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SYSTEMS AND METHODS FOR DYNAMIC BALANCING
OF STEAM TURBINE ROTOR THRUST

TECHNICAL FIELD

[6101] The present application relates gencrally to steam twbines and more particularly

relates to svstems and methods for dyvnamic balancing of stcam turbine rotor thrust.
BACKGROUND OF THE INVENTION

[6102] A steam turbine may include a number of sections, such as a high pressure section,
an intermediate pressure section, and a low pressure section, configured to extract work from
steam flowing therethrough. The high pressure section, the intermediate pressure section, and
the low pressure section may be positioned about a common rotor of the steam turbine and
configured to rotate the rotor. During operation of the stcam turbine, thrust may be developed
by cach of the high pressure section, the mtermediate pressure section, and the low pressure
section, and the sum of these thrust values may result in a net thrust acting on the rotor of the

steam turbine.

[0303] Certain steam turbines may mclude a throst bearing that 1s supported by a stationary
support structure of the steam twrbine and configured to interact with a thrust piston about the
rotor of the steam turbine. In this manner, the thrust bearing and the thrust piston may balance
the net thrust acting on the rotor, thereby allowing for safe operation of the steam turbine.
Although existing thrust bearing configurations may provide adequate balancing and control
of stcam turbine rotor thrust during normal operations, certain challenges may exist in
balancing the net thrust of the steam turbine during transient operations. Example transient
operations may include an overload valve of the steam turbine being in a fully open position,
partial arc operation in a control stage of the high pressure section, and heaters of the steam
turbine being in an off state. Transient operations may result in significant increascs in stcam
turbine rotor thrust, for example, absolute thrust (+/-) may rise above 200kN, which may result
in damage to the thrust bearing. In order to inhibit such damage, certain steam turbines may
use a high thrust load bearing or a larger bearing area {i¢., a larger diameter thrust piston and
thrust bearing). However, the use of a high thrust load bearing may mcrease the cost of the

steam turbime, and the use of a larger bearing arca may increase leakage from the thrust piston
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and thus decrease efficiency of the steam turbine. Moreover, even when implementing these
measures, a turbing trip sometimes may occur due to high thrust, which may mmpact availabihity

of the power plant.

[G104] There is thus a desire for improved systems and methods for balancing of steam
turbine rotor thrust during both normal operations and transient operations. Such systems and
methods may provide dynamic balancing of steam turbine rotor thrust in a cost-effective
manner that minimizes mechanical losses of the steam turbine and mmproves the heat rate.
Additionally, such systems and methods may allow for the use of a conventional thrust bearing
10 a size that minimizes leakage trom the thrust piston and thus provides improved efficiency
of the steam turbine. Furthermore, such systems and methods may nhibit damage to the thrust

bearing and allow the steam tarbine to operate in a safe and rehable manner.
SUMMARY OF THE INVENTION

[6105] ¢ present application thus provides a steam turbine system. The steam turbine
system may include a rotor, a high pressure section positioned about the rotor, one or more
high pressure extraction conduits extending from the high pressure section and configured to
direct one or more high pressurc extraction flows of steam, a high pressure control valve
positioned on each of the high pressure extraction conduits, an intermediate pressure section
posttioned about the rotor, one or more intermediate pressure extraction conduits extending
from the intermediate pressure section and configured to direct onc or more intermaediate
pressure extraction flows of steam, an intermediate pressure control valve positioned on cach
of the mtermediate pressure extraction conduits, and a controller in communication with the
high pressure conirol valves and the intermediate pressure control valves. The controlier may
be operable to selectively adjust respective positions of the high pressure control valves and

the intermediate pressure control valves to balance thrust acting on the rotor.

6106} ¢ present application further provides a method for balancing steam turbine rotor
thrust. The method may nclude the steps of operating a steam turbine including a rotor, a high
pressure section positioned about the rotor, and an intermediate pressure section positioned
about the rotor, directing onc or more high pressure extraction flows of steam via one or more

high pressure extraction conduits, and divecting one or more mtermediate pressure extraction
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flows of steam via one or more imtermediate pressure extraction conduits. The method also
may mchide the step of selectively adjusting, via a controller, respective positions of one or
more high pressare control valves positioned on the high pressure extraction conduits and one
or more intermediate pressure control valves positioned on the intermediate pressure extraction

conduits to balance thrust acting on the rotor.

[3107] The present application further provides a steam turbine system. The steam turbine
system may imclude a rotor, a thrust bearing positioned about the rotor, a high pressure section
positioned about the rotor, & first high pressure extraction conduit extending from an
mitcrmediate stage of the high pressure section, a first control valve positioned on the first high
pressure extraction conduit, a second high pressure extraction conduit extending from a last
stage of the high pressure section, a second control valve positioned on the second high pressure
extraction conduit, an intermediate pressure section positioned about the rotor, a first
wntermediate pressure extraction conduit extending from a first intermediate stage of the
intermediate pressure section, a third control valve positioned on the first intermediate pressure
extraction conduit, a sccond intermediate pressure extraction conduit extending from a second
mitcrmediate stage of the intermediate pressure section, a fourth control valve positioned on the
second mtermediate pressure extraction conduit, and a controller in communication with the
first control valve, the second control valve, the thurd control valve, and the fourth conirol
valve. The controller may be operable to selectively adpust respective positions of the first
control valve, the second control valve, the third control valve, and the fourth control valve to

balance thrust acting on the rotor.

16108} These and other features and improvements of the present application will become
apparent to one of ordimary skill in the art upon review of the following detailed description

when taken in conjunction with the several drawings and the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0109] FIG. 115 a schematic diagram of a steam turbine system including a steam turbine

having a high pressure section, an intermediate pressure section, and a low pressure section.

3110} FIG. 2 1s aschematic diagram of a steam turbine system as may be described herein,

the steam turbine system including a steam turbine having a high pressure section, an

3
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wnfermediate pressure section, and a Jow pressure section, and a thrust control system for the

steam turbine.

