, this necessitates that a minimum flame temperature be sustained during gas

turbine operalion. In the past it has not been possible to sustain the minimum flame
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temperature at less than about 70 percent of the maximum operating load level due to
imitations imposed by compressor and inlet guide vane designs which necessitate the
production of a minimum flow rate of compressed air which is in excess of a desired
flow rate for power levels of less than about 70%. In particular, il is known that the fuel-
to-air (FTA) ratio in the combustor below 70% power drops below (i.e., becomes (oo
lean) that which is necessary to maintain a desired minimum flame temperature for CO
amissions compliance. Known methods for operating such combined cycle plants
include those described in United Stales Patent Application Publication US
2005/0235648 A1 and United States Patent US 7,124,581, it would be advantageous to
provide a method or process for operating the gas turbine system of a combined-cycle
power generation system at less than 70 percent of the maximum operating load level
o overcome the economic disadvantages while maintaining full compliance with

environmental regulations.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is explained in the following description in view of the drawings that
show:

Fis. 1 is a schematic diagram of a portion of a combined-cycle system,
lusirating components associated with operation and reduced power output of the gas
turbine system in accordance with an embodiment of the invention;

FiG. 2 is a schematic diagram of a portion of a combined-cycle system in
accordance with an alternate embodiment of the invention relative o the embodiment of
FIG. 1; and

FiG. 3 illusirates variations in gas turbine exhaust temperature as a function of

aperating load level for the system illustrated in FIG. 1.

DETAILED DESCRIPTION OF THE INVENTION

When reading the following description of embodiments of the invention, tis to
be understood that the concept of a combined-cycle system being "emissions
compliant” refers o providing levels of CO (carbon monoxide) and/or NG, {(nitrous
oxide} in the exhaust gas of the gas turbine which are within regulatory limits which may

vary based on gecgraphic area. The invention, however, is not limited to any specific
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regulatory imits or emissions levels. However, it is recognized that emissions compliant
fimits for CO and NO, have, in the past, been generally mel by maintaining & minimum
fuel-io-air ratio (FTA) within the combustor of the gas turbine engine, such that a
minimum flame lemperature is maintained, a characteristic minimum gas turbine
exhaust temperature may be monitored (0 assess whether operation the gas turbine
system is operating within the requlatory limils.

Disclosed embodiments of the present invention provide a method for load
reduction during & tum-down in power output from the combined-cycle system, but
other embodiments are applicable to a start-up mode, or a transition from a partial
power mode to a higher power output state.

The inventors have recognized thal, in a gas turbine sysiem of a combined-cycle
system, high flame temperatures needed {o comply with emissions limils can be
sustained by diverting air which would otherwise pass from the compressor stage
through the combustor. According (o embodiments of the invention, the diverted air may
be sent into disc cavities of the gas turbine for cooling, and/or into a heal recovery
sieam generator (HRSG). A fealure of the invention is the prevention of undesirably
large and relatively rapid temperature fluctuations al the input stage to the HREG where
a mixture of the diverted air and the hot exhaust gases enter the HRSG., That is, when
attempting to controd flame temperature by diverting compressed air, the mixing of that
same diverted air with relatively hot exhaust gas can cause large time varying
temperature excursions and this can adversely affect the inlegrity and longevity of
system components.

The inventors have also recognized that a net cooling of the gases entering the
HRSG can occur based on the volume of air flow which bypasses the combustor and
mixes with the hol exhaust gases, to form a mixture of the bypassed air and the exhaust
gas sent from the outlet of the turbine, prior o enlry into the HRSG. When the relatively
cool air, exiracted from the compressor and injected at a point downstream of the gas
turbing, mixes with the exhaust gases cutput from the turbine, the exhaust gas cools
prior {o entry into the HRSG. This, in turn, can influence the performance of the
Rankine cycle. This bypass of air aids in sustaining a high flame temperalure, and
results in an elevated exhaust gas lemperaiure. In accordance with the invention, the

exhaust gas temperature can be elevated or otherwise regulated by a control system to
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influence the temperature of gases entering the HRSG. The control system can
compare the exhaust temperature to an exhaust temperature set point, and then adjust
the exhaust lemperature based on exhaust temperature set points. The control system
adjusts the exhaust gas temperature {0 a given set point by varying the amount of
ambient air entering info the gas turbine combustor. This can be effected, in part, by
opening or closing inlet guide vanes which control the amount of ambient air entering
into the compressor, thereby affecting the fuel-lo-air ratic (FTA) within the combustor.

For example, when the exhaust temperature set poinl is elevated relative to the
exhaust temperature, the control system closes the inlet guide vanes and this reduces
the volumetric flow rate of ambient air into the combusior, which increases the FTA
within the combustor and thereby elevates both the flame temperature and the exhaust
temperature of the gas turbine system. The inveniors have discovered thal the cooling
gffects of the compressed air which bypasses the combustor can be controlled based
on a change in the gas turbine exhaust temperature, specifically when the flame
temperature set point is adjusted to slevate the exhaust gas tempersature. That is, the
magnitude of temperature iransients at the HREG can be managed by simultaneously
controfiing a combination of exhaust temperature set points and relatively cool bypass
gas flow volumes which would otherwise lead to large, rapid temperature swings at the
HRSG. More specifically, it is recognized that the temperature transients al the HRSG
may be minimized or eliminated by simultaneocusly controlling (i} the time rate of change
of the injeclion of relatively cool bypass air into the HRSG, which causes a temperature
depression, and (i} the time rate of change of an increase in the temperature of exhaust
gases output from the turbine. The magnitude of the temperature transients at the
HRSG may be limited by simulianeously controlling a rate of change in the volume of
the flow which bypasses the combustor and controlling the turbine exhaust temperature
set point.

