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(57) ABSTRACT

[A method for cooling inlet air to a gas turbine is provided.
For example, a method 1s described including passing inlet air
through a cooling coil that includes an opening for receiving
the 1nlet air and that 1s operably connected to a gas turbine
power plant. The gas turbine power plant may include at least
one gas turbine, and at least one gas turbine inlet which
receives the mlet air. The method may further include passing
circulating water through a water chiller at a first flow rate to
reduce the temperature of the circulating water, the water
chuller including a conduit through which the circulating
water 1s capable of passing and passing the circulating water
having the first flow rate through the cooling coil in an amount
suificient to lower the temperature of the inlet air. Addition-
ally, the method may include reducing the tlow rate of the
circulating water passing through the water chiller, passing
the circulating water through a water chiller at a second flow
rate to reduce the temperature of the circulating water, the
second flow rate being lower than the first flow rate, and
passing the circulating water having the second flow rate
through the cooling coil 1n an amount suflicient to lower the
temperature of the inlet air.] A4 system for cooling inlet air to
a gas turbine is provided. In ovder to maintain a desired level
of efficiency for a gas turbine plant, water is passed through a
chiller to lower the water temperature. The cooled water is
then circulated through coils disposed in the inlet aiv of the
gas turbine, thereby cooling the inlet aiv to the gas turbine.
The system may include a thermal energy storvage tank for
storing chilled water prior to circulation through the coils.
The system may also utilize an air temperature set point
selected to achieve a desired output or to meet load require-
ment for the gas turbine plant. The temperature ov flow rate of
the cooled water may be adjusted to achieve the selected air
temperature set point.

39 Claims, 9 Drawing Sheets
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1

METHOD OF CHILLING INLET AIR FOR
GAS TURBINES

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 10/206,856, filed Jul. 26, 2002, now U.S. Pat.

No. [6,769,528] 6,769,258 which is a continuation-in-part of
U.S. patent application Ser. No. 09/961,711, filed Sep. 24,
2001, now U.S. Pat. No. 6,470,686, which 1s a continuation of
U.S. patent application Ser. No. 09/369,788, filed Aug. 6,
1999, now U.S. Pat. No. 6,318,065.

BACKGROUND OF INVENTION

1. Field of the Invention

This mvention relates broadly to cooling inlet air to a gas
turbine.

2. Description of Related Art.

A conventional gas turbine system includes: an air com-
pressor for compressing the turbine inlet air; a combustion
chamber for mixing the compressed air with fuel and com-
busting the mixture, thereby producing a combustion gas; and
a power turbine that 1s driven by the combustion gas, thereby
producing an exhaust gas and useful power.

Over the years, various technologies have been employed
to increase the amount of useful power that the power turbine
1s able to produce. One way of increasing the power output of
a gas turbine 1s to cool the turbine 1nlet air prior to compress-
ing 1t 1n the compressor. Cooling causes the air to have a
higher density, thereby creating a higher mass flow rate
through the turbine. The higher the mass flow rate through the
turbine, the more power the turbine produces. Cooling the
turbine 1nlet air temperature also increases the turbine’s etfi-
ciency.

Various systems have been devised for chilling the inlet air
to the compressor. One such system uses evaporative cooling,
wherein ambient temperature water 1s run over plates or over
a cellular media mside of a chamber, thereby creating thin
f1lms of water on each plate, or on the media. The turbine inlet
air 1s then drawn through the chamber, and through evapora-
tive cooling, the air 1s cooled to near the wet bulb temperature.
This system 1s limited to cooling the air to the wet bulb
temperature, which 1s dependent upon the atmospheric con-
ditions at any given time. Another system uses a chiller to
chull water that 1s then run through a coil. The inlet air 1s then
drawn through the coil to cool the air. This system requires
parasitic power or steam to drive the chilling system which
has the further drawback that when inlet air cooling 1s needed
the most, 1.e. during the day when the temperature 1s the
highest, 1s also the time when power demand from the turbine
1s the highest, 1.e. during the day when power users are 1n
operation. In order to run the chiller, power from the turbine
1s required, but this power 1s needed by the users of the
turbines power. On the other hand, when cooling 1s needed the
least, 1.e. at night when the temperatures are the lowest, sur-
plus power from the turbine 1s available because the consum-
ers of the turbine’s power are largely not in operation.
Accordingly, a continuing need exists for a turbine nlet air

cooling system which: would efficiently cool turbine inlet air;
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would take advantage of surplus power available during times
of low consumer power demand; and would not drain the

system of power during times of high consumer power
demand.

SUMMARY OF INVENTION

A. Inlet Air Cooling

Described in greater detail below 1s a method for chilling
inlet air to a gas turbine power plant, which may include:
providing a system of circulating chilling water including a
chulling system; providing an inlet air chiller for lowering the
temperature of the inlet air being fed to a gas turbine com-
pressor through heat transfer between the circulating chilling
water and the 1nlet air, providing a thermal water storage tank
which 1s operably connected to the system of circulating
chulling water, the thermal water storage tank containing
chulling water having a bottom; during a charge cycle, remov-
ing a first portion of chilling water from the thermal water
storage tank, passing the removed {first portion of water
through the chulling system to lower the temperature of the
removed {irst portion of water and to provide a chilled
removed first portion of water, and then introducing the
chilled removed first portion of water into the thermal water
storage tank at a point proximate the bottom of the tank,
wherein the chilled removed first portion of water 1s ntro-
duced to the tank 1n an amount sufficient to lower the average
temperature of the chilling water 1n the thermal water storage
tank; and during a discharge cycle, chilling the inlet air by
removing a second portion of chilling water from the thermal
water storage tank, from a point proximate the bottom of the
tank and then passing the second portion of chilling water to
the inlet air chiller to make heat transfer contact between the
second portion of chilling water and the inlet air, such that the
temperature of the inlet air 1s lowered.

In another method that 1s described herein, the average
temperature of the chilling water 1n the tank may be lowered
to about33° F. to about 40° F. during the charge cycle and may
be raised to about 60° F. to about 70° F. during the discharge
cycle. In another specific embodiment, the times of the charge
and discharge cycles may be such that, before the temperature
ol the chilling water proximate the bottom of the tank reaches
about 36° F. during the discharge cycle, the charge cycle 1s
initiated. In another specific embodiment of the method for
chulling inlet air, the first portion of chulling water removed
from the thermal water storage tank during the charge cycle
may be removed through a top outlet. In yet another specific
embodiment, the chilling water 1n the tank may have an
average temperature that can be lowered during the charge
cycle and raised during the discharge cycle. In a further spe-
cific embodiment of the claimed method, the discharge cycle
may be carried out during the night-time and the charge cycle
may be carried out during the day-time. In still another spe-
cific embodiment, the water level in the tank may remain
substantially constant during the charge and discharge cycles.
In still a further specific embodiment, the one or more chillers
may be deactivated during the discharge cycle. In another
specific embodiment, the discharge cycle may occur during
peak power usage of the gas turbine power plant. In another
specific embodiment, the discharge cycle may be performed
alter the removing of at least a portion of the volume of
chulling water from the thermal water storage tank during the
charge cycle, such that the chilled removed water that is
introduced into the thermal water storage tank at a point
proximate the bottom of the tank may remain substantially at
the point proximate the bottom of the tank. In another specific
embodiment, the first portion of chilling water removed dur-
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ing the charge cycle may be sutficient to chill substantially all
of the water in the thermal water storage tank to a temperature
below the temperature of maximum water density. In yet
another specific embodiment of the claimed method, the sec-
ond portion of chilling water removed during the discharge
cycle may be substantially all of the chilling water 1n the tank.
In a further specific embodiment of the method of the present
invention, the thermal water storage tank contains a volume
of chilling water that 1s sufficient to lower the temperature of
the mlet air to a range of from about 43° F. to about 35° F. for
a period of between about 4 hours to about 12 hours.

Also described herein 1s a method of chilling water deliv-
ered to the air chiller mn a gas turbine power plant system
having at least one air chiller for lowering the temperature of
inlet air, at least one air compressor for compressing the inlet
air, at least one combustor for burning the compressed air and
providing combustion gas, and at least one power turbine
driven by the combustion gas for producing useful power, a
method of chilling water delivered to the air chiller, the
method including the steps of: providing the at least one air
chuller with an air chiller inlet that may recerve water, and an
air chiller outlet that may expel water; providing a thermal
water storage tank, having a bottom portion, a top portion, at
least one bottom opening proximate the bottom portion and at
least one top opening proximate the top portion, and contain-
ing a volume of stored water having an average temperature,
and temperature of maximum water density; performing a
charge cycle, by introducing through the at least one bottom
opening a {irst quantity of chilled water which has a chilled
water temperature that 1s below the temperature of maximum
water density, thereby lowering the average temperature of
the volume of stored water, wherein the first quantity of
chulled water being introduced through the bottom opening 1s
suificient to lower the average temperature of the volume of
stored water to a temperature that 1s below the temperature of
maximum water density; and performing a discharge cycle by
removing a second quantity of chilled water from the tank
through the at least one bottom opening and passing the
second quantity of chilled water to the air chiller inlet, to
lower the temperature of the inlet air, thereby raising the
temperature of the second quantity of chilled water and pro-
viding high temperature water, then introducing the high
temperature water to the at least one top opening in the tank.

In yet another method of chilling water, the temperature of
maximum water density may be from about 20° F. to about
39.2° F. In another specific embodiment, the temperature of
maximum water density may be about 39.2° F. In another
specific embodiment, the temperature of the stored water may
have a temperature of from about 34° F. to about 40° F. In yet
another specific embodiment of the claimed method the tem-
perature of the stored water may have a temperature corre-
sponding to the maximum water density of about 39.2° F. In
another specific embodiment sodium nitrate may be added to
depress the freezing temperature of the water thereby allow-
ing stored water to be 1n the range of about 25° F. to about 34°
F. In another specific embodiment of the method of the
present invention, the usetul power produced by the power
turbine may be consumed at a variable rate, and the charge
cycle may be performed when the rate 1s at a minimum. In a
turther specific embodiment, the useful power produced by
the power turbine may be consumed at a variable rate, and the
discharge cycle may be performed when the rate 1s at a maxi-
mum. In yet another specific embodiment of the method of
the present invention, the quantity of water expelled during
the discharge cycle may be less than the volume of stored
water. In a further specific embodiment, the quantity of
chulled water may be chilled by passing water through at least
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one chiller. In still another specific embodiment of the
claimed method, the temperature of nlet air may be lowered
from a high temperature of from about 83° F. to about 95° F.
to a low temperature of from about 45° F. to about 55° F. In
still a further specific embodiment, the high temperature may
be about 90° F. and the low temperature may be about 50° F.
In yet another specific embodiment, the output of the gas
turbine power plant system may be from about 50 megawatts
to about 250 megawatts.

Also described below 1s a gas turbine power plant system,
wherein the system includes: one or more air chillers for
lowering the temperature of inlet air; one or more air com-
pressors for compressing the inlet air; one or more combus-
tors for burning the compressed air and providing combustion
gas; and one or more power turbines driven by the combustion
gas for producing useful power, and an improvement that may
include: a thermal water storage tank for contaiming chilled
water, wherein the thermal water storage tank has a bottom
portion with a bottom outlet and a top portion, and the tank 1s
operably connected to the air chiller such that the chilled
water passes from the bottom outlet to the air chiller to lower
the temperature of the 1nlet air and 1s returned to the thermal
water storage tank; and a water chilling system for chilling the
water 1n the thermal water storage tank, wherein the water
chulling system 1s configured to receive high temperature
water from the top portion of the tank, and wherein the system
1s configured to introduce low temperature water to the bot-
tom portion of the tank, such that the average temperature of
the water 1n the tank 1s lowered; and wherein the water chill-
ing system includes one or more chillers for lowering the
temperature of the high temperature water from the top por-
tion of the tank to provide low temperature water.