G311} FIG. 3 18 a thrust control diagram of an example use of the steam turbine system of
FIG. 2, illustrating the impact of a position of a control valve on an extraction condutt, the

impact of a position of an ovedoad valve on a bypass conduit, and the resulting balanced thrust.
DETAILED DESCRIPTION

{6112} Referring now to the drawings, m which like numerals refer to like clements
throughout the several views, FIG. 1 shows a schematic diagram of an example of a steam
turbine system 10. The steam turbine system 10 may include a steam twbine 12 having a
number of sections. In certain embodiments, as shown, the steam turbine 12 may include a
high pressure (HP) section 14, an intermediate pressure {IP) section 16, and a low pressure
(LP) section 18, Gther sections and other pressures of the steam turbine 12 may be used in
other embodiments. The HP section 14, the IP section 16, and the LP section 18 may be
positioned about a common rotor 20 of the steam turbine 12 and configured to rotate the rotor
20 during operation of the steam turbine 12. The HP section 14, the IP section 16, and the LP
section 18 each may include a number of stages each bhaving a nwmber of stationary nozzics
posttioned about the rotor 20 and a number of blades configured to rotate with the rotor 20,
Dhring operation of the steam turbine 12, rotation of the rotor 20 may drive an electrical
generator 22 to produce power. Other components and other configurations of the stcam

turbine 12 may be used.

[G113] As shown, the HP scction 14 of the steam turbine 12 may receive high-pressure,
high-temperature steam from a steam source 24, In certain embodiments, the steam source 24
may be a boiler, although other components configured to produce steam may be used. The
stcarn may be provided to the HP section 14 via a high pressure (HP) admission conduit 26
extending from the steam source 24 to an miet of the HP section 14, as shown. One or more
high pressure (HP) admission valves 28 may be positioned on the HP admission conduit 26
and configured to selectively control the flow of stcam from the steam source 24 to the inlet of
the HP section 14, In cerfain embodiments, the HP admission valves 28 may be control valves,

although other tvpes of valves may be used. The steam may flow through the various stages
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of the HP section 14 such that work is extracted from the steam by rotation of the rotor 20,
thereby driving the generator 22, In certain cmbodiments, as shown, a high pressare (HP})
bypass conduit 30 may extend from the HP admission conduit 26 at a location upstream of the
inlet of the HP section 14 to an intermediate stage (i.c., a stage after the first stage and before
the last stage) of the HP section 14. In this manner, an additional flow of steam may be
delivered directly to the mtermediate stage of the HP section 14 from the stcam source 24, An
overicad valve 32 may be positionad on the HP bypass conduit 30 and configured to selectively
control the additional flow of steam from the steam source 24 to the miermediate stage of the
HP section 14, In certain embodiments, the overload valve 32 may be a control valve, although
other types of valves may be used. In some embodiments, the HP bypass conduit 30 and the
overload valve 32 may be omitied. After flowing through the stages ot the HP section 14, the
steam may exit the HP section 14 through a high pressure (HP) outlet conduit 34 positioned
about the outlet of the HP section 14, In certain embodiments, as shown, at least a portion of
the steam exiting the HP section 14 may be directed to a reheater 36 o increase the temperature

of the steam.

[0114] The IP section 16 of the steam turbine 12 may receive the reheated stcam from the
reheater 36, The reheated steam may be provided to the IP section 16 via an intermediate
pressure (FP) admission conduit 38 extending from the reheater 36 to an mlet of the 1P section
16, as shown. One or more intermediate pressure {IP) admission valves 40 may be positionad
on the IP admission conduit 38 and configured to selectively control the flow of reheated steam
from the rcheater 36 to the mict of the IP section 16, In certamn embodiments, the IP admission
valves 40 may be control valves, although other types of valves may be used. The steam may
flow through the various stages of the 1P section 16 such that work 1s extracted from the steam
by rotation of the rotor 20, thereby driving the generator 22. After flowing through the stages
of the IP section 16, the steam may exitthe IP section 16 through a pair of intermediate pressure
(P} outlet conduits 42 posttioned, respectively, about the outlets of the 1P section 16, As
shown, the steam exiting the IP section 16 may be directed to a crossover conduit 44 via the IP

outlet conduits 42.

[6115] The LP section 18 of the steam turbine 17 may receive the steam from the 1P section
16. The reheated stcam may be provided to the LP section 18 via the crossover conduit 44

extending from the IP section 16 to an inlet of the LP section 18, as shown. The stcam may
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flow through the various stages of the LP section 18 such that work 1s extracted from the steam
by rotation of the rotor 20, thereby driving the generator 22, After flowing through the stages
of the LP section 18, the steam may exit the LP section 18 through a pair of low pressure {(LP)
outlet conduits 46 positioned, respectively, about the outlets of the LP section 18, As shown,
the steam exiting the LP section 18 may be directed to a condenser inlet conduit 48 viathe LP
outlet conduits 46. The condenser inlet conduit 48 may direct the steam to a condenser 50
configured to condense the steam mto ligud water. The liguid water may be directed from the
condenser 30 to the steam source 24, which may convert the liquid water back nto steam for
subseqacent use within the steam turbine 12, In certain embodiments, the liquid water may be
directed from the condenser 50, through ong or more pre-heaters 54, 60, 66, 72, 78, 84, and

then to the steam source 24.

6116} As shown, the steam turbine system 10 may nclude a number of extraction condints
configured to extract a number of flows of steam from the HP section 14, the 1P section 16,
and/or the LP section 18, Although six (6) extraction conduits are shown, with two (2)
extraction conduits extending from the HP section 14, three (3) extraction conduits extending
from the IP section 16, and one {1} extraction condutt extending from the LP section 18, any
number of extraction conduits and any position of the exiraction conduits may be used. The
extraction conduits may provide steam for various applications, such as pre-heating, boiler feed
pump turbine operation, process extraction, district heating extraction, and/or other
applications. According to the illustrated embodiment, a first high pressure (HP) extraction
conduit 52 may extend from an intermediate stage (i.¢., a stage after the first stage and before
the last stage) of the HP section 14 and be configured to direct a first high pressure (HP)
extraction tlow of steam therethrough. In certain embodiments, the first HP extraction conduit
52 may dirvect the first HP extraction flow of steam to a first pre-heater 54 configured {o use
the first HP extraction flow of steam to heat another flow, such as the flow of higuid water from
the condenser 50. A first check valve 56 may be positioned on the first HP extraction conduit
52 and configured to allow one-way flow of the first HP extraction flow of steam from the HP
section 14 to the first pre-heater 54, A second high pressure (HP) extraction conduit 58 may
extend from the last stage of the HP scction 14 and be configured to direct a second high
pressure (HP) extraction flow of steam therethrough. In certain embodiments, the second HP