As illustrated in FIG. 3, conventional combined-cycle systems operale over a
firnited load range 64 from a maximum load level 52 to a load level 54, while
maintaining an emissions compliant status. This arrangement has several drawbacks,
such as an inability to further reduce the fuel consumption rate below the rate
corresponding to the intermediate load level 54, without lowering the FTA below a

minimum FTA required {o remain emissions compliant. The embodiments of the
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present invention provide a method for extending the emissions compliant range to a
load level range 50 for a gas turbine system 11, i.e., a wider range of reduced operating
load levels without creating an adverse impact on the downstream HREG, In mathods
according to the invention, the load level 54 is only an intermediate load level in that
larger range 50 and is referred to as such. By way of example, prior sysiems have not
been capable of operating below about 70 percent of full load level, below which the
gas turbine system 11 ceases to be emissions compliant.  According 1o an exemplary
embaodiment, the emissions compliant load level range 50 can exiend down to 50% of
the maximum operating load level. However, this is merely exemplary, and
embodiments of the invenlion are not imited to any particular numerical level of
ermissions compliant levels or emissions compliant load level range.

As ilfustrated in FIG. 1, a gas turbine system 11 of the combined-cycle system 10
includes inlet guide vanes 12 for directing ambient air into a compressor 14, from which
compressed air passes into a combustor 16, Within the combustor 16, the compressed
air reacts with fuel 17 which flows from a fuel source 19, and delivers hot combustion
axhaust gas to a turbineg 18, Within the turbine 18, the combustion gas expands to
generate power, and the hot exhaust gas is then outpul from an outlet 42 of the turbine
18 to a heat recovery steam generator (HRSG) 20 positioned downstream from the
outlet 42, As discussed above, the compressor 14 oulpuls compressed air o the
combustor 16, but need not output all of the compressed air io the combustor 16. The
compressad air thal is not oulput to the combustor 16 may be routed through one or
more flow lines 21, 25, 33, 35, 40, 41, each including a valve 22, 24, 34, 36, 38 or 43 to
selectively control flow of air therethrough. A pair of first valves 22, 24 is positioned
along respective flow lines 21,25 which joins different stages (e.g., the eighth and
eleventh stages) 23, 26, respectively, of the compressor 14 {o different stages {e.q.,
sacond and third stages) 30,32, respectively, of the turbine 18. When the first valve 22
is opened, a flow of compressed air passes from the stage 23 of the compressor 14
through the flow line 21 to the stage 30 of the turbine 18, through a passageway in a
vane {not shown) of the turbine 18 and into a disc cavity region between the stages 30
and 32 of the turbine 18. When the second valve 24 is opened, a flow of compressed
air passes from the stage 26 of the compressor 14 through the flow line 25 to the stage

32 of the turbine 18, through a passageway in a vane (not shown) of the turbine 18 and
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into a disc cavity region belween the stages 32 and 31 of the turbine 18, In addition, to
enhance control of large volume flow, the flow line 21 is in parallel with flow line 33 and
flow line 25 is in paraliel with flow line 35. The second valves 34,36 control the flow of
compressed air through the lines 33, 35, respectively, each being positioned in parallel
with the lines 21 or 25 so that valve 22 aclts in parallel with valve 34 and valve 24 acts in
paraliel with valve 36. A bleed valve 38 is positioned in a bypass flow line 40 which
injects a flow of compressed air from the stage 26 of the compressor 14 1o an injection
point 47downstream of the outlet 42 of the turbine 18, to form a mixture of bypassed air
and the exhaust gas sent from the outlet 42 of the turbine 18 prior to entry into the inlet
entry 51 of the HRSG 20. Upon opening of the bleed valve 38, a bypass flow of
compressed air travels around the combustor 16 and is injected at the point 47
downstream of the lurbine outlet 42 and upstream of the inlet entry 51 to the HRSG 20.
in an exemplary embodiment, the bleed valve 38 is positioned in series with a
secondary bleed valve 44, in the bypass flow line 40,

As illustrated in FIG. 1, the gas turbine system 11 includes a bleed valve 43
positioned in a bypass flow line 41 which injecis a flow of comprassed air from the stage
27 of the compressor 14 {0 a point 48 downstream of the turbine outllet 42 of the turbine
18, and upsiream of the injection point 47 of the bypass flow line 40.