In an example of such a gas turbine power plant system, the
thermal water storage tank may have a bottom, and the bottom
outlet may be positioned at a height that 1s less than about 10
teet from the bottom of the tank. In another specific embodi-
ment of the gas turbine power plant system, the thermal water
storage tank may have a bottom, and the bottom outlet may be
positioned at a height that 1s less than about 5 feet from the
bottom of the tank. In another specific embodiment, the ther-
mal water storage tank may have a bottom, and the bottom
outlet may be positioned at a height that 1s less than about 18
inches from the bottom of the tank. In another specific
embodiment, the tank may have a top outlet and a bottom inlet
such that, 1n a charge cycle the high temperature water may be
removed through the top outlet and may be fed to the one or
more chillers, and the low temperature water may be intro-
duced to the tank through the bottom inlet. In a further spe-
cific embodiment of the gas turbine power plant system, the
tank may have a bottom outlet such that, 1n a discharge cycle,
chulling water may be removed from the tank through the
bottom outlet. In still a further specific embodiment of the gas
turbine power plant system, the tank may have a bottom outlet
such that, 1n a discharge cycle, chilling water may be removed
from the tank through the bottom outlet, fed to the air chiller
and 1s returned to the tank, bypassing the one or more chillers
of the water chilling system. In still a further specific embodi-
ment of the gas turbine power plant system, the top portion
may be separated from the bottom portion by a thermocline.

In yet another example, during the charge cycle, the bottom
inlet may recerve a quantity of chilled water that 1s sufficient
to supply the air chiller with water having a temperature
below the temperature of maximum water density for four or
more hours. In another specific embodiment, during the
charge cycle, the bottom inlet may receive a quantity of
chulled water that 1s suflicient to supply the air chiller with
water having a temperature below the temperature of maxi-
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mum water density for eight or more hours. In still another
embodiment, during the charge cycle, the bottom 1nlet may
receive a quantity of chilled water that 1s sufficient to supply
the air chiller with water having a temperature below the
temperature of maximum water density for twelve or more
hours.

In st1ll another example, the thermal water tank may have a
height of from about 25 feet to about 70 feet. In yet another
specific embodiment, the thermal water tank may have a
diameter of from about 50 feet to about 250 feet. In another
specific embodiment, the thermal water tank may have a
diameter, and a height, and the diameter may be greater than
the height. In yet another specific embodiment of the claimed
invention, the volume of stored water may be greater than
about eight hundred thousand gallons. In still a further spe-
cific embodiment, the temperature of the water 1n the top
portion may be about 15° F. to about 33° F. greater than the
temperature of the water 1n the bottom portion. In another
specific embodiment, the thermal water storage system may
include a plurality of thermal water storage tanks, each of the
plurality of tanks may have a bottom inlet and a bottom outlet,
and each of the plurality of tanks may have a top inlet and a top
outlet. In another specific embodiment, the bottom inlet may
have a bottom diffuser, and the top inlet may have a top
diffuser, whereby the water entering the bottom inlet 1s dii-
tused, and the water entering the top inlet may be diffused. In
yet another specific embodiment, the temperature of the water
in the top portion of the tank may have a temperature ranging
from about 60° F. to about 70° F. In still a further specific
embodiment, the temperature of the water 1n the bottom por-
tion of the tank may have a temperature that 1s above the
freezing temperature. In another specific embodiment, the
water chilling system may include at least one mechanical
chuller. In still another specific embodiment of the present
invention, the water chilling system may include at least one
absorption chiller. In still a further specific embodiment, the
water chilling system may include at least one mechanical
chuller and at least one absorption chiller. In yet another
specific embodiment, the mechamical chiller may receive
chilled water from the absorption chiller, and the mechanical
chuller may further chills the chilled water. In another specific
embodiment, the gas turbine power plant system may addi-
tionally including a heat recovery steam generator and a
steam turbine, wherein the absorption chiller may be driven
by steam from the heat recovery steam generator. Another
specific embodiment of the gas turbine power plant system
may additionally include a heat recovery steam generator and
a steam turbine, wherein the absorption chiller 1s driven by
back pressure from the steam turbine exhaust. In another
specific embodiment, the inlet air may be lowered from a first
temperature of about from 85° F. to about 95° F. to a second
temperature of from about 45° F. to about 55° F. 1n the inlet air
chuller. In yet another embodiment, the first temperature may
be about 90° F. and the second temperature may be about 50°
F. In another specific embodiment of the gas turbine power
plant system, the chilling water being fed to the inlet air
chuller may have a temperature of from about 34° F. to about
40° F. In another specific embodiment, the gas turbine power
plant system may additionally include a steam turbine and a
heat recovery steam generator, and the heat recovery steam
generator may receive exhaust gas from the power turbine and
may provide high pressure steam to the steam turbine, and the
steam turbine may provide low pressure steam.

B. Additional Methods and Systems

Embodiments of the invention additionally include passing,
inlet air through a cooling coil that includes an opening for
receiving the inlet air and that 1s operably connected to a gas
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turbine power plant. The gas turbine power plant may include
at least one gas turbine, and at least one gas turbine inlet
which recerves the inlet air. The method may further include
passing circulating water through a water chiller at a first flow
rate to reduce the temperature of the circulating water, the
water chiller including a conduit through which the circulat-
ing water 1s capable of passing and passing the circulating
water having the first flow rate through the cooling coil 1n an
amount sufficient to lower the temperature of the inlet air.
Additionally, the method may include reducing the tlow rate
of the circulating water passing through the water chiller,
passing the circulating water through a water chiller at a
second flow rate to reduce the temperature of the circulating,
water, the second tlow rate being lower than the first flow rate,
and passing the circulating water having the second flow rate
through the cooling coil 1n an amount suificient to lower the
temperature of the inlet arr.

Additional embodiments may include providing a system
of circulating liquid chilling water including a chilling system
that includes a first mechanical chiller and a second mechani-
cal chiller, the first and second mechanical chillers being
arranged 1n series and passing at least a portion of the liquid
chulling water through the first mechanical chiller and the
second mechanical chiller, the liquid chilling water passing
through the first mechanical chiller being lowered to a first
temperature, and the liquid chilling water passing through the
second mechanical chiller being lowered to a second tem-
perature that 1s lower than the first temperature, thus provid-
ing a staged liquid chilling water temperature drop, wherein
the staged liquid chilling water temperature drop 1s from
about 20° F. to about 34° F. The method may further include
providing an inlet air chiller, comprising a cooling coil
through which liquid chilling water passes, for lowering the
temperature of 1nlet air being fed to the compressor through
heat transfer between the liqud chilling water passing
through the cooling coil and the 1nlet air, wherein the inlet air
chuller provides a liquid chilling water temperature rise of
from about 20° F. to about 34° F. and chilling the inlet air by
directing the liquid chilling water to the inlet air chuller and
passing the liquid chilling water through the cooling coil of
the 1nlet air chiller to make heat transter contact between the
liquid chilling water and the inlet air. Preferably, the method
additionally includes adding potassium formate to the circu-
lating water 1n an amount suificient to depress the freezing
point of the circulating water. In the alternative, or addition-
ally, the method may include contacting the inlet air leaving
the cooling coil with a control system, a temperature sensor,
and a relative humidity sensor to monitor the leaving air
temperature and relative humidity of the leaving air and vary-
ing the flow or the temperature of the circulating water to
maintain a relative humidity of the coil to below about 95% to
about 99% RH {for optimal efficiency 1n a combined cycle
system.

Additional embodiments may include a system for chilling
inlet air for a gas turbine power plant including passing inlet
air through a cooling coil that includes an opening for receiv-
ing the mlet air and that 1s operably connected to a gas turbine
power plant that includes at least one gas turbine, and at least
one gas turbine inlet which receives the inlet air, passing
circulating water through a water chiller at a first flow rate to
reduce the temperature of the circulating water, the water
chuller including a conduit through which the circulating
water 1s capable of passing and passing the circulating water
having the first flow rate through the cooling coil in an amount
suificient to lower the temperature of the inlet air to a desired
air temperature setpoint. The system may further include
reducing the flow rate o the circulating water passing through
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the water chiller during lower ambient off-design periods to
maintain the desired air temperature setpoint, passing the
reduced flowrate circulating water through the water chiller at
a second flow rate and reducing the temperature of the circu-
lating water to maintain the desired air temperature setpoint,
the second tlow rate being lower than the first flow rate and
passing the circulating water having the second flow rate
through the cooling coil 1n an amount suilicient to lower the
temperature of the inlet air to the desired air temperature
setpoint. The method may additionally include reducing the
flow rate of the circulating water passing through the two or
more sequentially positioned compressors during lower
ambient off-design conditions to maintain a higher circulat-
ing water delta T thereby allowing warmer water to pass
through the upstream compressor thus improving the etfi-
ciency at partial load.

Certain embodiments include passing the circulating water
through a heater prior to passing the circulating water through
the cooling coil, 1n which the circulating water temperature 1s
increased to a temperature that 1s higher than the temperature
of the circulating water leaving the cooling coil and higher
than the temperature of the air entering the cooling coil to
maintain the minimum desired leaving air temperature.

Certain embodiments include adding an additive to the
circulating water 1n an amount suilicient to depress the freez-
ing point of the circulating water. Certain embodiments may
turther include adding an additive to the circulating water 1n
an amount suificient to depress the freezing point of the
circulating water and minimizing any negative performance
derating due to the additive effect on the heat transfer prop-
erties of water. Certain embodiments may include adding a
salt additive to the circulating water 1n an amount suflicient to
depress the freezing point of the circulating water. The salt
additive may be added to the circulating water 1n an amount
suificient to depress the freezing point of the circulating water
to a point that would specifically provide for protection of the
system during low ambient temperature operation and to
protect the system during shut-down periods. Certain
embodiments may include adding sodium nitrate to the cir-
culating water 1n an amount suificient to depress the freezing
point of the circulating water. In yet other embodiments, the
method 1includes adding potassium formate to the circulating

water 1n an amount suificient to depress the freezing point of

the circulating water.

In certain embodiments, the method includes determining
a set point and reducing the flow rate of the circulating water
passing through the water chiller when the temperature dit-
ference between the circulating water entering the cooling
coil and the circulating water leaving the cooling coil reaches
the set point. Certain embodiments include determining a
leaving chilled water temperature set point and increasing the
setpoint at reduced off-design ambient temperatures to main-
tain the desired air temperature off the coil until the tempera-
ture difference between the circulating water entering the
cooling coil and the circulating water leaving the cooling coil
reaches a minimum set point and reducing the tlow rate of the
circulating water passing through the water chiller and reduc-
ing the leaving chilled water temperature setpoint to maintain
the desired air temperature off the coil.

Certain embodiments include passing the circulating water
through a pump prior to passing the circulating water through
the water chiller. In yet other embodiments, the method
includes passing the circulating water through a pump prior to
passing the circulating water through the water chiller, reduc-
ing the circulating water tlowrate, and decreasing the tem-
perature of the circulating water to maintain the desired leav-
ing air temperature. Certain embodiments include passing the
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circulating water through one or more pumps and reducing
the tlow rate of the circulating water by shutting oif at least
one of the one or more pumps. Optionally, the method may
include passing the circulating water through one or more
pumps mounted 1n parallel and reducing the flow rate of the
circulating water by shutting off at least one of the one or
more pumps during partial load conditions. In yet other
embodiments, the method includes passing the circulating
water through one or more pumps and reducing the tlow rate
of the circulating water by lowering the speed (RPM) of the
pump via a variable frequency drive on the one or more pump
motors.

In certain embodiments, the gas turbine inlet air tempera-
ture leaving the cooling coil 1s about 40° F. to about 60° F.
Certain embodiments include providing a temperature sensor
contacting the inlet air leaving the cooling coil to monitor the
inlet air temperature. In yet other embodiments, the method
includes providing a temperature sensor contacting the inlet
air leaving the cooling coil to monitor the inlet air temperature
and lowering the temperature of the inlet circulating water
when the 1nlet air temperature increases above the setpoint. In
certain other embodiments, the method includes providing a
wet bulb temperature sensor to monitor the ambient air wet
bulb temperature entering the cooling coil. In yet other
embodiments, the method includes providing a control sys-
tem and a temperature sensor contacting the inlet air leaving
the cooling coil to monitor the inlet air temperature and low-
ering the circulating water flowrate when the temperature
difference between the circulating water entering the cooling
coll and the circulating water leaving the cooling coil
decreases to from about 50% to about 90% of the difference
between the ambient air wet bulb temperature entering the
cooling coil and the temperature of the leaving air.