extraction conduit 58 may direct the second HP extraction flow of steam to a sccond pre-heater
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60 configured to use the second HP extraction flow of steam to heat another flow, such as the
How of liquid water from the condenser 50. A second check valve 62 may be positioned on
the second HP extraction conduit 58 and configured to allow one-way flow of the second HP

extraction flow of steam trom the HP section 14 to the second pre-heater 60,

[G117] A first intermediate pressure (IP) extraction conduit 64 may oxtend from a first
wntermediate stage (i.¢., a stage after the first stage and before the last stage) of the 1P section
16 and be configured to divect a first intermediate pressure (IP) extraction flow of steam
therethrough. In certain embodiments, the first 1P exiraction conduit 64 may direct the first 1P
extraction flow of stcam to a third pre-heater 66 configured fo use the first IP extraction flow
of steam to heat another flow, such as the flow of liquid water from the condenser 50, A third
check valve 68 may be positioned on the first IP extraction conduit 64 and configered to allow
ong-way flow of the first IP extraction flow of steam from the IP section 16 to the third pre-
heater 66. A second intermediate pressure (IP) extraction conduit 70 may extend from a second
mntermediate stage of the IP section 16 and be configared to direct a second intermediate
pressure {(IP) extraction flow of steam therethrough. In certain ¢mbodiments, the second 1P
extraction conduit 70 may direct the second 1P extraction flow of steam to a fourth pre-heater
72 configured to use the second 1P extraction flow of steam fo heat another flow, such as the
flow of iquid water from the condenser 50. A fourth check valve 74 may be positioned on the
second 1P extraction condhwit 70 and configured to allow one-way flow of the second IP
extraction flow of stearn from the IP section 16 to the fourth pre-heater 72. A third intermediate
pressure (IP) extraction conduit 76 may extend from the last stage of the P section 16 and be
configured to direct a third intermediate pressure (P} extraction flow of steam therethrough.
In certain embodiments, the third IP extraction conduit 76 may direct the third 1P extraction
flow of steam to a fifth pre-heater 78 configured to use the third IP extraction flow of steam to
heat another flow, such as the flow of liquid water from the condenser 50, A fifth check valve
80 may be positioned on the third 1P extraction conduit 76 and configured to allow onc-way

flow of the third 1P extraction flow of stecam from the IP section 16 to the fifth pre-heater 78,

[0118] As shown, a first low pressure (LP) extraction conduit 82 may extend from one or
more termediate stages (i.¢., stages after the first stage and before the last stage) of the LP
section 18 and be configured to direct a first low pressure (LP) extraction flow of steam

therethrough. In certain embodiments, the first LP extraction conduit 82 may direct the first
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LP extraction flow of steam to a sixth pre-heater 84 configured to use the first LP extraction
How of steam to heat another flow, such as the flow of hiquid water from the condenser 50. A
sixth check valve 86 may be positioned on the first LP extraction conduit 82 and configured to
allow one~way flow of the first LP extraction flow of stcam from the LP section 18 to the sixth

pre-heater 84,

3119} Buring operation of the steam turbine 12, thrust may be developed bv each of the
HP section 14, the IP section 16, and the LP section 18, and the sum of these thrust values may
result in a net thrust acting on the rotor 20 of the steanm turbine 12, As shown, the steam tarbine
system 10 may include a thrust bearing 88 positioned about the rotor 20. The thrust bearing 88
may be supported by a stationary support structure of the steam turbine 12 such that the axial
position of the thrust bearing 88 is maintained doring operation of the steam tbine 12, The
thrust bearing 88 may be configured to interact with a thrust piston 90 of the rotor 20 during
operation of the steam turbine 12. Tn this manner, the thrust bearing 88 may balance the net
thrust acting on the rotor 20 during normal operations of the steam turbine 12, However, during
transient operations of the steam turbine 12, the thrust bearing 88 may not cffectively balance
the net thrust of the steam turbine and may become damaged due to significant increases in
steam turbine rotor thrust, such as absolute thrust (+/-) nising above 200kN. For example, the
thrust bearing &8 may be meffective in balancing the net thrust of the stcam turbine when the
overicad valve 32 is in a fully open position and one or more of the pre-heaters 54, 60, 66, 72,

78, 84 1s 1 an off state.

[0126] FIG. 2 shows an embodiment of a stcam turbine system 110 as may be described
herein. The steam turbine system 110 mayv include a steam turbine 112 having a number of
sections. In certain cmbodiments, as shown, the stcam turbine 112 may include a high pressure
(HP) section 114, an intermediate pressure (1P} section 116, and a low pressure {(LP) section
118, Other sections and other pressures of the steam turbine 112 may be used in other
embodiments. According to the illustraied embodiment, the HP section 114 15 a single-flow
HP section, the 1P section 116 is g double-flow IP section, and the LP section 118 is a double-
flow LP section. It will be appreciated that the HP section 114, the IP section 116, and the LP
section 118 may various configurations {(e.g., single-tlow or double-flow} according to other
embodiments. The HP section 114, the IP section 116, and the LP section 118 may be

positioned about a common rotor 120 of the steam turbine 112 and configured to rotate the
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rotor 120 during operation of the steam furbine 112, The HP section 114, the IP section 116,
and the LP section 118 each may include a number of stages each having a number of stationary
nozzies positioned about the rotor 120 and a number of blades configured to rotate with the
rotor 120, During operation of the steam turbine 112, rotation of the rotor 120 may drive an
clectrical generator 122 to produce power. (ther components and other configurations of the
steam turbine 112 may be used. As described below, the steam turbine system 110 also may
include a thrust control system configured to provide dynamic balancing of stean: turbine rotor

thrust.