As illustrated in FIG. 1, a control system 71 is coupled to each of the valves 22,
24, 34, 36, 38 and 44 as well as the inlet guide vanes 12, and is configured o monitor
and control the position of the inlet guide vanes 12 and the valves 22, 24, 34, 38, 38,
based on one or more parameters of the combined-cycle system 10, such as power
demand or load level of the combined-cycle system 10, For example, if the power
demand on the combined-cycle system 10 falls below a predefined level, the control
system 71 may switch info a partial-load level mode, with the control system 71
monitoring the load level of the combined-cycle system 10 and varying the position of
one or more of the valves 22, 24, 34, 36, 338 and/or the inlet guide vanes 12, as
discussed below, to ensure thal the gas turbine system 11 is emissions compliant
throughout the partial-load level operation, e.g., throughout the extended range 50.

in this and other embodiments, a plant operator may manually intervene to turn
the power ouiput down, with the control system 71 then deploying a pariial load mode of

operation. The foregoing reductions may cccur at the commencement of g low-power
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demand period, such as during night operation, when the power demand placed on the
combined-cycle system 10 falls below a designated level. The control system 71
includes an outlet temperature controller (OTC) 70 which is configured to () monitor the
temperature of exhaust gas emitted from the outlet 42 of the turbine 18, (ii}) compare
the exhaust gas temperature with the lemperature set point (stored in a memory of the
OTC) and () vary a position of the inlet guide vanes 12, based on this comparison,
such that the amount of ambient air entering the compressor 14, and, in turn, the
amount of compressed air entering the combustor 16 is adjusted to bring the exhaust
temperature to equal the set point.

When the load level of the combined-cycle system 10 is initially powered down
from the maximum operating load level 52 to a first intermediate level 54, such as 70%
of the maximum operating load level 52, for example, the controf system 71 switches
into a partial-load control mode to monitor the load level of the gas turbine system 11
while varying one or more of the inlet guide vanes and the valves 22, 24, 34, 36, 38 io
ensure that the system 11 remains emissions compliant.

During transition of the system 11 from the first intermediate level 54 to a second
intermediaie load level 57 (FIG. 3), the control system 71 continues to adjust one or
more of the inlet guide vanes 12 and valves 22, 24, 34, 36, 38, as described in the
sequence below. The supply of fuel 17 to the combustor 16 is further reduced, while a
supply of air to the combusior 16 is simultaneocusly reduced 10 maintain a suitable FTA
fo sustain an emissions compliant flame temperaiure which is determinable based on g
measurable temperalure of the exhaust gases at the outlet 42 of the turbine 18. Inan
exemplary embaodiment, the minimum exhaust temperature 82, corresponding o an
emissions compliant flame temperature is 1080°F, for a SGT8-5000F model gas turbine
system. The numerical value of the exhaust temperature corresponding o an
gmissions compliant flame lemperature is merely exemplary and embodiments of the
present invention are applicable to a variety of gas turbine designs having varied
emission compliant flame temperatures and resulling exhaust gas temperatures. Inan
axemplary embodiment, the fuel supply 17 is reduced while, simultaneocusly, the supply
of air to the combustor 16 is reduced in a sequence of stages.

initially, when fransitioning the power level 1o the first intermediate level 54, the

supply of fuel 17 o the combustor 16 is reduced (0 a first level {o bring the output down
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to the load level B4, Simultaneously, the inlet guide vanes 12 are adjusted to reduce air
intake, as the operating load level diminishes from the maximum load level 52 to the
first intermediate load level 54. Subsequently, the supply of fuel 17 1o the combustor 16
is further reduced to a second level to bring the output down {o the second infermediate
load level 56 while simultaneously opening the pair of first valves 22, 24, to provide a
first bypass flow of air through line 21 and around the combustor 16, and a second
bypass flow of air through line 25 and around the combustor 16 from the compressor 14
fo the turbine 18. The operating load is thus reduced from the first intermediate load
level 54 {o the second intermediate load level 56. in an exemplary embodiment, the
first valves 22,24 are opened at a rale of 10% per second, with a wailing period of 10
seconds between the opening of the valve 22 and the opening of the valve 24. Next, the
supply of fuel 17 o the combustor 16 is further reduced to a third level 1o bring the
output down to a third infermediate load level 57. Simulianeously, second valves 34, 36
positioned in paraliel with the first valves 22,24, are opened o augment the amount of
diverted flow, i.e., to supplement the first bypass flow through flow line 21 and the
second bypass flow through ling 25 around the combustor 16 via the valves 22, 24 from
the compressor 14 to the turbine 18, as the operating load is reduced from the second
intermeadiaie load level 58 to the third intermediate load level 57, In an exemplary
embodiment, a waiting period of 40 seconds is implemented belween the time thal the
first valves 22,24 are fully opened and when the opening of the second valves 34,36
begins. In this exemplary embodiment, the second valves 34, 36 are opened at a rate
of 5% per second, with a waiting period of 20 seconds belween the time the opening of
the valve 34 is initiated and the opening of the valve 36 is iniliated. In an exemplary
embodiment, the sysiem 71 adjusts the first bypass flow through the line 21 and the
second bypass flow through the line 25 by conirolling the first and second pairs of
valvas (22,24}, (34,38} so thatl air from the high and low pressure stages 23,26 of the
comprassor 14 is bypassed {o the stages 30,32 of the turbine 18, respectively. This
firnits the temperature in second and third disc cavity regions of the siages 30,32 of the
turbine 18. In an exemplary embodiment, the first flow and the second flow are directed
from the stages 23, 26 of the compressor 14 o the stages 30, 32 of the turbine 18,

respectively, to fimit the temperature in the second disc cavity region {(between the
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stages 30 and 32} and in the third disc cavity region (belween the slages 32 and 31} of
the turbine 18, {0 a desired lemperature range.