In certain embodiments, the chilled water temperature
entering the cooling coil 1s about 34° F. to about 45° F. In
certain embodiments, the cooling coil includes a multipass
cooling coil. In other embodiments, the cooling coil includes
a four pass cooling coil. In yet other embodiments, the cool-
ing coil includes a six pass cooling coil.

In certain embodiments, the water chiller includes an
evaporator. Certain embodiments additionally include pro-
viding a thermal water storage tank which 1s operably con-
nected to the water chiller. In yet other embodiments, the
method includes providing a thermal water storage tank
which 1s operably connected to the water chuller and during a
charge cycle, removing a {irst portion of circulating water
from the thermal water storage tank, passing the removed first
portion of water through the water chiller to lower the tem-
perature of the removed first portion of circulating water and
to provide a chilled removed first portion of water, and then
introducing the chilled removed first portion of water into the
thermal water storage tank, wherein the chilled removed first
portion of water 1s introduced to the tank 1n an amount sudfi-
cient to lower the average temperature of the circulating water
in the thermal water storage tank. Certain embodiments
include providing a thermal water storage tank which 1s oper-
ably connected to the water chiller and during a discharge
cycle, chilling the inlet air by removing a second portion of
water from the thermal water storage tank and then passing
the second portion of water to the inlet cooling coil to make
heat transier contact between the second portion of the circu-
lating water and the inlet air, such that the temperature of the
inlet air 1s lowered.

Certain embodiments include controlling the inlet air tem-
peratures ol multiple gas turbines by throttling the tlow of
circulating water to the cooling coil of the gas turbine which
has the lowest turbine inlet air temperature. In yet other
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embodiments, the method includes controlling the inlet air
temperatures of multiple gas turbines by throttling the flow of
circulating water to the cooling coil of the gas turbine which
has the lowest turbine inlet air temperature and resetting the
supply circulating water setpoint higher once the last gas
turbine circulating water 1s throttled to maintain the desired
turbine inlet air temperature until at least one of the gas
turbines meets the desired inlet air temperature without throt-
tling more than about 25% of fully open.

Additional embodiments include passing inlet air through
a cooling coil, passing circulating water through a water
chuller to reduce the temperature of the circulating water and
to provide chilled water, passing the chilled water through the
cooling coil to lower the temperature of the inlet air and to
provide chilled inlet air and supplying water 1n a fog to the
chulled inlet air downstream of the cooling coil 1n an amount
suificient to supersaturate the already saturated chilled inlet
air.

Certain embodiments include removing a portion of water
from the inlet air via the condensate off of the cooling coil and
then reintroducing that water through a high pressure spray or
fog to the chilled inlet air. In yet other embodiments, the
method includes providing a compressor within the gas tur-
bine power plant, in which supplying water (fog) to the
chulled inlet air includes entraining water 1n the chilled inlet
air 1n an amount suificient to lower the temperature of at least
one stage of the compressor. In certain embodiments, the
method includes passing the chilled inlet air through a com-
pressor to vaporize the water 1n the chilled inlet air and cool
interstages of the compressor. In certain embodiments, the
chulled inlet air 1s at a saturation level. In certain embodi-
ments, the chilled inlet air 1s at a supersaturation level after the
water 1s supplied. The method may additionally include
removing a portion of water from the inlet air via the conden-
sate off of the cooling coil to be stored until the chilling
system 1s oif and then remntroducing that water to be evapo-
rated 1n the airstream by means of a high pressure spray or fog
and thereby achieving evaporative cooling to near the wetbulb
temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a schematic diagram of a sequential turbine nlet
air cooling system showing optional enhancements.

FIGS. 2A and 2B are schematic diagrams of an alternative
embodiment of the turbine inlet air cooling system wherein
the gas turbine exhaust heat 1s used.

FI1G. 3 15 a side view of a storage tank.

FIG. 4 1s a schematic diagram of an alternative embodi-
ment of a turbine inlet air cooling system showing sequential
cooling of two 1in-series counterflow duplex chillers and
multi-pass cooling coil.

FIG. S1s aschematic diagram of a 6 pass cooling coil usetul
in very high delta T thermal storage embodiments of the
present invention;

FIG. 6 1s a psychrometric chart showing the various oper-
ating points of a cooling coil when operating 1n an optimal
capacity mode or an optimal combined cycle efficiency mode
ol operation.

FI1G. 7 1s a chart showing example data.

DETAILED DESCRIPTION

Specific embodiments of the invention will now be
described. However, a person of ordinary skill 1n the art will
recognize that the invention will actually be defined by one or
more ol the claims, rather than the description below.
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Depending on the context, all references to the “invention™
below may 1n some cases refer to certain specific embodi-
ments only. In other cases 1t will be recognized that references
to the “invention’ will refer to subject matter recited 1n one or
more, but not necessarily all, of the claims.

A. Inlet Air Cooling

Generally, referring to FIG. 1, the overall apparatus 10
includes a conventional gas turbine system 12 having an air
chuller 14, e.g., a conventional cooling coil, for lowering the
temperature ol inlet air, shown schematically by arrow 15a,
from ambient temperature (11, e.g., about 90° F. (about 32°
C.), or imnthe range of from about 70° F. (about 21° C.) to about
85° F. (about 29° C.) to a range of from about 100° F. (about
38° C.) to about 115° F. (about 47° C.)), or to about 125° F.

(about 52° C.) to provide compressor feed air, shown sche-

matically by arrow 15b, having some lower temperature (12,
e.g., about 50° F. (about 10° C.), or 1n the range of about 45°
F. (about’7° C.) to about 55° F. (about 13° C.)), or to about 60°
F. (about 16° C.). The air chiller 14 can be a conventional
cooling coil that provides for heat transier contact, €.g., across
a set of coils withun the air chiller 14, between the circulating
chulling water 16c¢ (preferably at a'T3 of about 34° F. (or about
1° C. to about 2° C.) to about 40° F. (or about 4° C. to about
5° C.)) and the inlet air 15a, forming chulled compressor feed
air 15b, and resulting 1n a higher temperature circulating
water 16d (14, e.g., about 54° F. (about 12° C.) to about 60°
F. (about 16° C.)). A preferred cooling coil may be specially
circuited so as to achieve relatively high changes 1n the tem-
perature of the water flowing through the tubes 1n the cooling
coil. This rise in temperature 1s preferably 1n a range of about
20° F. (about 11° C.) to about 35° F. (about 19° C.) on a hot
design day. As used herein a “design day” 1s the maximum
temperature that the ambient air 1s expected to reach—the
temperature upon which the system design i1s based. The
chiulled compressor feed air 15b may then be introduced to a
conventional gas turbine (GT) compressor 32, where it 1s
compressed, combined with fuel and burned 1n a conventional
combustor 34 to produce a combustion gas that can be used
for driving the power turbine 36, resulting 1n “exhaust gas.”
FIG. 2A shows one embodiment of the overall system as
including only one gas turbine system 10, one air chiller 14,
one water chilling system 13, and one optional tank 18. How-
ever, depending upon system requirements as well as geo-
graphical, geological, and other constraints, 1t may be desir-
able to have more than one gas turbine system 12, more than
one air chiller 14, more than one water chilling system 13, or
more than one tank 18.

FIG. 2A shows a combined cycle system whereby exhaust
from the power turbine 36 can be passed through a heat
recovery steam generator (HRSG) 38 to produce steam,
shown schematically by arrow 44, and “stack gas,” shown
schematically by arrow 45. Further, 1in another embodiment
of a combined cycle system, a heat recovery coil 42 may
receive the exhaust gas 45 from the power turbine 36 and
produce hot water or steam, shown schematically by arrow
48. The hot water or steam 48 produced either by the HRSG
38 or the heat recovery coil 42 may advantageously be used to
supply power to an absorption chiller 26, the importance of
which will be discussed below.

As mentioned, 1t 1s advantageous to lower the temperature
of the inlet air 15a to a temperature T2 that 1s as low as
possible. The change in air temperature from 11, before
entering the air chuller 14, to T2, after exiting the air chuller 14,
1s referred to herein as AT. Even small increases 1in AT, 1.e.,
lowering 12 can affect significant increases in the capacity of
the gas turbine system. For example, 1n a particular gas tur-
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bine, an increase 1 AT of about 2.6° F. (about 1° C. to about
2° C.) may 1ncrease the turbine output by about one percent.

Included 1n FIG. 1 1s a circulating water system or loop,
which includes circulating chilling water 16 that circulates
through the specially circuited, high AT air chiller 14 and
back through chillers piped 1n series to an optional thermal
water storage tank 18 for storing the chilling water 16. The
term “loop” preferably refers to conventional pipage, e.g. pvc
or steel pipes having valves (not shown) where appropriate.
The features of this chulling water loop will now be described
with reference to FIG. 1, where, for ease of comprehension,
the water within the loop 1s referred to generally with numeral
16, and the various streams of water within the loop are
referred to with the numeral 16 followed by an alphabetic
character to distinguish between various streams of water
where necessary.

The chilling water loop includes a water chilling system
13. The water chilling system 13 may include any number of
conventional water chillers installed either in parallel or 1n
series but preferably with at least two chillers piped in series
so as to stage the temperature drop of the water into an
intermediate and a lower temperature chiller. This saves
power on the upstream chiller and makes the system more
eificient. If the power plant 1s a combined cycle plant and 1f
there 1s sufficient exhaust energy available from either the
steam turbine exhaust (stream 46) or heat recovery coil
(stream 48), then 1t 1s preferable as shown 1n FIG. 2A for the
water chilling system 13 to include an absorption chiller 26
which may derive its power from the heat energy recovered
from the HRSG 38, or the heat recovery coil 42, or both, and
a mechanical chiller 24. The absorption chiller 26 and the
mechanical chiller 24 are shown 1n series, as that 1s the pre-
ferred arrangement with the absorption chiller placed
upstream of the mechanical chiller, however they may be
placed 1n parallel depending upon system needs. If excess
waste heat 1s not available at a sufliciently low cost, the
upstream chiller 1s preferably a mechanical chiller. An object
of the water chillers 1s to chill the chilling water 16 to a
suificiently low temperature so that the chilling water 16 can
then be used to chill the inlet air 15a 1n the air chiller 14 with
a minimum water tlow rate and maximum water AT. Prefer-
ably, the temperature of the chilling water 16c¢ 1s about 34° F.
(about 1° C. to about 2° C.) to about 40° F. (about 4° C. to
about 5° C.) prior to entering the air chiuller 14. A number of
conventional devices can be used to chill the water going to
the water storage tank 18. For example, the chilling water can
be chilled before it 1s ever introduced to the tank, by passing,
the chilling water 16d from the air chiller either through a
mechanical chiller 24 or an absorption chiller 26 (driven by
hot water or steam 44, 48 from the HRSG or LLP steam 46
coming out of the steam turbine 40) to provide chilling water
16a that 1s then introduced to the tank 18. A hybrid chilling
arrangement can also be used whereby both mechanical 24
and absorption 26 chillers are used in combination. The pre-
ferred arrangement 1s to circulate the warm water 16¢ from
the tank 18 or the heated water 16d from the air chiller 14 to
the upstream absorption (or mechanical) chiller 26 first where
the water 16d will be chilled from range of about 54° F. (about
12° C.) to about 65° F. (about 19° C.) to a range of about 40°
F. (or about 4° C. to about 5° C.) to about 48° F. (or about 8°
C. to about 9° C.). The water 16d then circulates through the
downstream mechanical chiller 24 where it may be chilled
turther to about 34° F. (or about 1° C. to about 2° C.) to about
40° F. (or about 4° C. to about 3° C.).