{6121} As shown, the HP section 114 of the steam turbine 112 may receive high-pressure,
high-temperature steam from a steam source 124. Tn certain emnbodiments, the steam source
124 mayv be a botler, although other components configured o prodace steam may be used.
The steam may be provided to the HP section 114 via a high pressare (HP} admission conduit
126 extending from the steam source 124 to an inlet of the HP section 114, as shown. One or
more high pressure {HP) admission valves 128 may be positioned on the HP admission conduit
126 and configured to selectively control the flow of stcam from the steam source 124 to the
inlet of the HP section 114, In certain embodiments, the HP admission valves 128 may be
control valves, although other types of valves may be used. The steam may flow through the
various stages of the HP section 114 such that work is extracted from the steam by rotation of
the rotor 120, thereby driving the generator 122, In certam embodiments, as shown, a high
pressure (HP) bypass conduit 130 may extend from the HP admission conduit 126 at a location
upstream of the mlet of the HP scction 114 to an intermediate stage (i.¢., a stage afier the first
stage and before the last stage) of the HP section 114, In this manner, an additional flow of
stcam may be delivered directly to the intermediate stage of the HP section 114 from the steam
source 124, An overload valve 132 may be positioned on the HP bypass conduit 130 and
configured to selectively control the additional flow of steam from the steam source 124 to the
intermediate stage of the HP section 114, In certain embodiments, the overload valve 132 may
be a control valve, although other tvpes of valves may be used. In some embodiments, the HP
bypass conduit 130 and the overload valve 132 may be onutted. Afier flowing through the
stages of the HP section 114, the steam may exat the HP section 114 through a high pressure

(HP) outlet conduit 134 positioned about the outlet of the HP section 114, In certain
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embodiments, as shown, at least a portion of the steam exiting the HP section 114 may be

directed to a reheater 136 to increase the temperature of the steam.

[6122] The 1P section 116 of the steam turbine 112 mav receive the reheated steam from
the reheater 136, The reheated steam may be provided to the IP section 116 vig an mntermediate
pressure (1P} admission conduit 138 extending from the rcheater 136 to an inlet of the 1P section
116, as shown. One or more miermediate pressure (IP) admission valves 140 may be
posttioned on the 1P admission conduit 138 and configured to selectively control the flow of
reheated steam from the reheater 136 to the inlet of the IP section 116, In certain embodiments,
the 1P admission valves 140 may be control valves, although other types of valves may be used.
The steam may flow through the various stages of the 1P section 116 such that work is extracted
from the stcam by rotation of the rotor 120, thereby driving the generator 122, After flowing
through the stages of the 1P section 116, the steam may exit the IP section 116 through a pair
of intermediate pressure (IP) outlet conduits 142 positioned, respectively, about the outlets of
the IP section 116, As shown, the steam exiting the P section 116 may be directed fo a

crossover conduit 144 via the P outlet conduits 142,

[0323] The LP section 118 of the steam turbine 112 may receive the steam from the IP
section 116, The rcheated steam may be provided to the LP section 118 via the crossover
conduit 144 cxtending from the 1P section 116 to an inlet of the LP section 118, as shown. The
steam may flow through the vanous stages of the LP section 118 such that work is extracted
from the steam by rotation of the rotor 120, thereby driving the generator 122, After flowing
through the stages of the LP section 118, the steamn may oxit the LP section 118 through a pair
of low pressure (P} outlet conduits 146 posttioned, respectively, about the outlets of the LP
section 118, As shown, the steam exiting the LP section 118 may be dirccted to a condenser
inlet conduit 148 via the LP outlet condwuiis 146, The condenser inlet conduit 148 may direct
the stcam to a condenser 130 configured to condense the steam into liquid water. The hiqud
water may be directed from the condenser 150 {o the steam source 124, which may convert the
Higuad water back into steam for subsequent use within the steam turbine 112, In certan
embodiments, the liquid water may be directed from the condenser 150, through one or more

pre-heaters 154, 160, 166, 172, 178, 184, and then to the steam source 124,

10
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3124} As shown, the steam turbine system 110 may nclude a number of extraction
conduits configured to extract a number of flows of steam from the HP section 114, the IP
section 116, and/or the LP section 118, Although six {6} extraction conduits are shown, with
two {2} extraction conduits extending from the HP section 114, three (3) extraction conduits
extending from the IP section 116, and one (1) extraction condwit extending from the LP section
118, any number of extraction conduits and any position of the extraction conduits may be
ased. The extraction condutts may provide steam for various applications, such as pre-heating,
boiler feed pump turbine operation, process extraction, district heating extraction, and/or other
applications. According to the illustrated embodiment, a first ligh pressure (HP} extraction
conduit 152 may extend from an intermediate stage {1.¢.. a stage after the first stage and before
the last stage) of the HP section 114 and be configured to direct a first high pressure (HP)
extraction tlow of steam therethrough. In certain embodiments, the first HP extraction conduit
152 may direct the first HP extraction flow of steam to a first pre-heater 154 configured to use
the first HP extraction flow of sicam to heat another flow, such as the flow of liquid water from
the condenser 1530, A first control valve 156 may be positioned on the first HP extraction
conduit 152 and configured to selectively control the flow of the first HP extraction flow of
steam from the HP section 114 to the first pre-heater 1534, A second high pressure (HP)
extraction conduit 158 may extend from the last stage of the HP section 114 and be configured
to direct a second high pressure (HP) extraction flow of steam therethrough. In certain
embodiments, the second HP extraction condait 138 may direct the second HP extraction flow
of steam o a second pre-heater 160 configured to use the second HP extraction flow of steam
to heat another flow, such as the flow of liguid water from the condenser 158, A sccond control
valve 162 may be positioned on the sccond HP extraction condait 158 and configured to
selectively control the flow of the second HP extraction flow of steam from the HP section 114

to the second pre-heater 160,

[6125] A first intermediate pressure (IP) extraction conduit 164 may extend from a first
intermediate stage (i.¢., a stage afier the first stage and before the last stage) of the IP section
116 and be configured to direct a first intermediate pressure (IP) extraction flow of stcam
therethrough. In certam cmbodiments, the first IP extraction condiit 164 may direct the first
IP extraction flow of steam 1o a third pre-heater 166 configured to use the first 1P extraction

flow of steam to heat another flow, such as the flow of liquid water from the condenser 150.