As discussed above, the gas turbine system 11 of the combined-cycle system 10
includes a control system 71 having an outlet temperature controller (OTC) 70 {o
compare the temperature of the exhaust gas at the outlel 42 with an adjustable exhaust
temperature set point stored in a memory of the OTC 70. if the exhaust iemperature is
less than the exhaust temperature set point, the OTC 70 sends a signal (o close the
intet guide vanes 12 and thereby reduce the supply of compressed air to the combustor
16. This increases the FTA within the combustor 16 and raises the exhaust temperaturs
to the exhaust temperature set point. Conversely, when the exhaust temperature is
greater than the exhaust temperature set point, the OTC 70 sends a signal {0 the inlet
guide vaneas 12 o open the inlel guide vanes 12 (1o an open posilion or a near-open
position). This increases the supply of compressed air to the combustor 16, reduces the
FTA within the combustor 16 and reduces the exhaust temperature down {0 the exhaust
temperature set point. As discussed above, the inlet guide vanes 12 are closed {lo a
closed posilion or a near-closed position) in order 10 reduce the load level from the
maximum level 52 {o the first inlermediate level 54, Subsequently, while the operating
load level is reduced fo the intermediate load level 57, the first flow and the second flow
of air around the combustor 10 increase the FTA and the exhaust temperature rises
above the exhaust temperature set point. This causes the OTC 70 1o open the inlet
guide vaneas 12 from the closed position {or near-closed position) (o an open position {(or
near-open position}. For example, the exhaust temperaiure and the exhaust
temperature set point may both be 10580° F, and the inlet guide vanes 12 may be setto
a closed position {(e.g., 35 degrees relative to a fully open/closed position of 0/35
degrees - measurable with respect {0 the direction of flow of ambient air entering the
inlet guide vanes 12 of the compressor). As the first and second flows of air bypass the
combustor 18, the FTA and exhaust femperature {see curve 860 of FIG. 3) may rise {0
1070F, after which time the OTC 70 compares the exhaust temperature 80 at 1070° F
to the exhaust temperature set point of 1050 ° F, and transmits a signal to open the inlet
guide vanes 12, until the exhaust temperature equals the exhaus! temperature set

point.
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As the operating load level is reduced from the intermediate load level 57 to an
ermissions compliant load level imit 58 (see FIG. 3}, there is an increase in flow of
compressor air on line 40 which bypasses the combustor 16 as it travels from the
compressor 14 to the injection point 47 downstream of the turbine outlet 42 and into the
infet 51 of the HRSG 20. This bypass flow on line 40 is increased as the operating load
level is reduced from the intermediate level 57 o an emissions compliant ioad level limit
58. This further reduced power corresponds 1o the extended emissions compliant range
50. Generally, the operating load level need not be reduced the full range, e.g., 1o the
emissions compliant load level limit 58, and may be reduced from any higher level 57 to
any lower load level within the emissions compliant load level range 50. The control
system 71 is configured {o seleclively open the bleed valve 38 based on the rale at
which the bypass flow through line 40 increases, e.q., based on a predetermined flow
rate schedule such as that used in conjunclion with ramping the set point for the
exhaust temperature. The system 71 controls the bleed valve 38 in accord with a
predefined CV {conirol valve) operatling curve {(e.g., stored in memory of the system 71),
according to which a variable flow rate through the bleed valve 38 is provided. The
bypass flow of compressor air on line 40 mixes with the exhaust gas ravelling to the
HRSG from the downstream line 45 from the outlet 42 of the turbine 18, o lower the
temperature 61 of the resulting mixiure of bypassed air and exhaust gas at the HRSG
20. Thus, the bypass flow of compressed air through the line 40 has a cooling effect
on the temperature 81 of the resulling mixture at the HR8G 20. As the operating load
level is reduced from the intermediate level 57 to the emissions compliant load level
limnit 58, the exhaust temperature set point of the turbine 18 Is increased, by the OTC
70, to increase the temperature of the exhaust gas, at the outlet 42 of the furbine 18, in
a coordinated manner with the bypass flow of compressed air through the ling 40,
Thus, increasing the exhaust temperature set point has a heating effect on the mixture
of the bypassed air and the exhaust gas at the HREG 20. An exemplary increase in the
exhaust gas temperature is shown by the lemperalure curve 80. Noting that the exhaust
temperature set point is increased as the system 11 approaches the load level limit 58,
the exhaust temperature increases when the OTC 70 determines thal the exhaust
temperature is less than the increasing exhausi temperature set point. Consequently,

the inlet guide vanas 12 are closed o reduce the air supplied to the combustor 16 and
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increase the FTA within the combustor 16. Thus, the inlet guide vanes 12 may be
initially closed as the operating load is reduced to the first intermediate load level 54,
but are then openad as the operating load level is further reduced (o the intermediale
load level 57 because the amount of air being bypassed exceeds the reduction
naecessary for emissions compliance at the reduced power level, followed by being
closed again as the operating load level is reduced 1o the emissions compliant load
tlevel limit 58. The particular angles at which the inlet guide vanes 12 are opened or
closaed will vary, depending on the configuration of the system 11, In an exemplary
embodiment, the fully open position of the inlet guide vanes 12 is referenced as zero
degrees, while the position of the inlel guide vanes 12 when air intake is most limited is
referenced as 35 degrees relative to the fully open position. According to the invention,
by increasing the exhaust temperature set point, the turbine exhaust temperature {(ses
temperature curve 60) remains above the minimum exhaust temperaiure 82 which
corresponds to the minimum flame temperature within the combustor 16 that is
emissions compliant. Elevation of the exhaust temperature above the minimum
temperature 82 has the effect of further elevating the temperature when the exhaust
gases mix with the bypass flows of compressor air as indicated by the mixad gas
temperature curve 61, This corresponds to the temperature at a point immediately prior
to entry of the mixiure of exhaust gas and bypassed compressor air into the HRSG 20
As the operating load is reduced from the intermediale load level 57 1o the emissions
compliant load level limit 58, the heating effect per the curve 80 of the exhaust gases,
which is atiributable 1o the increase in the exhaust temperature set poini, counters the
cooling effect atiributable o the volumelric increase in the bypass flow online 40, in a
coordinated manner. This is a controlied blending of exhaust gas flow and the flow of
compressor air which bypasses the combustor. According to embodiments of the
invention, the controlled blending limits the time rate of change of the temperature
fluctuations of the resulling mixture of exhaust gas and compressor air entering the
HRSG 20 to an upper limit of the time rate of change, above which damage o the
HRSG 20 oceowrs. That is, the control system 71 limils the range of temperature
fuctuation and/or rale of change in temperature fluciuations of the gases entering the
HRSG to the upper limil of the time rate of change. Thus the operaling load level is