The thermal water storage tank 18 1s preferably a thermally
insulated vessel, having an upper opening or connection or
top 1nlet/outlet 20. In other specific embodiments, e.g., where
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an open tank 1s used, the top “opening’” or top inlet can be the
open top of the tank, so that water can be piped into the tank
through the top. The tank 18 may be made from any material
having the strength and insulation qualities necessary for a
thermal water storage tank, however, preferably, the tank 18 1s
constructed of steel or concrete. The top nlet/outlet 20 (also
referred to herein as an “opening”) both receives heated water
16d from the air chiller 14 during a discharge cycle, and
expels heated water 16¢ during a charge cycle. (The charge
and discharge cycles will be explained 1n further detail below)
The thermal water storage tank 18 preferably also has a lower
connection or bottom inlet/outlet 22 (or “opening’™). The bot-
tom 1nlet/outlet 22 both receives chilled water 16a from water
chulling system 13 during the charge cycle, and discharges
chulled water 16b to the air chiller 14 during the discharge
cycle. Furthermore, the system shown 1 FIG. 1 also allows a
“partial storage™ strategy whereby the chilled water in the
tank can be used to supplement the water produced by the
chillers such that both can be provided to the air chiller 14 to
allow longer periods of on-peak chilled air going to the gas
turbine.

Preferably, in the system in FIG. 2A, the water 16 1n the
tank 18 1s “stratified” according to temperature. That 1s, the
lower temperature water (about 33° F. (about 0° C. to about 1°
C.) to about 40° F. (about 4° C. to about 5° C.)) resides at the
bottom of the tank. Broadly, the temperature at the bottom of
the tank may be 1n the range of from about 33° F. (about 0° C.
to about 1° C.) to about 40° F. (about 4° C. to about 5° C.).
Preferably, the temperature of the water 1n the bottom of the
tank 1s 1n the range of from about 33° F. (about 0° C. to about
1° C.) to about 36° F. (about 2° C. to about 3° C.). Most
preferably the temperature of the water in the bottom of the
tank 1s 1n the range of from about 33° F. (about 0° C. to about
1°C.)to about 34° F. (about 1° C. to about 2° C.). The higher
temperature water (typically about 60° F. (about 16° C.) to
about 70° F. (about 21° C.), typically having a lower density,
remains at the upper portions of the tank.) Preferably, the
entire tank 18 will be occupied by lower temperature water
(about33°F. (about 0° C. to about 1° C.)to about 34° F. (about
1°C. to about 2° C.)) after a charge cycle (discussed below) 1s
completed. The tank should be capable of storing suificient
chulled water 16 to provide air cooling during an entire dis-
charge cycle (discussed below). Further, the tank 18 should
have a sufficient height so that adequate temperature gradi-
ents can be maintained. Preferably, the diameter of the tank 18
1s greater than the height. An advantage of using the charge/
discharge cycles, and other features of the present invention 1s
realized with respect to the natural tendency of water to
“stratily”” according to temperature. Generally, 1n the tem-
perature range of about 39.2° F. (about 4.0° C.) to about 212°
F. (100° C.), water decreases in density as temperature
increases. As aresult, the colder water sinks to the bottom and
the warmer water rises to the top, thereby forming uniform
temperature strata or layers. Further, 1in the temperature range
of about 32° F. (about 0° C.) to about 39.2° F. (4.0° C.), water
tends to 1ncrease in density according to temperature. As a
result, 1n this temperature range, the warmer water tends to
sink to the bottom and the colder water rises to the top.
Generally, pure water reaches 1ts maximum density at about
39.2° F. (about 4.0° C.). However, depending upon atmo-
spheric conditions, or 1f various chemicals are added to the
water, the temperature of maximum water density may
change. Therefore, 11 the charge/discharge cycles of the
claimed 1nvention are not performed, the coldest water does

not sink to the bottom, but istead, water with a temperature
of about 39.2° F. (about 4.0° C.) naturally tends to settle
toward the bottom of the tank. The tank 18 of the claimed
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invention discharges warm water 16¢ from the top portion 18a
of the tank 18, and rece1ves chilled water 16a {from the water
chulling system 13, which 1s below the temperature of maxi-
mum water density, during the charge cycle into the bottom
portion 18b through bottom inlet/outlet 22. In this manner, the
coldest butnotnecessarily the heaviest water 1s forced into the
bottom. Further, as mentioned, the charge cycle preferably 1s
long enough and the charge flow rate 1s great enough to fill the
entire tank 18 with the design cold water temperature by the
end of the charge cycle. Even if the tank 1s not chilled with
water that 1s below the temperature of maximum water den-
sity (1.e., below about 39.2° F.), the water 16 in the tank 18 1s
preferably not allowed to remain stagnant 1n the tank 18 long,
enough for the densest but not the coldest water to sink to the
bottom of the tank 18. During the discharge cycle, water 1s
preferably taken from the bottom portion 18b of the tank 18
through the bottom inlet/outlet 22 thereby ensuring that the
coldest water 1s removed and directed to the air chiuller 14. As
it 1s preferable to have the coldest water remain in the bottom
portion 18b of the tank 18, and have the warmest water remain
in the top portion 18a of the tank 18, it 1s generally desirable
to prevent unnecessary mixing or global movement of the
water 16 1n the tank 18. For this purpose, a diffuser 23a, 23b
(FIG. 3) may be disposed adjacent the bottom inlet/outlet 22
and top inlet/outlet 20. Generally, the diffusers 23a, 23b tend
to reduce the velocity of the water entering or leaving the tank
to minimize any turbulent mixing.

It may also be advantageous to allow some of the chilled
water to flow through the air chiller 14, during the charge
cycle, to provide some cooling to the gas turbine. In this
manner, the thermal water storage tank 18 will be charged
with chilled water, and some cooling of the inlet air can also
be accomplished.

Referring to FI1G. 3, a preferred embodiment of the thermal
water storage tank 18 will be discussed. The tank has a top
18c, a bottom 18d, and a foundation 18¢. Top inlet 20b and top
outlet 20a are shown as a single port or connection to the
diffuser which 1s adapted to accommodate a bidirectional
flow, 1.e. either into the tank, 20b, or out of the tank, 20a.
However, it should be noted that top nlet 20b and top outlet
20a may also be two separate ports or orifices, one being an
inlet 20b, the other being an outlet 20a. The same 1s true for
bottom 1nlet 22b and bottom outlet 22a, which are shown as a
single ports 1n FIG. 3. As shown 1n FIG. 3, top diffuser 23a
and bottom diffuser 23b are essentially long pieces of pipe or
tubing with slots cut perpendicular to their length. In opera-
tion, the slots 1 top diffuser 23a point toward the top 18c of
tank 18, and the slots 1n bottom diffuser 23b point toward the
bottom 18d of tank 18. In this manner, when water flows 1nto
one of the inlets 20b, 22b and through the corresponding
diffuser 23a, 23b the flowing water generally does not create
global currents in the tank. Preferably, the diffusers 23a, 23b
prevent mixing of the warmer water 1n the top portion 18a
with the cooler water in the bottom portion 18b. Other dii-
tuser designs may also be used. Some of these designs include
octagonal diffusers which are formed by eight straight sec-
tions of pipe connected with 45° elbows. A series of equally
s1zed, shaped, and spaced lateral slot openings are cut into the
top of the straight sections of pipe 1n a manner similar to the
slots cut 1n the diffuser shown 1n FIG. 3. Some diffusers have
circular holes rather than slots. Other types of diffusers
include radial disk diffusers which consist of two closely
spaced disks, mounted parallel to the tank floor. In a radial
disk diffuser, the incoming water tlows between the disks and
enters the tank horizontally.

Also shown in FIG. 3 1s the thermocline 19, which 1s shown
as a thin band. The thermocline 19 separates the cold water 1n
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the bottom portion 18b of the tank 18 from the warmer water
in the top portion 18a. The bottom portion 18b of the tank 18
1s that part of the tank 18 that 1s below the thermocline 19, and
the top portion 18a of the tank 18 1s that portion of the tank 18
that 1s above the thermocline 19. As mentioned, the ther-
mocline will move up and down during the charge and dis-
charge cycles respectively. The distance from the bottom 18d
ol the tank 18 to the thermocline 19 1s denoted in F1G. 3 as H2.
It 1s advantageous to position the bottom inlet 22b and the
bottom outlet 22a at a height H1 that 1s below the thermocline
19 at 1ts lowest point at the end of the discharge cycle. In so
doing, generally the warmer water above the thermocline 19
should not be expelled out of the bottom outlet 22a to the air
chiuller 14 during the discharge cycle. In FIG. 3, the height of
the bottom inlet 22b and the bottom outlet 22a are signified by
H1, but 1t 1s to be understood that the bottom 1nlet 22b and the
bottom outlet 22a may be at the same or different heights
depending upon the requirements of the specific system. Pret-
crably H2 1s maintained at a height that 1s greater than H1, so
that during the discharge cycle, the warmer water 1n the top
portion 18a will not be expelled through the bottom outlet
22b. Generally, the tank 18 is sized, according to parameters
described below, so that the height H2 of the thermocline may
not fall below a height of less than about 10 feet. More
preferably, the design tank size will be reduced such that the
helght H2 1s less than about 5 feet, and most preferably, the
tank size will be reduced to where height H2 1s only about 18
inches during a complete discharge cycle on a design hot day.
During the discharge cycle, the heated water 16d from the
air chiller 14 1s introduced into the top portion 18a of the tank
18 through top 1nlet/outlet 20. This heated water 16d tends to
remain above the chilled water 16b. At the level where the
heated water meets the chilled water there may be a “ther-
mocline,” represented by line 19. A thermocline 1s a horizon-
tal region that separates higher temperature water from lower
temperature water. The bottom portion 18b of the tank 18 1s
below the thermocline 19 and the top portion 18a 1s above the
thermocline. The bottom inlet/outlet 22 may be disposed at
the very bottom 18d of the tank 18. However, the bottom
inlet/outlet 22 may alternatively be positioned at any height
so long as it 1s 1n the bottom portion 18b of the tank 18.
Similarly, the top mlet/outlet 20 can be positioned at the very
top 18c of the tank 18 but may also be positioned at any place
in the top portion 18a of the tank 18. In one embodiment of the
claimed invention, the top portion 18a contains water that1s in
the range of about 60° F. (about 16° C.) to about 70° F. (about
21° C.). In another embodiment, the temperature of the water
in the bottom portion 18b 1s just above freezing temperature,
which may vary depending upon atmospheric conditions
(such as atmospheric pressure), or 1if chemicals are added to
the water. Preferably, the water 1n the tank 1s pure water.
However, the claimed invention contemplates the addition of
various chemicals or other additives to the water to change the
properties of the water mixture. Some chemicals, when added
to water, tend to decrease the freezing temperature of water.
Other chemicals tend to change the density of water. Still
others may change the viscosity or heat capacity of the water.
It may be desirable to add a chemical such as sodium nitrate
to lower the freezing temperature of the water 1n the tank. This
in turn may allow colder water to be delivered to the air chiller
and can protect the system from freezing. Alternatively, for
on-line systems which may be subjected to freezing ambient
temperatures, the use of Potassium Formate 1s preferred
instead of Ethylene Glycol or Propylene Glycol to protect the
water from freezing. Potasstum Formate maintains a lower
viscosity than either of the glycols and thus gives better heat
transier at low temperatures. Potassium formate also has the
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added advantage of being more environmentally friendly than
glycols. As used herein, the term “water” refers to pure water
or an aqueous mixture mncluding any additives.