1
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A third comtrol valve 168 may be posttioned on the first IP extraction conduit 164 and
configared to selectively control the flow of the first [P extraction flow of steam from the IP
section 116 to the third pre-heater 166, A second imtermediate pressure {IP) extraction condwit
170 may extend from a sccond udermediate stage of the 1P section 116 and be configured to
direct a second intermediate pressure (IP) extraction flow of steam therethrough. In certain
embodiments, the sccond IP extraction conduit 170 may divect the second IP extraction flow
of sicam to a fourth pre-heater 172 configured to use the second 1P extraction flow of steam to
heat another tlow, such as the flow of liguid water from the condenser 150, A fourth control
valve 174 may be positioned on the second IP extraction conduit 170 and configured to
selectively control the flow of the second IP extraction flow of steam from the 1P section 116
to the fourth pre-heater 172, A third mictmediate pressure (IP) extraction conduit 176 may
extend from the last stage of the IP section 116 and be configured to direct a thivd mtermediate
pressure (IP) extraction flow of steam thercthrough. In certain embodiments, the third IP
extraction conduit 176 may direct the third IP exiraction flow of steam to a fifth pre-heater 173
configured to use the third IP extraction flow of steam to heat another flow, such as the flow
of hiquid water from the condenser 130, A fifth control valve 180 may be positioned on the
third IP extraction conduit 176 and configured to selectively control the flow of the third [P

extraction flow of steam trom the IP section 116 to the fifth pre-heater 1738,

16126} As shown, a first low pressure {(LP) extraction conduit 182 may extend from one or
more intermediate stages (1.¢., stages after the first stage and before the last stage) of the LP
section 118 and be configured to direct a first low pressure {(LP) extraction flow of stcam
therethrough. o certain embodiments, the first LP extraction conduit 182 may direct the first
LP extraction flow of stcam to a sixth pre-heater 184 configured to use the first LP extraction
flow of steam to heat another flow, such as the flow of liquid water from the condenser 150.
A sixth control valve 186 may be positioned on the first LP extraction condeit 182 and
configured to allow one-way flow of the first LP extraction flow of steam from the LP section

118 to the sixth pre-heater 184,

[6127] During operation of the steam turbine 112, thrust mav be developed by cach of the
HP section 114, the IP section 116, and the LP section 113, and the sum of these thrust values
may result in a net thrust acting on the rotor 120 of the steam turbine 112, As shown, the steam

turbing system 110 may include a thrust bearing 188 positioned about the rotor 120. The thrust
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bearing 188 may be supported by a stationary support structure of the steam turbine 112 such
that the axial position of the throst bearing 188 is maintained during operation of the stcam
turbine 112, The thrust bearing 188 may be configured to mteract with a thrast piston 190 of
the rotor 120 during operation of the steam turbine 112, o this manner, the thrust bearing 188
may balance the net thrust acting on the rotor 120 dunng normal operations of the steam turbine

1i2.

{3128} Ag shown, the steam turbine system 110 also may include an electronic controller
192 in operable commmuication with the overload valve 132, the first pre-heater 154, the second
pre-heater 160, the third pre-heater 166, the fourth pre-bheater 172, the fifth pre-heater 178, the
sixth pre-heater 184, the first control valve 156, the second control valve 162, the third control
valve 168, the fourth control valve 174, the fifth control valve 180, and the sixth control valve
186. The countrolier 192 may be electrically and/or communicatively coupled to the pre-heaters
154, 160, 166, 172, 178, 184 and the control valves 156, 162, 168, 174, 180, 186 and may
provide a digital-industrial solution for controlling operation of such components. As ased
herein, the term “controller” refers to 3 device that receives input signals corresponding to the
operating position or operating state of one or more first components and sends output signals
corresponding to the operating position or operating state of one or more second components
to control the operating position or operating state of the one or more second components. The
controller 192 may inchude one or more processors and/or memory components. The controller
192 may be implemented as appropriate in hardware, software, firmware, or combinations
thereof. Software or firmware implementations of the controller 192 may mclude computer-
executable or machine-executable nstructions written 1n any suitable programming language
to perform the various functions described herein. Hardware tmplementations of the controlicr
192 may be configured to exccute computer-executable or machine-executable instructions to
perform the vanous functions described herein.  The controller 192 may mclude, without
bmitation, a central processing unmit (CPU), a digital signal processor {(BSP), a reduced
instruction set computer {RISC), a complex nstruction set computer {CISC), a microprocessor,
a microcontroller, a ficld programmable gate array (FPGA), or any combination thereof. In
some embodiments, the controller 192 may be a steam turbine system controller operable to
control various aspects of the steam turbine svstem 110, In some embodiments, the coniroller

192 may be a power plant svstem controller operable to control various aspects of an overall

i3



WO 2018/203985 PCT/US2018/023942

power plant including the steam turbine svstem 110, In some embodiments, the controller 192
may be part of a digital command control (BCC) system configured to digitally control the

operations described herein.

16129] The controller 192 may be operable to dynamically control and balance steam
turbine rotor thrust during transient operations of the steam turbine 112, For example, the
controller 192 may effectively control and balance the steam turbine’s net thrust when the
overload valve 132 18 tn a fully open position and/or one or more of the pre-heaters 154, 160,
166, 172, 178, 184 is in an off state. In particular, the controller 192 may dynamically control
the extraction flows of steam flowing from the HP section 114, the [P section 116, and/or the
LP section 113 1o the respective pre-heaters 154, 160, 166, 172, 178, 184 by selectively
adjusting the position (i.c., an “on” or “open” position, an “off” or “closed” position, or an
“intermediate” or “partially closed” position in between the “on™ or “open” position and the
“off” or “closed” position) of one or more of the control valves 156, 162, 168, 174, 180, 186,
based on the position (1.2, an “on” or “open” position, an “off” or “closed” position, or an
“intermediate” or “partially closed” position in between the “on” or “open™ position and the
“off” or “closed” position) of the overload valve 132 and/or the operating state (i.c., an “on”
state or an “off” state) of one or more or the pre-heaters 154, 160, 166, 172, 178, 184, In this
manner, the dynamic control provided by the controller 192 may mamtain the steam turbine’s
net thrust within a desired predetermined range, such that the thrust bearing 188 is not damaged
due to thrust increases during transient operations of the steam turbine 112, The control valves
156, 162, 168, 174, 180, 186, the thrust bearing 188, and the controller 192 may collectively

form a thrust control system of the steam turbine system 110,

(0134} The controller 192 may receive one or more input signals from one or more of the
pre-heaters 154, 160, 166, 172, 178, 184 and the control valves 156, 162, 168, 174, 180, 186,
indicating an operating statc or an operating position thereof. Based at least in part on such
nput signals, the controller may send one or more output signals to one or more of the pre-
heaters 154, 160, 166, 172, 178, 184 and the control valves 156, 162, 168, 174, 180, 186,
directing such components to assume a desired operating state or operating position. In this
manner, the controller 192 may control the respective operating states of the pre-heaters 154,