reduced to the emissions compliant load level limit 58 while complying with limits placed
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on temperature fluciuations in the gases enlering the HRSG. In an exemplary
embodiment, the upper limit of the time rate of change may be 10 degrees/minute, for
axample. As illustrated in FIG. 3, the change in downstream exhaust temperature for
gases entering the HRSG {(per curve 61) is relatively small and approximately linear
with respect to the change in load level. The characleristic of curve 61, being
exemplary, resulls because the exhaust temperature 60 continuously increases as the
operating load level is reduced. That is, as the sysiem 11 transitions from the
intermediale load level 57 to the emissions compliant load level limit 58, the increasing
volume of the relatively cool bypass flow on line 40 is mixed with exhaust gas of
increasing temperature.

in an exemplary embodiment, the control system 71 (including the OTC 70} is
provided with a synchronized schedule according to which an increase in the bleed flow
through line 40 and an increase in the exhaust temperature set point are coordinated {o
minimize the magnifude of temperature excursions at the HRSG. The schedule
provides a rate of air flow which is a function of the reduction of the operating load level,
such as from the intermediate load level 57 1o the emissions compliant load level limit
58, for example. Based on the schedule, the control system 71 controls the air flow rate
to provide a8 maximum air flow rate, which occurs when the operating load level is at the
emissions compliant load level limit 38. For example, the schedule may instruct the
control system 71 {via the OTC 70} {0 increase the bleed flow through line 40 to fifty
percent of the maximum value and increase the exhaust lemperature set point by half of
the programmed maximum exhaust temperature set point increase, when the operating
load level is being reduced 1o a half-way point between the intermediate load level 57
and the emissions compliant load level limit 58. For exampile, when the operating load
level is being reduced o a half-way point between the intermediate load level 57 and
the emissions compliant load level limit 38, the schedule may instruct the control system
71 to increase the bleed flow rate through line 40 from zero to 50 Ibs/min (50 percent of
the maximum bleed flow rale of 100 bs/min), and instruct the control system 71 {(OTC
70) to increase the exhaust temperature set point from 1050° F to 1100° F (50 percent
fo the maximum exhaust temperature set point of 1150° F). The control system 71
ensures a coordinaled increase of the bleed flow rate through the line 40 with the

change in exhaust temperature set poinl. Although the above example addresses one
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specific bleed flow rate and one specific exhaust temperature set point for a specific
toad level, it is to be understood that the schedule includes g series of air flow rates
coordinated with a series of exhaust temperaiure set points to effect a continual
decrease in load level from a maximum output level 52 {o the emissions compliant load
level imit 58.

in exemplary embodiments, the bypass flow through the line 40 may be
increased in stages, as the load is reduced from the intermediate load level 57 1o the
gmissions compliant load level imit 58. For example, the flow through line 40 may be
increased by a first portion during & first ime interval; and then increased by a second
portion during a second time inlerval, where the first and second portions within the
respective first and second time intervals are based on the predetermined rate at which
the bypass flow rate is delivered to the HRSG 20. In this embodiment, the exhaust
temperature set point is also incrementally increased to a first temperature and then {o
a second temperature, during the first lime interval and the second interval,
respeciively. Accordingly, each adjustment of the exhaust temperature set point, during
the first and second time intervals, is based on the predetermined rate of lemperature
increase which is coordinaled with a corresponding change in volumelric bypass flow
rate through the line 40. As illustrated in FIG. 1, the bypass flow through the line 40 is
controlied by movement of the bleaed valve 38. The incremental increases in the flow
through the line 40 {e.g., by the aforedescribed first and second portions) may be
accomplished in accord with the predefined CV curve for opening the bleed valve 38 by
predetermined amounis during the first and second fime intervals, respeciively. in
ancther example, the bleed valve 38 is parlially opened by the first amount during the
first time interval, to increase the bypass flow through the line 40, to a percentage of a
maximum flow rate, and is then fully opened during the second time interval, 1o increase
the bypass flow through the line 40 o the maximum flow rate. The maximum flow rate
may be expressed as a maximum volumetric mass flow rate, such as 100 lbs/imin, for
example. In the exemplary embodiment, the exhaust lemperature sel point is increased
by the first temperature during the first time interval, such that the exhaust temperature
is greater than the emissions compliant threshold temperature 62 (which is indicalive of
a threshold flame temperature within the combustor 16); and the fime rale of change of