The charge and discharge cycles will now be described
with reference to FIG. 2A. The average temperature of the
chulling water 16 1n the tank 18 1s preferably lowered or raised
during separate cycles. During the water chilling or “charge™
cycle, the average temperature of the water in the tank 1is
lowered by introducing lower temperature chilling water 16a
to the bottom of the tank 18b from the water chulling system
13. In an advantageous aspect of this invention, this charge
cycle will typically be during the night-time or “off-peak™
hours. At night, the ambient temperatures are generally lower,
thereby largely eliminating the need to chill the inlet air 15a,
15b. Further, at night there 1s usually less demand for the
power being produced by the power turbine. Therefore, at
night, the water can be chilled using excess energy from the
gas turbine system or power grid. Less electricity 1s required
for primary power usage, and less expensive parasitic power
1s available for running the mechanical chuller 24. Also, more
heat from the exhaust gas or steam may be available for
running the absorption chiller 26 since less steam may be
required by the steam turbine or cogeneration host during
these “off-peak” night time hours. The charge cycle may,
however, be performed at any time that proves advantageous
to the particular operating conditions of the gas turbine sys-
tem. Generally, the charge cycle should be performed when
the need for usetul power from the gas turbine system 1s at a
mimmum, 1.€. oif-peak periods, while the discharge cycle
should be performed when the need for useful power 1s at a
maximuin, 1.€. on-peak periods. As indicated above, after the
charge cycle, the chilling water in the entire tank 1s preferably
at a temperature of about 34° F. (about 1° C. to about 2° C.) to
about 40° F. (about 4° C. to about 5° C.) unless additives are
added to reduce the freezing point 1n which case even lower
temperatures could be used. During the charge cycle, warm
water 16¢ 1s pulled from the top 18a of the tank 18 and
pumped through the water chilling system 13. Chilled water
16a 1s imntroduced back to the bottom portion 18b of the tank
18. The water level 1n the tank 18 does not change, only the
proportion of warm water 16¢ to chilled water 16a changes as
the tank becomes progressively chilled. Preferably, by the end
of the charge cycle, the average temperature of the water 1n
the tank 1s about 33° F. (about 0° C. to about 1° C.) to arange
of from about 33° F. (about 1° C. to about 2° C.) to about 40°
F. (about 4° C. to about 3° C.).

During the “discharge” cycle, all of the water chillers (e.g.,
chullers 24, 26) may be turned off, so that all the chilled water
requirements for the air chulling coil 14 may be supplied by
the tank 18. Advantageously, the discharge cycle occurs dur-
ing peak power usage times (e.g., during the day), when
parasitic power 1s most costly and/or an msuificient amount
of waste heat from the exhaust gas 45 or steam may to be
available, e.g., to chill the water. As used herein, “day-time”
refers to the period of time between sunrise and sunset. At this
point, the storage tank 18 feature and the stored chilled water
16 1n the tank 18 become particularly advantageous. Prefer-
ably, suflicient chilled water 16 1s stored 1n the tank to last for
the entire “discharge” cycle, with the option to have the water
chulling system 13 supplement the stored chilled water 16
with directly chilled water as needed. Preferably, the amount
of water discharged during the discharge cycle is less than the
total volume of water stored 1n the tank 18. As before, chilling,
water 16b 1s removed from the bottom portion 18a of the tank
18, through bottom inlet/outlet 22. The chilling water 16b
then passes on towards the air chiller 14. (An optional addi-
tional mechanical chiller 30 can be provided to further cool
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the chilled water 16b and introduce further chilled water 16¢
to the air chiller 14) The chilling water 16¢ then cools the inlet
air 1n the air chiller 14 (e.g., a conventional air coiling coil),
which produces higher temperature chilling water 16d. This
higher temperature chulling water 16d 1s returned to the top
portion 18a of tank 18. Because the higher temperature water
16d 1s being added to the tank 18, the average temperature of
the water 1n the tank 1s increased (e.g., to a range of from
about 60 (about 16° C.) ° F. to about 70° F. (about 21° C.)).
However, by virtue of the temperature gradient within the
tank, and the stratified nature of the water therein (as dis-
cussed above), the higher temperature water occupies the
upper portion 18a of the tank 18, leaving the lower tempera-
ture water 1n the lower portion 18b of the tank 18, which 1s
being discharged through outlet 22 to pass to the air chiller 14.
Eventually, over time, the line (the thermocline) between
higher and lower temperature water gets lower and lower 1n
the tank, 1.e., 1t approaches the bottom of the tank. Preferably,
however, 1f the tank 18 1s large enough, before that line
reaches the outlet 22 of the tank 18, the “charge” cycle 1s
initiated, whereupon the water chillers (24, 26) are activated,
introducing new chilled chilling water 16a to the tank. That
new lower temperature chilling water then begins to fill up the
bottom portion 18a of the tank 18. In one embodiment, it may
be preferable to initiate the charge cycle before the average
temperature 1n the tank reaches about 36° F. (about 2° C. to
about 3° C.).

As indicated in FIG. 2A, a number of different types of
water chillers can be provided, at different locations, depend-
ing on design needs. For example, various mechanical chill-
ers 24, 30 can be provided. Preferably, an upstream chiller 1s
provided and whenever recovered GT exhaust heat 1s avail-
able, this upstream chiller 1s preferably an absorption chiller
driven by either steam 44 from the HRSG 38 and/or steam
from the back pressure steam 46 from the steam turbine 40
exhaust or hot water or steam 48 from an optional heat recov-
ery coil 42. The use of absorption chillers to pre-chill the
highest temperature water returning from the air cooling coil
or tank 1s preferred, so long as a low grade heat source 1s
available. This reduces the parasitic power required and
improves the heat rate (efliciency) of the gas turbine by uti-
lizing what would otherwise be “waste heat” energy. By
combining the use of the chilled water storage tank 18 with
absorption chillers, the amount of heat required can be made
constant throughout a 24-hour day, even though the demand
for chilled water may vary greatly between daytime and
night-time. However, on most combined-cycle power plants
where most of the gas turbine exhaust heat energy 1s already
being used to provide steam to a steam turbine, the preferred
upsteam chiller 1s a mechanical chiller because the efficiency
of the mechanical chiller as measured by the coetlicient of
performance (COP=BTU of Reirnigeration Duty/BTU of
Energy required to drive the chiller) 1s much higher for the
mechanical than the absorption chiller. The COP of a
mechanical chiller 1s approx 6 to 7, while the COP of a single
stage absorption chiller 1s about 0.6 and the COP of a two
stage absorption chiller 1s about 1.0. Therefore by using this
steam 1n the steam turbine to produce additional electrical
energy and then using some of this electrical energy to drive
a mechanical chiller 1s a more efficient chilling systems than
using this steam 1n an absorption chiller.

Now, withreference to FI1G. 2B, apreferred embodiment of
the method and apparatus of the present invention will be
discussed. In this embodiment, multiple conventional gas
turbine systems 12 are provided. Each gas turbine system 12
has an air chiller 14. One tank 18 1s shown, however it may be
desirable to use multiple tanks 18 depending upon the con-
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figuration of the plot space available. The inventor has found
a preferred relationship between the amount of cooling
required by the gas turbines and the volume of water that

should be stored 1n the tank(s) 18. This relationship 1s as
follows:

(PxC)
AT

= volume

Where: P=the total amount of cooling required to reduce
the temperature of the inlet air to the gas turbines 12,

expressed 1n ton hours (each ton hour=12,000 BTU); AT=the
difference 1n temperature of the water 16¢ and 16d across the
air chiller 14, expressed in © F.; C=a constant expressed 1n (°
F.*gallons)/(ton*hours); and volume=the total volume of
stored water required 1n gallons. The constant C 1s a number
that 1s determined according to various required tank design
parameters, such as the required height of the tank, the AT of
the water and the diffuser design. Generally, C 1s in the range
of about 1600 to about 1750; preferably C is 1n the range of
about 1700 to about 1725; and 1n one specific embodiment, C
was determined to be about 1720.

Depending upon the space requirements or soil conditions
of any given installation, it may be preferable to employ
several small tanks 18, or one larger tank 18. The design
choice also depends upon the type of foundation chosen to
hold the tank 18. Preferably, a ring-wall foundation 1s used, as
shown 1n FIG. 3. In an embodiment with several tanks 18,
cach tank preferably has a bottom inlet/outlet 22 and a top
inlet/outlet 20 and would preferably operate in much the same
manner as previously described. Generally, tank volume
requirements range from 800,000 gallons to 10 million gal-
lons. Tank heights range from 25 feet to 70 feet, or to 90 feet.
Tank diameters range from 50 feet to 250 feet. Normally, the
tank diameter 1s greater than its height. Sometimes, it 1s
preferred to have charge/discharge cycles that are relatively
short in duration. For example, 1t may be more economical to
employ a tank 18 that 1s only large enough to hold a volume
of water for a discharge cycle lasting 4 or more hours. It also
may be preferred to have a larger tank to hold a volume of
water for an 8 or a 12 or more hour discharge cycle. Although
generally for these longer peak periods the tank would
supplement the chillers 1n a “partial storage™ operation to
maximize the available on-peak cooling hours with a given
tank size. Generally, tank volumes range from 800 thousand
gallons to 10 million gallons, but again, the volume of the tank
1s related to the ton-hours of cooling required to meet the
desired entering air temperature of the power turbine which 1s
a function of the ambient air enthalpy, the design chilled
turbine 1inlet temperature, the airtlow rate of the particular GT,
the number of GT’s, and the number of hours/day the storage
system 1s to provide chilling.

B. Additional Methods and Systems

As discussed in the summary above, one or more embodi-
ments of the invention include methods of chilling inlet air for
a gas turbine power plant. The methods may include the use of
features 1n addition to those shown in FIGS. 1-4. IT a thermal
storage tank 1s not used, the system will normally operate as
an “on-line” system, meaning the chullers provide the chilling
required by the coils and are operating at the time the coils use
chulled water. One or more embodiments of the method
include passing 1nlet air through a cooling coil, preferably a
multi-pass cooling coil that includes at least four passes. The
cooling coil should include an opening for recerving the inlet
air and 1s preferably operably connected to a gas turbine
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power plant that includes at least one gas turbine, at least one
compressor and at least one gas turbine inlet which receives
the mlet air. The method may also include passing circulating
water through one or more water chillers (which are prefer-
ably sequentially positioned) at a first flowrate to reduce the
temperature of the circulating water, e.g., from a first tem-
perature to a second temperature. Each water chiuller should
include at least one conduit, e.g., a piping or other tubular
arrangement, through which the circulating water 1s capable
of passing. The method preferably also includes passing the
circulating water having the first flowrate, e.g., a relatively
higher tlowrate, through the cooling coil 1n an amount sudfi-
cient to lower the temperature of the inlet air to the desired
temperature during high ambient (design conditions). Then,
in a preferred embodiment of the invention, the method
includes reducing the flowrate of the circulating water pass-
ing through the water chiller, e.g., to a reduced flowrate, e.g.,
a second flowrate during lower ambient (off-design condi-
tions). Then, that preferred method should also include pass-
ing the circulating water through one or more water chillers
(preferably the same water chillers corresponding to the first
flowrate) at a different or “reduced” or “second” flowrate, 1n
such a way and 1n an amount to 1ncrease the temperature
difference (AT) between the circulating water entering the
cooling coil and the circulating water leaving the cooling coil.
The second flowrate should be lower than the first flowrate.
Accordingly different predetermined flowrates for water
passing through two or more chillers can be used. Then, the
method should also include passing the circulating water
having the second flowrate (or the reduced or different flow-
rate) through the cooling coil in an amount suflicient to lower
the temperature of the inlet air. Preferably, the circulating
water having a flowrate reduced as discussed above 1s passed
through two or more sequentially positioned water chillers,
and the circulating water 1s then directed through a multi-pass
cooling coil. Preferably the circulating water having the first
(e.g., higher) flowrate should be reduced to the second (lower
flow rate) once the water AT (e.g., a temperature reduction by
two or more sequentially positioned water chillers) 1s reduced
to a pre-determined point due to a reduction 1in ambient load.