160, 166, 172, 178, 184 and the operating positions of the control valves 156, 162, 168, 174,

14
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180, 186 1n various operating configurations m order to maintain the steam turbine’s net thrast

within a desired predetermined range.

16131} For example, if the steam turbine system 110 was operated in a configuration m
which the fourth pre-heater 172 is in the off state (1.e., the fourth control valve 174 18 in the off
or closed position) and the third pre-heater 166 is in the on state (i.¢., the third control valve
168 is m the on or open position), the resulting thrust increase may be undesirably high and/or
the steam turbine’s net thrust may be outside of the desired range. In certain embodiments, the
controlier 192 may be operable to direct the third pre-heater 166 to assome the off state when
the fourth pre-heater 172 1s i the off state. In other words, the controlier 192 mayv be operable
to direct the third control valve 168 to assume the off or closed position when the fourth control
valve 174 is in the off or closed position. In certain embodiments, a partially closed posttion
may be used, depending on required thrust balance. For example, the controller 192 may be
operable to direct the third control valve 168 to assume the off or closed position or the partially
closed position when the fourth control valve 174 1s in the off or closed position. In this
manner, the controller 192 may prevent the undesirably high thrust increase and/or may
maintain the stcam turbing’s net thrust within the desired range, such that the thrust bearing

138 13 not damaged.

[3132] As another example, if the stean turbine system 110 was operated in a configuration
in which the third pre-heater 166 1s in the off state (i.¢., the third control valve 168 is in the off
or closed position} and the fourth pre-heater 172 is in the on state (i ¢, the fourth contro] valve
174 1s m the on or open position), the resulting thrust increase may be undesirably high and/or
the steam turbime’s net thrust mayv be outside of the desired range. In certain embodiments, the
controller 192 may be operable to direct the fourth pre-heater 172 to assume the off state when
the third pre-heater 166 1s in the off state. In other words, the controller 192 may be operable
to direct the fourth control valve 174 to assumce the oft or closed position when the third control
valve 168 15 in the off or closed position. In certain embodiments, a partially closed position
may be used, depending on required thrust balance. For example, the controller 192 may be
operable to direct the fourth control valve 174 to assume the off or closed position or the
partially closed position when the third control valve 168 is 1n the off or closed position. In

this manner, the controller 192 may prevent the ondesirably high thrust increase and/or may
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maintain the stcam turbine’s net thrust within the desired range, such that the thrust bearing

188 is not damaged.

[6133] As a turther example, if the steam turbine system 110 was operated m a
configuration in which the overload valve 132 1s in the fully open position and the first pre-
heater 154 1s in the on state (i.¢., the first control valve 156 ig in the on or open position), the
resulting thrust increase may be undesirably high and/or the steam turbine’s net thrust may be
outside of the desired range. In certain embodiments, the controller 192 may be operable 1o
direct the second pre-heater 160 to assume the on state, to direct the third pre-heater 166 to
assume the on state, and to direct the fourth pre-heater 172 to assume the off statc when the
overload valve 132 1s in the fully open position and the first pre-heater 154 15 m the on state.
In other words, the controller 192 may be operable to direct the second control valve 162 to
assume the on or open position, to dirgct the third controd valve 164 to assume the on or open
posttion, and to direct the fourth control valve 174 to assume the off or closed position when
the overload valve 132 is in the fully open position and the first control valve 156 13 in the on
or open position. o this manner, the controller 192 may prevent the vndesirably high thrust
mcrease and/or may maintaio the steam turbine’s net thrust within the desired range, such that
the thrust bearing 188 is not damaged. In certain embodiments, the controller 192 may be
operable to direct the second pre-heater 160 to assume the off state, to direct the third pre-
heater 166 to assume the on state, and to direct the fourth pre-heater 172 to assume the off state
when the overload valve 132 is in the fuily open position and the first pre-heater 154 15 i the
on state. In other words, the controller 192 may be operable to direct the second control valve
162 to assume the off or closed position, to direct the third control valve 164 to assume the on
or open position, and to direct the fourth control valve 174 to assume the off or closed position
when the overioad valve 132 is in the fully open position and the first control valve 156 is m
the on or open position. In this manner, the controller 192 may prevent the undesirably high
thrust increase and/or may maintain the stcam turbing’s net thrust within the desired range.

such that the thrust bearing 188 is not damaged.

(01 34] As another example, if the steam turbine system 110 was operated in a configuration
in which the overload valve 132 s the fully open position and the first pre-heater 154, the
second pre-heater 160, the third pre-heater 166, and the fourth pre-heater 172 cach are in the

on state {1.c., the first control valve 156, the second control valve 162, the third control valve

o
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168, and the fourth control valve 174 each are in the on or open position), the resulting thrust
increase may be undesirably high and/or the steam turbine’s net thrust may be outside of the
desired range. In certamn embodiments, the controller 192 may be operable to direct the fourth
pre-heater 172 to assume the oft state when the overload valve 132 is in the fully open position
and the first pre-heater 154, the sccond pre-heater 160, and the third pre-heater 166 each are m
the on state. In other words, the controller 192 may be operable to dirgct the fourth control
valve 174 to assume the off or closed position when the overload valve 132 1s in the fully open
position and the first control valve 156, the second control valve 162, and the third control
valve 168 each arc in the on or open position. In this manner, the controller 192 may prevent
the undesirably high thrust increase and/or may maintain the steam turbing’s net thoust within
the desired range, such that the thrust bearing 188 13 not damaged. In certain embodiments, the
controller 192 may be operable to direct the second pre-heater 160 and the fourth pre-heater
172 cach to assume the off state when the overload valve 132 is in the folly open position and
the first pre-heater 134 and the third pre-heater 166 cach are in the on state. In other words,
the controller 192 may be operable to direct the second control valve 162 and the fourth control
valve 174 each to assume the off or closed position when the overload valve 132 is in the fully
open position and the first control valve 156 and the third control valve 168 cach are in the on
or open position. o this manner, the controller 192 mav prevent the undesirably high thrust
merease and/or may maintain the steam turbine’s net thrust within the desired range, such that

the thrust bearing 188 is not damaged.