the downstream temperature 61 al the HRSG 20 (indicated by the lemperalure curve
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81) is less than the threshold time upper limit of the time rate of change of the
downstream femperature al the HRSG 20. In the exemplary embodiment, the exhaust
temperature set point is increasead by the second temperature during the second time
interval, such that the exhaust temperature is greater than the temperaiure 62
corresponding to the emissions compliant threshold flame temperature and the time
rate of change of the downstream temperature al the HRSG 20 {per curve 81} is less
than the upper limit of the time rate of change, after the bleed valve 38 has been fully
apened, and the bypass flow through the flow line 40 has increased 1o the maximum
flow. For exampie, the bypass flow through the flow line 40 may increase from zero {0
50 Ibs/min during the first lime period, while the exhaust temperature set point
increases from 1050° F to 1100 ° F. Similarly, the bypass flow through the line 40 may
increase from 50 Ibs/min to 100 lbs/min, while the exhaust lemperalure set point
increases from 1100 ° F to 1150 ° F, during the second time period.

As illustrated in FIG. 2, in an alternate embodiment, a gas turbine system 11 of a
combined-cycle system 10" fealures a first portion of bypass flow passing through a
bypass line 40" and a first bleed valve 38 during the first time interval. Those slements
of the combined-cycle 10 llustrated in FIG. 2, not discussed herein, with prime
notation, are similar to those equivalent-numbered elements of the combined-cycle 10
lustrated in FIG. 1, without prime notation, discussed above, and require no further
discussion herein. The first bleed valve 38’ is positioned 1o pass a first portion of the
bypass flow from a high pressure stage 26’ of the compressor 147 through an existing
line 40" between the high pressure stage 26 of the compressor 14 and to an injection
point 47" downstream of the outlet 427 of the turbine 18°. In the gas turbine system 171
the second portion of the bypass flows through a line 37" belween the high pressure
stage 26" of the compressor 14" and a second injection point 49, and into an existing
low pressure line 41" between a low pressure stage 27 of the compressor, downsiream
of the outlet 42" of the turbine 18", The line 37 includes a second bleed valve 39" (o
pass the second portion of the bypass flow from the high pressure stage 26 of the
compressor 14’ {o the second injection point 48" within the line 41, and subseguently
downstream of the oullet 427 of the turbine 18, during the second time interval.
increasing the bypass flow by the first portion is accomplished by fully opening the

bleed valve 38" during the first lime interval, while increasing the bypass flow by the
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second portion is accomplished by fully opening the second blead valve 39 during the
second time interval. Unlike the gas turbine system 11 of the combined-cycle system
10 of FiG. 1, where the bypass flow from the high pressure stage 26 of the compressor
14 is solely directed to between the high pressure stage 26 and the injection point 47
downstream of the turbine outlet 42, the bypass flow from the high-pressure stage 26 of
the compressor 147 is distributed among the fine 37 to downstream of the outlet 42" and
the line 40" to downstream of the outlet 427, thereby distributing the bypass flow more
gvenly among the flow ling 37’ of the gas turbine system 11, As with the gas turbine
system 11 illustrated in FIG. 1, the gas turbine system 11 includes a control system 71
to switch inte a partial-load mode, upon one or more parameters of the combined-cycle
system 10’ falling below a threshold value. The control system 71 monitors and
controls the inlet guide vanes 12" and valves 22', 24°, 34°, 3¢, 38, 39, during the
partial-load mode, to ensure that the gas turbine system 11" remains emissions
compliant.

The fuel 17 provided {o the combusior 16 in FIG. 1 is in a ralio of premix stage o
pilot stage. As appreciated by one of skill in the arl, a2 premix stage of the fuel 17 is
beneficial for the emissions compliance of the fuel 17, including the levels of CO and
NCOx within the fuel 17, after combustion within the combustor 16. The pilot stage of the
fuel 17 is beneficial for the slability of the flame within the combustor 16, in order {o
achieve an ideal ratio of the premix stage o the pilot stage, the inventors have
recognized that, as the operating load is reducead from the intermediate load level 57 ©
the emissions compliant load level imit 58, increasing the exhaust temperature setl point
will continuously increase the exhaust temperature at the cutlet 42 of the turbine 18, As
appreciated by one of skill in the ari, the stability of the flame within the combustor 16 is
proportional (o the flame lemperature within the combustor 16, which in-tum affects the
exhaust temperature, and thus the pilot stage component may be continuously lowered
as the combustion exhaust temperature setpoint is increased while the operating load is
reduced to the emissions compliant load level limit 58. Similarly, the inventors have
recognized that emissions compliance may be increasingly challenging as the operating
load is reduced io the emissions compliant load level limil 58, and thus the premix stage
may be continuously increased as the operating load is reduced to the emissions

compliant load level imit 58. Thus, a ratic of the premix stage o the pilot slage in the
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fuel 17 delivered o the combustor 16 from the fusl source 19 is increased | in
coordination with the increasing of the bypass flow through the line 40 and exhaust
temperature set point, as the operaling load is reduced from intermediate load level 57
to the emissions compliant foad level limit 58, to further enhance emissions compliance
of the combined-cycle system 10, while achieving a threshold of stability in the flame
required {o combust the fuel 17 within the combustor 16. it should be understood that
the pilot stage is not reduced below a threshold level required for threshold flame
stability, and thal the premix stage may be increased above a threshold level required
for emissions compliance {assuming that the flame is at or above the threshold of
stability).