Alternatively, one or more embodiments of the mvention
include a method of chilling inlet air for a gas turbine power
plant that includes one or more of the following aspects. In
one or more embodiments, the method comprises passing
inlet air through a cooling coil that 1s preferably a multipass
cooling coil with four or more passes and that includes an
opening for recerving inlet air and that 1s operably connected
to a gas turbine power plant, 1.¢., directly or indirectly con-
nected. That method may also include passing the inlet air
(after being cooled) through at least one gas turbine inlet. That
method preferably also includes passing circulating water
through a water chiller (preferably two or more in-series
chullers) to reduce the temperature of the circulating water
(FIGS. 1 and 4). Each water chiller preferably includes at
least one 1nlet for receiving circulating water, at least one
conduit through which the circulating water 1s capable of
passing, and at least one outlet for dispensing circulating
water. The circulating water should be passed through two or
more sequentially positioned compressors for sequentially
chulling the circulating water. These compressors can be part
of two different water chillers or part of a single duplex
chuller. As used herein, a “duplex chiller” 1s a mechanical
device with at least one inlet and at least one outlet where the
temperature of water passing through the device 1s reduced
two times via two different refrigerant temperatures and two
separate compressions. Then, that preferred method should
also include passing the circulating water through the cooling
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coil 1n an amount suificient to lower the temperature of the
inlet air, e.g., by making heat transier contact between the
circulating water and the 1nlet air. The “amount sufficient” 1s
determined by specific system needs such as capacity, cooling
coil feed air wet bulb temperature, and the desired leaving air
temperature set-point. In addition, the preferred method
should include reducing the tlowrate of the circulating water
passing through the two or more sequentially positioned
water chillers during reduced load ambient conditions. Also,
the preferred method 1ncludes passing the circulating water
having the reduced flowrate through the cooling coil i an
amount suilicient to lower the temperature of the inlet air
preferably by directly passing to a cooling coil, the watere.g.,
all or substantially all of the water, exiting the last (furthest
downstream) water chiller prior to the cooling coil. Prefer-
ably, 1n most cases, the circulating water 1s not diverted or
split as it passes between the water chillers and the cooling
coil, e.g., by directing any portion (or more than 25% or 50%)
of 1t to the water returning back to the chillers.

Another specific embodiment of the mvention includes a
method of chilling inlet air for a gas turbine power plant that
includes one or more of the following aspects. For example,
the method may include passing inlet air through a cooling
coil. The method may also include passing circulating water
through a water chiller to reduce the temperature of the cir-
culating water. In addition, the method should also include
passing the circulating water through the cooling coil to lower
the temperature of the inlet air and to provide chilled inlet air
to the gas turbine power plant. The method may additionally
include supplying water to the chilled inlet air in an amount
sufficient to increase the moisture content of the chilled mlet
air, €.g., by adding water, e.g., liquid water or water vapor, to
the inlet air after the inlet air has been treated partially or
completely by the cooling coil, 1.e., made at least partial heat
transier contact.

All references herein to “circulating water” refer broadly to
any portion or all of the circulating water being used 1n the
system, although 1n certain cases 1t will be apparent from the
context that a reference to “circulating water” refers only to a
selected portion of the circulating water in the system (e.g.
when the temperature of a particular portion of circulating,
water 1s reduced, 1n which case the temperature of other
portions of circulating water in other parts of the system may
not necessarily be reduced). Preferably, the circulating water
discussed herein travels 1n a complete “loop™ as shown 1n
FIG. 4, so that the same water 1s repeatedly cooled and heated.

Variable Flow and Low Flow. An important aspect of cer-
tain embodiments of the invention includes reducing the
flowrate of circulating water 1n a particular way. All refer-
ences to “tlowrate” herein refer to the rate of circulating water
passing through a particular portion 1n the system, e.g., the
pump (e.g., in gpm), divided by a given amount of refrigera-
tion duty (e.g., 1 tons). Preferably, optimizing the proper
gpm/ton 1s an important design criteria. It 1s desirable to vary
the chilled water flowrate to maintain a relatively low gpm/
ton of approximately 0.3,0.4,0.5,0.6,070r0.81t01.6,1.7,1.8
or 1.9 gpm/ton at tull load throughout the operating ambient
range. The optimum design for on-line cooling systems will
be from about 1.4 gpm/ton to about 1.0 gpm/ton. The opti-
mum design for thermal storage systems will preferably be
from 1.2 to 0.6 gpm/ton at full load. In addition it 1s desirable
to vary the chilled water flowrate to maintain a relatively low
gpm/ton of approximately 0.6 to 4 gpm/ton throughout the
part-load operating ambient range or more preferably to
maintain a flow of approx 0.8 to 2.5 gpm/ton. This will save
significant pump power during the part load operation and it
will also maintain a relatively warm return water temperature
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thus maintaining a high efficiency on the upstream compres-
sors. More specifically, one or more embodiments of the
invention include reducing the flowrate of circulating water
passing through two or more sequentially positioned water
chullers, preferably two duplex chillers (which provide four
different temperature reductions), and passing the circulating
water having the resulting reduced flowrate through a cooling
coill 1n an amount suificient to lower the temperature of the
inlet air (FI1G. 4). In other specific embodiments, a method of
chulling inlet air includes passing circulating water, having a
first temperature, through a pump, e.g., at a first flowrate, then
passing that same water through a water chiller that reduces
that circulating water temperature (e.g., using a first compres-
sion) so that the circulating water has a second temperature,
which 1s lower than the first water temperature, and then
passing that water through a second water chiller to reduce the
circulating water temperature from a second temperature to a
third temperature (e.g., using a second compression) that 1s
lower than the second.

In a specific embodiment of the invention, the method
includes reducing the circulating water flowrate 1n response
to certain predetermined setpoints or events, 1.e., criteria or
benchmarks, e.g., 1n response to predetermined decreases in
ambient air wet bulb temperature or enthalpy. As used herein,
references to “ambient wet bulb temperature” refer to the wet
bulb temperature of the air entering the cooling coil at the gas
turbine power plant intake. Accordingly, ambient wet bulb
temperature tends to constantly change at a given power plant
location during the day and night, 1.e., over a 24-hour period.

In a preferred embodiment, reducing the circulating water
flowrate 1s based on a setpoint, which 1s discussed 1n further
detail below. In a preferred embodiment where the chilled air
temperature (e.g., compressor inlet air) 1s desired to be con-
stant, the setpoint 1s a function of both ambient wet bulb
temperature of the air and the temperature difference between
the circulating water entering the cooling coil and the circu-
lating water leaving the cooling coil (water AT). As the ambi-
ent wet bulb temperature decreases, the heat transterred to the
circulating water from the inlet air also decreases. The water
AT also decreases since the water AT 1s dependent upon heat
transier contact with the inlet air within the cooling coil. As
the ambient temperature decreases, the temperature of the
inlet air entering the cooling coil also decreases; therefore, the
circulating water temperature can increase slightly and still
maintain a desired leaving air temperature. The leaving air
temperature remains constant because the load (QQ) on the
cooling coil decreases and thus the required log mean tem-
perature difference (LMTD) between the air and the circulat-
ing water 1s reduced. As a result of the reduced ambient wet
bulb temperature and thus the reduced load, the heat transier
between air and circulating water 1n the cooling coil
decreases, resulting in a decreased water AT, as shown 1n the
tollowing equations:

[,

(mAh) ~[(mCp)(To-T))],,
Q=mCpAT=mAh

Qeoi"UA(LMTD);

As shown above, when the Ah of the air 1s reduced, the AT of
the water 1s also reduced when the mass flowrate (m), the
temperature of the air leaving the cooling coil (T, ), and the
heat transter coefficient (C,) remain nearly constant. The air
leaving the cooling coil 1s typically saturated, 1.e., the air has
about a 100 percent relative humidity, therefore the wet bulb
temperature and dry bulb temperatures of the leaving air are
substantially the same.




US RE44,079 E

21

In a preferred embodiment of the invention, a high system
elliciency 1s achieved by maintaining a high water AT, rather
than a high circulating water flowrate. Preferably, achieving a
high system elliciency at a low circulating water flowrate
(c.g., about 1 gpm/ton) depends, 1n part, on reducing the
temperature of the circulating water at least two times before
it chills the inlet air, 1.e., sequential chilling. A preferred
embodiment of the method includes using at least two water
chullers to sequentially chill the circulating water.

As shown above, the traditional chilled water designs
which utilize a high flowrate, e.g., from about 2 gpm/Ton to
about 1.5 gpm/Ton circulating water tlowrate at full load
results 1n a lower circulating water AT (from 12° F. AT to 16°
F. AT respectively) resulting 1n colder water (e.g., {rom about
52° F. to about 56° F. respectively) water returning to the
upstream chiller. For example, the GE LM6000 1s provided
with a cooling coil that has been optimized for inlet cooling of
their turbine. This coil 1s designed for a maximum design
ambient case ol 2200 tons of cooling using 3300 gpm of
circulating chilled water flow. This equates to 1.5 gpm/ton or
a 16° F. AT. This chilled water AT will get proportionately
smaller as the ambient temperature drops below design
because the flow rate (gpm) remains constant in conventional
designs while the load (tons) 1s fluctuating with the ambient
temperature. A preferred embodiment of the present mven-
tion 1ncludes reducing the circulating water flowrate to pro-
vide or maintain a higher water AT. It has been discovered that
in the specific context described herein, reducing the circu-
lating water tflowrate reduces the amount of heat transfer
through the cooling coil, 1.e., heat transferring from the nlet
air to the circulating water passing through the cooling coil.
As shown 1n the above equations, a lower circulating water
flowrate results in higher water AT when the inlet air flowrate
and air Ah remain constant. As a result, the temperature of the
circulating water leaving the cooling coil 1s higher at a lower
flowrate than at a higher flowrate, thereby resulting 1n a high
water AT. The use of sequential cooling via series chillers
and/or multiple compressors allows high upstream compres-
sor efficiency as a result of relatively warmer refrigerant
temperatures. The warmer refrigerant temperatures are pos-
sible because the circulating water returning from the cooling
coil 1s warmer. In addition, the power required to drive the
circulating water pump will be lower since the power con-
sumption required 1s proportional to the circulating water
flowrate cubed.

In certain embodiments of the mvention, the circulating
water flowrate 1s reduced to maintain the chilled water AT
within a specific design range. This AT should be maintained
within a range of about 40° F. to 16° F. to maintain maximum
elficiency with a sequential chilling system with the higher
end of this range being better for thermal storage applications
& high ambient climates. The lower end of this range 1s better
for on-line applications with moderate ambient climates. In
another specific embodiment, the leaving chilled water tem-
perature setpoint and the circulating water flowrate setpoint
may be changed to maintain the leaving air temperature and
the chilled water AT within the design parameters. As used
herein, the term “setpoint” refers to any predetermined point
or event that results in the flowrate through the chillers and the
coil being changed, or a change 1n the temperature of the
water leaving the chiller. The setpoint may be or include a
predetermined air Ah, or change 1 wet bulb temperature
across the coil or the setpoint may be a predetermined ambi-
ent temperature or change 1n temperature or the setpoint may
be a change in chilled water temperature. In addition, the
setpoint may be derrved from input parameters such as the

chulled H,O flowrate and chilled H,O Ah. The setpoint may
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be changed depending on the time of the day or depending on
system needs or the ambient temperature. As used 1n pre-
ferred embodiments herein, the “setpoint” 1s based upon
maintaining a chilled water AT of at least 16° F. It 1s believed
that the characteristics of a particular system are primarily
determined by the wet bulb temperature of the ambient air and
the leaving air temperature since this determines the load on
the coil and also determines the temperature of the cooling
tower water going to the chiller. As used herein, the term “wet
bulb temperature™ refers to the temperature measured by a
thermometer with 1ts bulb wrapped 1n wet muslin, although
the wet bulb temperature may also be measured by any means
known to those skilled 1n the art but most commonly 1s cal-
culated electronically by simultaneously measuring dry bulb
temperature and relative humidity. Preferably, the wet bulb
temperature 1s electronically calculated by simultaneously
measuring the dry bulb temperature and the relative humidity
of the air. The wet bulb temperature 1s typically lower than the
dry bulb temperature because the water on the bulb evapo-
rates, resulting 1n cooling. Therelfore, the difference between
wet bulb temperature and dry bulb temperature depends on
the humidity 1n the air. In carrying out certain specific
embodiments of the method, the wet bulb temperature of the
inlet air leaving the cooling coil 1s equal to its dry bulb
temperature, in which case the air 1s considered to be “satu-
rated” or 100% R.H.