[3135] FIG. 3 1y a thrust control diagram of an example use of the steam turbine system
110. In particolar, the thrust control diagram illustrates the thrust impact 7/ov of the position
of the fourth control valve 174, the thrust impact T/ov of the position of the overload valve 132,
and the resulting balanced thrust BY during operation of the stcam turbing 112, As shown, at
various operating states of the steam turbine 112, the thrust impact 77or of the position of the
fourth control valve 174 may balance or substantially balance the thrast impact 77op of the
position of the overload valve 132, such that the balanced thrust 87 is maintained within a
desired predetermined range. When the steam turbine 112 operates at is boier maximum
continuous rating (BMCR), the overload valve 132 may be n a partially open position, and the
fourth control valve 174 may be in a partially closed position. For exaraple, the fourth control

valve 174 may be in a 35% closed position. When the steam turbine 112 operates at its trip
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timit, the overload valve 132 may be in a partially open position, and the fourth control valve
174 may be in a partially closed position. For example, the fourth control valve 174 may be in
a 653% closed position. During transient operation of the steam turbine 112, the overload valve
132 may be in a fully open posttion (i.¢., 100% open position}, and the tourth control valve 174
may be in a fully closed position (i.e., 100% closed position). In this manner, the position of
the fourth control valve 174 may be adjusted, via the controller 192 as described above, based
at least in part on the position of the overload valve 132, such that the thrust umpact 7/cr of the
position of the fourth control valve 174 balances or substantially balances the thrust impact
Tiov of the position of the overload valve 132 and the resulting balanced thrust 87 is maintained

within a desired predetermined range.

[0136] The steam turbine system 110 and related methods described herein thus provide
tmproved systems and methods for balancing of steam turbine rotor thrust during both normal
operations and transient operations. As described above, the control valves 156, 162, 168, 174,
180, 186, the thrust bearing 188, and the controller 192 of the steam turbine system 110 may
collectively form a throst control system which provides dynamic balancing of steam tarbine
rotor thrust in a cost-effective manmer that mininuzes mechanical losses of the stcam turbine
112 and improves the heat rate. Additionally, the steam turbine svstem 110 and methods
described herem may allow for the use of a conventional thrast bearing 188 in a size that
minimizes leakage from the thrust piston 190 and thus provides improved efficiency of the
steam turbine 112. Furthermore, the stcam turbine svstem 110 and methods described herein
may inthibit damage to the throst bearing 188 and allow the steam turbine 112 to operate in a

safe and reliable manner.

{03137} It should be apparent that the foregoing relates only to certain embodiments of the
present application. Numerous changes and modifications may be made herein by one of
ordinary skill in the art without departing from the general spirit and scope of the invention as

defined by the following claims and the equivalents thercof.
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CLAIMS
We clainu
1. A steam turbine system, comprising;
a rotor;
a high pressure section positioned about the rotor;

one or mote high pressure extraction conduits extending from the high pressure section

and configured to direct one or more high pressure extraction flows of steam;

a high pressure control valve positioned on each of the high pressure extraction

conduits;
an intermediate pressure section positioned about the rotor,

one or more mtermediate pressure extraction conduits extending from the intermediate
pressure section and configured to direct one or more mtermediate pressure extraction flows of

steam,

an mtermediate pressure control valve positioned on cach of the mtermediate pressure

gxtraction conduits; and

a comtrolicr in communication with the high pressure conirol valves and the
wntermediate pressure control valves, wherein the controller is operable to selectively adjust
respective positions of the high pressure control valves and the intermediate pressure control

valves to balance thrust acting on the rotor.

2. The stcam turbine system of claim 1, further comprising a thrust bearing

positioned about the rotor and configured to interact with a thrust piston of the rotor.

43

The steam turbine system of claim 1, wherein the coniroller is operabie to
selectively adjust the respective positions of the high pressure control valves and the
mtermediate pressure control valves to maintain the thrust acting on the rotor within a

predefined range.
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4. The steamn turbine system of claim 1, wherein the controller 1s operable to
selectively adjust the position of one of the high pressure control valves and the intermediate
pressure control valves based at least in part on the respective positions of a remainder of the

high pressure control valves and the imtermediate pressure control valves.
5. The steam turbine system of claim 1, further comprising:

a high pressure admission conduif extending from a steam source to an inlet of the high

PICSSure section;

a high pressure bvpass conduit extending from the high pressure admission conduit to

an intermediate stage of the high pressure section: and
an overload value positioned on the high pressure bypass conduit,

6. The steam furbine systemn of claim 5, wherein the controller is operable to
selectively adjust the position of one of the high pressure control valves and the intermediate
pressure control valves based at least in part on the respective positions of a remainder of the
high pressure control valves and the intermediate pressure conirol valves and a position of the

overload valve.

7. The steam torbine system of claim 5, wherein the high pressure extraction
conduits comprise a first high pressure extraction conduit extending from an intermediate stage
of the high pressure section and a second high pressure extraction conduit extending from a
last stage of the high pressure section, wherein the high pressure control valves comprise a first
control valve positioned on the first high pressure extraction conduit and a sccond control valve

positioned on the second high pressure extraction condust.