in essence, an exemplary embodiment of the invention is provided by a method
for increasing an emissions compliant load level range 50 for the combined-cycle
system 10. The method includes cooling the downstream temperature 61of the gas
injected to the HRESG 20 as the operating load is reduced (o a load level within the
emissions compliant load level range 50 in a controlied manner which minimizes the
temperature transient experienced by the HRSG. This is based on mixing exhaust gas
from the outlet 42 with an increasing air flow of compressed air from the comprassor 14
around the combustor 16 o the HRSG 20. The method further includes heating the
exhaust gas temperature in a coordinaied manner to counter a reduction in the
downstream femperature 61 of the mixture entering the HRSG 20, as the operaling load
level is reduced o the lower load level within the emission compliant load level range
50. This is based on increasing the exhaust temperature set point. The cooling and
heating steps are synchronized to counteract one ancther such that the time rate of
change of the downsiream temperature &1 at the HRSG 20 is limited as the operating
load is reduced to the lower load level within the emissions compliant load level range
50.

While various embaodiments of the present invention have been shown and
described herein, it will be obvious that such embodiments are provided by way of
axampie only. Numerous varigtions, changes and substifutions may be made without
departing from the invention herein. Accordingly, it is intended that the invention be

limited only by the spirit and scope of the appended claims.
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CLAIMS
The invention claimed is:
1. A method for increasing an emissions compliant load level range (50) for a

combined-cycle power generation system {10}, said emissions compliant load level
range {50) being a range of an operating load level of the combined-cycle system (10}
from a maximum operating load level (52} to an emissions compliant load level limii (58}
below which the syslem ceases {0 be emissions compliant, said combined-cycle system
{10} having a gas turbine sysiem (11) which includes inlet guide vanes {12} for directing
ambient air into a compressor (14}, from which compressed air passas into a combustor
(16) to react with fuel (17}, and deliver exhaust gas to a turbine (18), where the exhausi
gas expands to generale power, and the exhaust gas is sent from an oullet {(42) of the
turbine (18} o 3 heat recovery sieam generator (HRSGH20), said method comprising:

reducing a supply of fuel (17} {o the combustor {(18), while simultaneously
reducing a supply of air to the combustor (16}, to maintain an emissions compliant fuel-
to-air ratio (FTA) and an emissions compliant flame temperature determinable based on
measurable exhaust gas lemperalure al the oullet (42) of the turbine (18), as the
operating load is reduced from the maximum operating load level (52} to an
intermediaie load level (57,

bypassing an air flow from the compressor {14) around the combustor (16} {o
form a mixture of bypassed air and the exhaust gas sent from an outlet {42) of the
turbine (18} prior to entry into the HRSG (20}, as the operaling load level is reduced
from the intermediate load level (57) to a lower load level within the emissions compliant
load level range (50), said bypassing of the air flow {(40) having a cooling effect on the
downstream temperature {61) at the HRSG (20}, and

increasing an exhaus! temperature set point of the turbine {18) to increase the
temperature (60) of the exhaust gas at the outlet {42) of the turbine (18} in a
coordinated manner with the step of bypassing air flow from the compressor, said
exhaust temperature (60} of the turbine being greater than a threshold temperature (62)

corresponding to an emissions compliant flame temperature and having a heating effect
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on the temperature (61) of the mixiure of bypassed air and exhaust gas at the HR&G
(20} as the operating load is reduced from the intermediate load level {(57) to the load
level within the emissions compliant load level range (503, such that combination of the
coordinated heating effect and the cooling effect limil the time rate of change of the
temperature (61) of the mixiture entering the HRSG (20) as the operating load is
reduced from the intermediate load level (57} to the load level within the emissions

compliant load level range {50).

2. The method of claim 1, further comprising increasing a ratio of a premix
stage to a pilot stage in the fuel delivered to the combustor coordinated with the step of
increasing the exhaust temperaiure set point as operating load is reduced from the
intermediaie load level 1o the lower load level within the emission compliant load level
range {50}, such that the sysiem is emissions compliant, while achieving a threshoid

stability of a flame required to combust the fuel (17) within the combustor {18).

3. The method of claim 1, wherein said reducing the supply of fuel {17) while
simultaneously reducing a supply of air to the combustor comprises:

reducing a supply of fuel to the combustor to a first level, while simultaneously
closing the inlet guide vanes, as the operating load diminishes from the maximum load
level to & first intermediate load level (54);

reducing a supply of fuel to the combustor to a second level, while
simultaneously opening a pair of first valves (22,24) to bypass a respective first flow of
air and a second flow of air from the compressor (14) arcund the combustor (16) to the
turbine (18}, as the operating load is reduced from the first intermediaie load level 1o 8
second intermediate load level (58); and

reducing a supply of fuel to the combustor to a third level, while simultansously
opening a pair of second valves {34,36) positioned in parallel with the first valves
(22,24}, to supplement the first low and the second flow from the compressor (14)
around the combustor (16) {o the turbine (18}, as the operating load is reduced from

the second inlermediate load level to the intermediate load level (57).
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4. The method of claim 3, wherein said first and said second flow is directed
from a respective high and low pressure stage of the compressor {14} {0 a respective
siage of the turbine, to imit a temperature of a disc cavity region of the respeclive stage

of the turbine, {0 be within a respeclive temperature range.