In one or more specific embodiments of the mvention, the
circulating water 1s passed through at least one pump to vary
the tlowrate of the circulating water before it 1s subjected to
sequential chilling, e.g., using two 1n-series chillers as shown
in FIGS. 1 and 4. Alternatively or additionally, the circulating
water may be passed through any number of pumps. Prefer-
ably the pumps are generally mounted in parallel to allow the
flow to be changed by sequencing a combination of pumps on
and off. Preferably, at least a portion of the circulating water
1s passed through one centrifugal pump, e.g., a horizontal
split case pump, and a diflerent portion of circulating water 1s
diverted and passed through at least one additional pump the
output streams of the two or more pumps then being com-
bined. More preterably, the circulating water 1s split, then
passed through two or more centrifigal pumps in parallel, then
combined. Optionally, one or more of the pump motors may
be wired to a Variable Frequency Drive for greater flexibility
in flow control and greater partial load efficiency. The circu-
lating water may be passed through a pump anywhere 1n the
system. Preferably, however, as shown 1n FIG. 4, the circu-
lating water 1s passed through at least one pump 60, referred
to as a primary pump, located 1n the piping that circulates the
chulled water through the chillers. Although the circulating
water tlowrate 1s preferably varied only at the primary pump,
the circulating water may additionally or alternatively be
passed through other pumps at any location 1n the system.
When circulating water 1s passed through those other pumps,
those pumps are typically not used to reduce the circulating
water tlowrate through the water chillers, but rather are used
for another purpose, such as to pass water from a bank of
chullers to the cooling coils.

In a preferred embodiment, the circulating water passes
through at least one pump at full flow when the ambient wet
bulb temperature 1s at a maximum (e.g., from about 72° F. to
about 87° F.), typically at some point 1n time between noon
and 3:00 pm during the summer season. As used herein, the
term “full flow” refers to the maximum circulating water
flowrate of the system. In this particular embodiment, when
the ambient temperature drops (e.g., to a lower wet bulb
period such as during the morning or afternoon) the water AT
also drops. When the chilled water AT reaches a first setpoint
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(e.g., from about 75% to about 50% of design AT), one of the
centrlfugal pumps 1s preferably turned off. Shutting off one of
the two operating centrifugal pumps should accordingly
reduce the circulating water flow rate from about 100 percent
flow to about 70 percent flow, thereby increasing the water
AT, e.g., by about 43 percent. Then, when the circulating

water reaches a second setpoint(e.g., from about 75% to about
50% of design AT), the VFD on the first VFD pump 1s
reduced, further reducing the circulating water tlowrate

enough to maintain the chilled water AT to at least about 16°
F.

Water Chilling. Another important aspect of one or more
specific embodiments of the invention includes reducing the
temperature of the circulating water from an 1nitial tempera-
ture, €.g., a {irst temperature, to an intermediate temperature,
¢.g., a second temperature, that 1s lower than the 1nitial tem-
perature, e.g., first temperature, and then further reducing the
circulating water from the intermediate, e.g., second, tem-
perature, to a final temperature, e.g., a third temperature, that
1s lower than the intermediate temperature, €.g., second tem-
perature. In the atlorementioned method, the circulating water
temperature may thus be reduced 1n stages by passing circu-
lating water sequentially through two or more water chillers.
An example 1s shown 1n FIG. 4, which shows circulating
water passing {rom a cooling coil 54 to a first water chiller 62,
then to a second water chiller 64, then through an optional
third chiller 66 and fourth chiller 68, and then back to the
cooling coil 34. As used herein, the term “water chiller” refers
to an apparatus for lowering the circulating water temperature
that includes at least a single compressor. Preferably the water
chuller includes at least one opeming for recerving the circu-
lating water, at least one outlet for dispensing the circulating
water. A conduit through which the circulating water 1s
capable of passing should operably connect the one opening
for recerving circulating water with the one outlet for dispens-
ing circulating water. Preferably, the circulating water 1s
passed through at least two water chillers, which can form
part of a single “duplex chiller,” although 1t could alterna-
tively consist of two simplex chillers with the evaporators
piped in series. Preferably, at least a portion of the circulating,
water 1s passed from and through the first water chiller to and
through the second water chiller. More preferably, all, or
substantially all, of the circulating water 1s passed from and
through the first water chiller to the second water chiller.

Passing the circulating water through a water chiller, e.g., a
conventional mechanical or absorption chiller, reduces the
circulating water temperature. When the circulating water 1s
sequentially passed through two water chillers whose evapo-
rators are piped 1n series (or through a single duplex chiller),
the circulating water temperature 1s reduced twice. Prefer-
ably, 1n carrying out certain methods of the invention, the
sequential circulating water temperature reductions are
accomplished by passing the circulating water through a
duplex chiller such as the Trane duplex centrifugal CDHF
water chiller. As shown m FIG. 4, staged or step-wise circu-
lating water temperature reductions can be accomplished by
passing circulating water 38 through an evaporator 62a within

the duplex chiller CH2. The evaporator chills the circulating
water by receiving a reifrigerant such as ammonia, R-22,
R-134a, or R-123 available from Dupont. Preferably, R-123
or a similar refrigerant 1s passed from a condenser 62b to the
evaporator 62a to chill the incoming circulating water. The
reirigerant 1s then passed from the evaporator 62a back
through a compressor 62c¢ to the condenser 62b for condens-
ing the vaporized refrigerant back to a liquid. The refrigerant
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1s cooled and condensed by condenser water 72a passed from
a cooling tower 70 to the condenser 62b (typical of one
chuller).

A specific embodiment of the invention includes passing
circulating water through a duplex chiller to reduce its tem-
perature from a {irst temperature to a second temperature
lower than the first, then to a third temperature lower than the
second (FIG. 4). The circulating water can then be passed
through another duplex chiller to further reduce the water
temperature twice. Any number of water chillers may be
included to reduce the temperature of circulating water for
large tonnage applications on large gas turbines (above 60
MW) 1n a greater number of sequential steps although two
duplex chillers in series (4 stages of cooling) 1s considered the
optimum. For larger gas turbine installations that would
require more capacity than can be accomplished with 2
duplex chillers, additional pairs of duplex chillers can be
provided that divide the total flow of water 1nto the parallel
trains of chillers (similar to the 2 parallel trains shown 1n FIG.
4).

The discussion of the embodiments has focused primarily
on the sequential chilling of the chilled water by using pro-
gressively colder evaporator refrigerant temperatures. How-
ever, there 1s also increased elliciency available by utilizing
sequential heat rejection from the refrigerant to the condenser
water through two or more condensers 1n series. It1s preferred
that the condenser water be piped in a counterflow arrange-
ment to that of the chilled water, 1.e., the coldest condenser
water 1s adjacent to the coldest circulating water.

Sequential chilling of the circulating water 1n the evapora-
tor, which results 1n sequential vaporization of the refrigerant,
can be combined with sequential heating of the cooling tower
water, which results in sequential condensing of the refriger-
ant, thereby equalizing the head on each compressor, ¢.g., by
passing all, substantially all, or at least a portion, of circulat-
ing water from a first water chiller to a second water. Equal-
1zing the head on each compressor can increase the compres-
sor efficiency, shown 1n greater detail below. As used herein,
the term “head” refers to the compressor pressure ratio, which
1s the pressure of the condenser divided by the pressure of the
corresponding evaporator. For example, referring to FIG. 4,
the upstream compressor 62¢ head 1s equal to the pressure of
the upstream condenser 62b divided by the pressure of the
corresponding Evaporator 62a.

In a preferred embodiment of the invention, the circulating,
water 1s passed from a cooling coil through two duplex chill-
ers (CH 2 & CH 4), sequentially. The circulating water pass-
ing through the duplex chillers 1s reduced from a high tem-
perature resulting from a high water AT through the cooling
coil (Irom about 55° F. to about 70° F.) to a final temperature
of from about 34° F. to about 44° F., that 1s the coldest 1n the

system. Example data in such a system 1s shown 1n Tables 1
and 2 and FIG. 7.

TABLE 2
Circulating Water
Circulating Water Inlet  Outlet Temperature
Temperature (° F.) 5%, (° F.) 3%,

Temperature Profile through Water Chillers at 6600 gpm (full flow) &
Full Load (75 F. Ambient Wet Bulb Temp) chilled to 50 F. T2 Aur Temp

First Water Chiller 62 61.5 L. 55.6 L.
Second Water Chiller 64 55.6 F. 50.5 F.
Third Water Chiller 66 50.5 F. 45.6
Fourth Water Chiller 6% 45.6 41.4

Temperature Profile through Water Chillers at 4620 gpm
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TABLE 2-continued
Circulating Water
Circulating Water Inlet  Outlet Temperature
Temperature (° F.) 3%, (° F.) 538,

(70% of full flow) & Part Load (70 F. Ambient Wet Bulb Temp) &

50 F. T2 Temp
First Water Chiller 62 62 F. 555 E
Second Water Chiller 64 55.5 L. 50.0 E
Third Water Chiller 66 50.0 F. 44.6 L.
Fourth Water Chiller 68 44.6 F. 40 F.

One benetit of sequentially chilling the circulating water 1s
that only the downstream compressor 68c¢ needs to compress
the refrigerant to alow enough pressure to chill the circulating
water to the lower leaving chilled water temperature which 1s
required with a lower circulating water tlowrate (FIG. 4).

When the circulating water tlowrate 1s reduced, the power
consumption of the downstream compressor may increase.
The compressor power consumption increases as a result of
chulling the refrigerant to a lower temperature due to the lower
leaving water temperature than that required at a high circu-
lating water flowrate. The circulating water entering the
downstream evaporator 1s at a higher temperature than when
circulating water 1s at full flow because the coil will heat up
the circulating water more at lower flow. Therefore, at a
reduced flowrate, the downstream reifrigerant must be at a

lower temperature to maintain the required LMTD and heat
transier required at the cooling coil.

An alternative, when water 1s unavailable for use 1n a
water-cooled condenser, an air-cooled condenser may be
used to reject the heat from the refrigerant to the ambient air
An air-cooled condenser typically cannot be used to sequen-
tially reject heat to the ambient like that of series piped water-
cooled condensers, but it will still provide an increase 1n the
upstream compressor eificiency as a result of sequentially
chulling the circulating water using staged evaporators to
allow sequentially lower refrigerant temperatures with the
different compressors. A preferred embodiment of this mnven-
tion 1s to combine sequential chilling of the circulating water
with a chilled water thermal storage tank as discussed earlier.
This 1s especially beneficial when no water 1s available due to
the great variability 1n the dry bulb temperature between
daytime and nighttime. The lower mghttime dry-bulb tem-
perature will significantly increase the capacity and the effi-
ciency of the chillers to generate chilled water off-peak and
mimmize the daytime on-peak parasitic power required.

Air Chilling. Another important aspect of the mmvention
includes reducing the temperature of the inlet air, which may
include passing circulating water through a cooling coil 1n an
amount sufficient to reduce the temperature of the inlet air.
The reduction 1n inlet air temperature increases the density of
the air, allowing a higher mass flow rate through the compres-
sor of the gas turbine power plant. Therefore, a higher mass
flowrate allows the gas turbine power plant to produce more
clectricity.

In specific embodiments of the invention, the circulating
water makes more than one pass through the cooling coil.
Most pretferably, the circulating water makes four or more
passes through the cooling coil. In a specific embodiment
shown 1n FIG. 5, the circulating water 1s passed through the
cooling coil 34 six times which 1s the preferred method 11 a
thermal storage tank 1n used with a high ambient climate. As
used herein, the term “pass through the cooling co1l” refers to
cach time that the circulating water changes directions mnside
the cooling coil. Passing circulating water through the cool-
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ing coil four to six times achieves a very high water AT (from
about 20° F. to about 40° F.). In addition, four or six passes
achieves good heat transier at low water tlow rates between
the circulating water and the inlet air due to the turbulence of
the water 1n the tubes. On each pass, the temperature of the
circulating water 1s increased. For example, on the first pass
82a, the circulating water temperature may increase from
about 39° F. to about 44° F. The circulating water temperature
may increase from about 65° F. to about 74° F. on the final
pass, 821. Example data in such a system 1s shown 1n Table 3.