8. The steam twrbine system of claim 6, wherein the intermediate pressure
extraction conduits comprise a first intermediate pressure extraction conduit extending from a
first mtermediate stage of the intermediate pressure section and a second intermediate pressure
gxtraction conduit extending from a second intermediate stage of the intermediate pressure
section, wherein the infermediate pressure control valves comprise a third control valve
positioned on the first itermediate pressure extraction conduit and a fourth control valve

positioned on the second mtermediate pressure extraction conduit.
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9. The steam turbine system of claim 8, wherein the controller is operable to direct
the third control valve to assume a closed position or a partially closed position when the fourth
control valve is in a closed position, and wherein the controlier is operable to direct the fourth
control valve to assume the closed position or a partially closed position when the third control

valve is m the closed position.

1. "The steam turbine svsiem of claim 8, wherein the controller is operable to direct
the second control valve to assume an open position, to direct the third control valve to assume
an open position, and to direct the fourth control valve to assume a closed position or a partially
closed position when the overload valve is in a fully open position and the first control valve
18 in an open position, and wherein the controller is operable to direct the fourth control valve
to assume the closed posttion or a partially closed position when the overload valve is in the
fully open position and the first control valve, the second control valve, and the third control

valve each are in an open position.

I1.  'The steam turbine svstern of claim 8, wherein the controller is operable to direct
the second control valve 1o assume a closed position or a partially closed position, to direct the
third control valve to assume an open position, and to direct the fourth control valve to assume
a closed position or a partially closed position when the overload valve is in a fully open

posttion and the first control valve is in an open position.

12, 'The steam turbine svstern of claim 8, wherein the controller is operable to direct
the second control valve to assume a closed posttion or a partially closed position and to divect
the fourth control valve to assume a closed position or a partially closed position when the
overtoad valve is in a fully open position and the first control valve and the third control valve

cach arc in an open posttion.

13, 'The steam turbine system of claim 8, wherein the first high pressure extraction
conduit is configured to direct a first high pressure extraction flow of steam to a first pre-heater,
wherein the second high pressure extraction conduit is configured to direct a second high
pressure extraction flow of steam (o a second pre-heater, wherein the first intermediate pressure
extraction conduit is configured to direct a first intermediate pressure extraction flow of steam

to a third pre-heater, and wherein the second intermediate pressure extraction conduit is
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configured to direct a second intermediate pressure extraction flow of steam to a fourth pre-

heater.
4. The steam turbine system of claim 1, further comprising;
a low pressure section positioned about the rotor;

one or more low pressure extraction conduits extending from the low pressure section

and configured to direct one or more low pressure extraction flows of steam; and
alow pressure control valve positioned on each of the low pressure extraction conduits;

wherein the controller is in communication with the low pressure control valves, and
wherein the controller is operable to selectively adjust respective positions of the high pressure
control valves, the intermediate pressure control valves, and the low pressure control valves to

balance thrust acting on the rotor.
15, A method for balancing steam turbine rotor thrast, the method comprising:

operating a steam turbine comprising a rotor, a high pressure section positioned about

the rotor, and an intermediate pressure section positioned about the rotor;

directing one or more ligh pressure extraction flows of stcam via one or more high

pressure extraction conduits;

directing ong or more mtermediate pressure exiraction flows of steam via one or more

intermediate pressure oxtraction condutts; and

selectively adjusting, via a controller, respective positions of one or more high pressure
control valves positioned on the high pressure extraction conduits and one or more intermediate
pressure control valves positioned on the intermediate pressure estraction conduits to balance

thrust acting on the rotor.
16. A steam turbine system, comprising;

a rotor,;
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a thrust bearing positioned about the rotor;
a high pressure section positioned about the rotor;

a first high pressure extraction conduit extending from an intermediate stage of the high

pressure section;
a first control valve positioned on the first high pressure extraction conduit;

a second high pressure extraction conduit extending from a last stage of the high

pressure section;
a second control valve positioned on the second high pressure extraction conduit;
an intcrmediate pressure section positioned about the rotor;

a first intermediate prossure extraction conduit extending from a first intermediate stage

of the intermediate pressure section;
a third control valve positioned on the first intermediate pressure extraction conduit;

asecond intermediate pressure extraction conduif extending from a second mtermediate

stage of the mtermediate pressure section;

a fourth control valve positioned on the second intermediate pressure extraction

condutt; and

a controlier in communication with the first control valve, the sccond condrol valve, the
third control valve, and the fourth control valve, wherem the controtler is operable to selectively
adjust respective positions of the first control valve, the second control valve, the third control

valve, and the fourth control valve to balance thrust acting on the rotor.

17.  'The steam turbine system of claim 16, wherein the controller is operable to
direct the third control valve to assume a closed posttion or 3 partially ¢losed position when the
fourth control valve is in a closed position, and wherem the controller is operable to direct the
fourth control valve to assume the closed position or a partially closed position when the third

control valve is in the closed position.
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18, The steam turbine systern of claim 16, further comprising:

a high pressure admission conduif extending from a stcam source to an inlet of the high

pressure secton;

a high pressure bypass conduit extending from the high pressure admission conduit to

an intermediate stage of the high pressure section; and
an overload value positioned on the high pressure bypass conduit;

wherein the controiler is operable to selectively adjust the position of one of the first
control valve, the second control valve, the third control valve, and the fourth control valve
based at least in part on the respective positions of a remainder of the first control valve, the
second control valve, the third control valve, and the fourth control valve and a position of the

overfoad valve.

19, The stcam twbine system of claim 18, wherein the controller is operable to
direct the second control valve to assume an open posttion, to direct the third control valve to
assume an open position, and to direct the fourth control valve to assume a closed position or
a partially closed position when the overload valve is 1n a fully open position and the first
control valve is in an open position, and wherein the controller 1s operable to direct the fourth
control valve to assume the closed position or a partially closed position when the overload
valve is in the fully open position and the first control valve, the second control valve, and the

third control valve cach are in an open position.

20. The steanm turbine system of claim 16, wherein the first high pressure extraction
conduit is configured to direct a first high pressure extraction flow of steam to a first pre-heater,
wherein the second high pressure extraction conduit is configured to direct a second high
pressure extraction flow of steam (o a second pre-heater, wherein the first intermediate pressure
extraction conduit is configured to direct a first intermediate pressure extraction flow of steam
to a third pre-heater, and wherein the second intermediate pressure extraction conduit is
configared to direct a second intermediate pressure extraction flow of steam to a fourth pre-

heater.
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