& The method of claim 1, wherein said bypassing of the air flow comprises:

bypassing the air flow by a first portion during a first time interval;

bypassing the air flow by a second portion during a second time interval;

wherein said exhaust temperature set point is respectively increased by a first
temperature and a second temperature, during the first ime interval and the second
interval, such that the exhaust temperaiure is greater than the emissions compliant
threshold temperature {82} and the time rate of change of the downsiream temperature
(61} at the HREG is less than an upper limit of the time rate of change above which

damage to the HRSG occurs, during the first and second time interval.

8. The method of claim 5, wherein said air flow passes through the bleed
valve {38) positioned between a siage (28) of the compressor (14) and downstream of
the outlet (42) of the turbine (18), wherein said increasing the air flow by the first and
second portion is based on opening the bleed valve (38) by the respective first and

second incremental amount, during the first and second time interval.

7. The method of claim 6, wherein said bleed vaive (38) is opened by the
first incremental amount during the first time interval, to increase the air flow to a
percentage of a maximum flow, and is fully opened during the second time interval, to
increase the air flow o the maximum flow;

wherein said exhaust lemperature set point is increased by the first temperature
during the first time interval, such that the exhaust temperature is above the emissions
compliant threshold temperature {62} and the time rate of change of the downstream
temperature (61) at the HRSG (20) is less than the upper limit of the time rate of
change, afier the bleed valve (38) has been opened by the first incremenial amount and

the air flow has increased o the perceniage of the maximum flow;
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wherein said exhaust temperature set point is increased by the second
temperature during the second fime interval, such that the exhaust temperature is
above the emissions compliant threshold temperature (62) and the time rate of change
of the downstream lemperature (61) at the HRSG (20) is less than the upper limit of the
time rate of change, after the bleed valve {38} has been fully opened, and the air flow

has increased io the maximum flow.

8. The method of claim 5, wherein said first portion of the air flow passes
through said bleed valve (38) during the first time interval, said bleed valve (38)
positionad o pass the first portion of the air flow from a high pressure stage (26) of the
compressor {(14) to downstream of the outlet (42) of the turbine,

wherein satd second portion of the air flow passes through a second bleed valve
(39} during the second time interval, said second bleed valve (39) positioned to pass
the second portion of the air flow from the high pressure stage {26) of the compraessor
{14) to downsiream of the outlet {(42) of the turbine, and

wherein increasing the air flow by the first portion is accomplished by fully
apening the bleed valve (38) during the first time interval, said increasing the air flow by
the second portion is accomplished by fully opening the second bleed valve (39} during

the second time inierval.

g. The method of claim 1, wherein the inlet guide vanes are openead from a
more closed position (o 8 more open position as the operating load is reduced to the
intermadiate load level (57), based on the reduced supply of air to the combustor {18),
such that the FTA is increased and the exhaust temperature (60) exceeds the exhaust
temperature set point;

and wherein as the operating load is reduced from the intermediale load level
(57} to the load level within the emission compliant load level range (50} , and the
temperature set point is increased, the exhaust lemperalure is less than the increasing
axhaust temperature sei point, the inlet guide vanes are closed o the more closed

position from the more open posilion.
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10. A method for increasing an emissions compliant load level range (80) for a
combined-cycle system {10}, said emissions compliant load level range (50} being a
range of an operaling load level of the combined-cycle system (10} from a maximum
operating load level (52) to a lower emissions compliant load level imit {58) below
which the sysiem ceases o be emissions compliant, said combined-cycle system (10)
having a gas turbine system (11} which includes inlet guide vanes {12} for direcling
ambient air into a compressor (14}, from which the compressed air is passed into a
combustor (16), to react with fuel (17), and deliver exhaust gas to a turbine (18}, where
the exhaust gas expands 1o generate power, and the exhaust gas is sent from an ocutlet
(42} of the turbine (18} to a heal recovery steam generator (HRSGY20) |, said method
comprising:

codling a downstream temperature of the gas al the HRSG (20) as the operating
load is reduced o a load level within the emissions compliant load level range (50),
based on the exhaust gas from the cutlet (42) being mixed with an increasing flow of
compressed air from the compressor {14} bypassed around the combustor (16) to form
a mixture of exhaust gas and air for entry (o the HRSG (20); and

healing the downstream temperature (61) of the midure at the HRSG (20) as the
operating load is reduced to the load level within the emissions compliant load level
range (50), based on increasing an exhaust temperature set point of the combustor;

wherein the cooling and the heating steps are synchronized to counieract one
another such that a time rate of change of the temperature of the mixture entering the

HRSG (20} is limited as the operating load is reduced.

11.  The method of claim 10, wherein the flow rate of compressed air
bypassed around the combustor is controlled based on a schedule of the operating load
level being reduced to an emissions compliant load level limit {(88), and wherein the
exhaust temperature set point is increased based on the schedule synchronized with
the flow rate of the compressed air being bypassed around the combusior as the

operating load is reduced o the emissions compliant load level limit.

12.  The method of claim 11, wherein said schedule provides a rate of air flow,

which is a function of the reduction of the operating load level.
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13. The method of claim 12, wherein the air flow is controlied to provide a
maximum air flow rate and said air fliow rate reaches the maximum air flow rate when

the operating load level is ai the emissions compliant load level limit.
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