TABL.

L1l

3

Temperature Profile through cooling coil at 0.69 gpm/Ton

Circulating Water Circulating Water
Temperature entering  Temperature leaving
pass (° I.) pass (° I.)
First Pass 82a 39.00 44.04
Second Pass 82b 44.04 48.94
Third Pass 82c¢ 48.94 53.53
Fourth Pass 82d 53.53 58.72
Fifth Pass 82¢ 58.72 65.40
Sixth Pass 82f 65.40 74.00

Passing inlet air through a cooling coil including multiple
circulating water passes provides a significant reduction 1n
the mlet air temperature (from about 80 to 125° F. to about 43
to 60° F.). The inlet air may be passed through any number of
cooling coils as required to provide enough face area to keep
the air velocity through the coil at between 400 to 650 {t/min.
Preferably, the inlet air 1s passed through a single coil in the
direction of airtlow to the gas turbine power plant but it may
also tflow through a second coil i1f required to get the high delta
T desired. More preferably, the circulating water 1s passed
through only one cooling coil in the direction of airflow with
multiple coils placed above or on the side as needed to provide
sufficient face area.

Water Addition. In another embodiment of the 1nvention,
water may be added to the inlet air atter 1t has been chilled at
least to some extent. Preferably, water 1s added to the com-
pressor feed air, which 1s the inlet air after it passes through
and exits the cooling coil, 1.e., no longer contacts the coil, and
before the inlet air enters, 1.e., first contacts, the turbine power
plant compressor. Such compressor feed air 1s typically the
coldest inlet air 1n the system. Preferably, the water 1s added
in the form of finely atomized water droplets or mist. Adding
water to the compressor feed air provides (supplies) entrained
water to the inlet air. As used herein, the term “entrained
water” refers to water trapped within the air that does not
evaporate. The water in the 1nlet air does not evaporate when
the cooled inlet air, e.g., the condenser feed air, 1s already
tully saturated, 1.e., at “saturation,” as a result of being chilled
by passing through the cooling coil. Entraining water in the
compressor feed air provides cooling 1n the interstages of the
compressor within the gas turbine power plant. The compres-
sor 1ntercooling occurs as the inlet air passes through the
compressor. As the inlet air passes through the compressor
and 1s compressed, the inlet air 1s heated, thereby vaporizing
the entrained water. The heat absorbed by the vaporization of
the liquid mist into water vapor cools the air 1n the compres-
sor. Intercooling of the compressor can increase the compres-
sor elficiency and may improve the power output by approx
140 KW per gallon of water added per minute. Thus, any of
the methods described herein for cooling inlet air may advan-
tageously further include the addition of water as described
above.
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Although the water may be added to the chilled inlet air
from any source, e.g., from a vessel such as the storage tank,
water 1s preferably added from the cooling coil condensate
70, as shown 1n FIG. 4. As used herein, the term “cooling coil
condensate” refers to water condensed out of the inlet air, e.g.,
the air stream passing through the cooling coil. Adding cool-
ing coil condensate, rather than water from another source,
utilizes water that 1s already available. The water may be
added to the inlet air at any location. Preferably, the water 1s
added before the inlet air enters the gas turbine power plant 76
but after 1t leaves the cooling coil 534. Alternatively, this water
may be stored and used when the chilling system 1s off but the
gas turbine 1s still operating by providing an evaporative
cooling effect.

Heating. In another embodiment of the invention, the cir-
culating water 1s passed from the cooling coil 54 to the heater
84 and back to the cooling coil, as shown 1 FIG. 4. For
example, the circulating water can be passed to the heater on
cold days (e.g., when the ambient temperature 1s below about
10° F.). The circulating water 1s heated from about 10° F. to
about 20° F. to prevent icing of the turbine within the gas
turbine power plant. This may be particularly useful on cer-
tain aeroderivative gas turbines such as the LM6000. Any
heater may be included, e.g., gas fired or electric water heater
of steam or hot water exchanger. Passing the circulating water
through a heater may increase the efficiency of some gas
turbines during very cold periods (when ambient temperature
1s below about 30° F.). For example, some turbines have a
limit on the amount of mass tlow they can accept due to their
compressor design such as some of the Westinghouse S01F
models. During very cold ambients these turbines must use
Inlet Guide Vane control or other means to limit the mass flow
of air into the compressor. Since this tends to be aless efficient
operating point, it would be advantageous to warm the air to
reduce the density of the air and thus keep the engine within
a desirable mass flow range.

Circulating Water Additives. Any of the methods described
herein may include adding one or more additives to the cir-
culating water to either protect the circulating water from
freezing or to allow colder circulating water supply tempera-
tures (from about 28° F. to about 35° F.). Any additive may be
added, including glycol. Preferably, an organic or inorganic
salt 1s added. More preferably, sodium nitrate 1s added to
prevent the detrimental effects of glycol on the heat transter
properties and viscosity of water, which tend to increase the
power requirements for pumping and for the chiller compres-
sor. In addition, sodium nitrate 1s not corrosive like other salts.
Sodium nitrate would be the most preferable additive i1 a
chulled water thermal storage tank were used due to 1ts low
cost. However for on-line systems where no thermal storage
tank 1s used, the most preferable additive 1s potassium for-
mate. The ability of potasstum formate to protect the coil and
piping from freezing during winter ambients, combined with
its excellent heat transier properties and low viscosity at low
temperatures makes this an i1deal additive for closed loop
chulled water systems 1n Turbine Inlet Cooling applications.

Packaging. The chilling system may be mstalled by any
method, but preferably, the system 1s mounted on a prepack-
aged factory built skid. The entire skid 1s enclosed, climate
controlled and equipped with an overhead monorail crane to
facilitate maintenance.

In addition, the skid package would optionally include all
of the motor starters for the chillers and pumps. An optional
heat rejection system may also be provided which would
include one or more cooling water pumps to circulate water
from a cooling tower through the condenser tubes of the
chuller and then carry the heated water back to the cooling
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tower, 1f water 1s available. A packaged cooling tower may
optionally be provided as part of the system and would pret-
erably be mounted above the skid to minimize footprint and
provide suificient net positive suction head to the circulating
water pumps mounted on the skid to prevent any cavitation
with the pumps. Alternatively, for sites with water restric-
tions, an optional air-cooled condenser may be provided and
would preferably be mounted above or along side the skid.
Additionally an optional variable frequency drive may be
mounted on the skid to modulate the flow of water through the
evaporator of the chillers, which would result in lower energy
consumption during reduced ambient periods. This optional
VFD may also be applied to the cooling tower fans and the
cooling water pumps. The skid may include one or more
water chillers, one or more chilled water pumps capable of
varying the flow of circulating water through the evaporator
tubes of the chillers, and a controls system to optimize and
control the proper amount of chilled water flow and tempera-
ture to minimize the total amount of electricity required to
power the inlet chilling system. The skid may incorporate a
microprocessor or PLC based controls system responding to
temperature sensors and tlow measurement. This system may
communicate with the power plant’s control system. The skid
control’s system could enable the turbine operator to monitor
remote sites from a single location via modem or internet
communication.

Optimized Efficiency Control vs Optimized Capacity Con-
trol. Normally the controls of the Turbine Inlet Cooling sys-
tem will be designed to provide a constant inlet air tempera-
ture to the compressor of the gas turbine to maintain its
capacity during high ambient periods. This compressor inlet
air temperature (normally called “T2”) 1s typically main-
tamned at a setpoint of approximately 45° F. or 350° F. to
maintain the gas turbine manufacturers minimum tempera-
ture to prevent icing in the bellmouth of the turbine. For
simple cycle gas turbines (1.e, no steam turbine) this lower 12
air temperature also results in greater gas turbine efliciency
(defined at BTU/KWH) as well as increased capacity (defined
as KW or MW). However, for combined cycle plants, 1t has
been found through modeling the plant operations with com-
puter simulation software, that the overall heat rate (etfi-
ciency) ol the plant goes down slightly when reducing T2
utilizing Turbine Inlet Cooling even though the capacity out-
put 1s significantly increased. This 1s because the colder inlet
air to the gas turbine increases the mass flow and results 1n
lower temperature exhaust and thus lower steam pressure at
the Heat Recovery Steam Generator (HRSG). This results in
a lower percentage increase of steam turbine output vs the gas
turbine output when compared to the same plant at higher
entering air temperature. This fact combined with the para-
sitic power required to drive the mechanical chulling system
will usually result in a slight decrease 1n overall combined
cycle efficiency. This efficiency degradation can be mitigated
through the use of a special control algorithm whereby the
inlet air dry bulb temperature and relative humidity are pre-
cisely measured and the dew point calculated. By controlling
the leaving air temperature oif the cooling coil to maintain a
temperature slightly above the dew point temperature, the coil
can be prevented from producing condensate which will
greatly reduce the parasitic power associated with the
mechanical mlet chilling system. An alternative method that
accomplishes the same thing would employ an accurate rela-
tive humidity sensor downstream of the coil and limit the
leaving air temperature to where the RH 1s maintained at
about 95-99% and not allowed to become fully saturated
whereby moisture would be condensed on the coil (see FIG.
6 Psychrometric Chart). This reduced parasitic power will
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allow the overall combined cycle plant to maintain 1ts original
high net efficiency and still get much of the capacity improve-
ment associated with inlet cooling. This method of control
will normally only be employed when the economics of oper-
ating the power plant favor maximum eificiency over maxi-
mum capacity.

What 1s claimed 1s:

1. A method of chilling inlet air to a [combined cycle] gas
turbine plant, comprising;

a. a gas turbine plant that includes a gas turbine and a gas

turbine air inlet [and a steam turbine];

b. providing a system of circulating liquid chilling water

including a chilling system that includes a first chiller;

c. providing a storage tank which is operably connected to

the chilling system, the storage tank containing a col-
umn of water characterized by a top and a bottom;

[c.] d. removing water from the storage tank, passing at
least a portion of the liquid chilling water through the
first chiller, the liquid chilling water passing through the
first chiller being lowered to a first temperature and then
introducing at least a portion of the removed water into

the water column, wherein the average temperature of

the water in the storage tank is lowered,

[d.] e. providing an inlet air chiller, comprising a cooling
coil through which liquid chilling water passes, for low-
ering the temperature of inlet air being fed to the gas
turbine compressor through heat transfer between the
liquid chilling water passing through the cooling coil
and the inlet air, wherein the inlet air chiller provides a
liquid chilling water temperature rise;

[c.]/ chilling the inlet air by removing water from the water
column and then directing the liquid chilling water
through the cooling coil of the inlet air chiller to make
heat transfer contact between the liquid chilling water
and the inlet air; and

[f.] 2. controlling the leaving air temperature off the cool-
ing coil to [maintain a leaving air temperature slightly
above the dew point temperature of the ambient air to}
maintain high efficiency on the [power] gas turbine

plant.

2. The method of claim 1, wherein an amount of circulating,
chilled water flow rate 1s varied to the cooling coil to maintain
a leaving air temperature slightly above the dew point tem-
perature ol the ambient atr.

3. The method of claim 1, wherein the temperature of the
circulating chilled water 1s varied to the cooling coil to main-
tain a leaving air temperature slightly above the dew point
temperature of the ambient arr.

4. The method of claim 1, wherein a circulating chilled
water tlow rate or the circulating chilled water temperature 1s
varied to the cooling coil to maintain a relative humidity off
the coil to below about 95% to about 99% RH.

5. A method of chilling inlet air to a gas turbine, compris-
ng:

a. a gas turbine that includes a gas turbine inlet;

b. providing a system of circulating liquid chilling water
solution wherein the water solution contains water plus
an additive which 1s capable of reducing the freezing
point of water;

c. passing at least a portion of the liquid chilling water
solution through a first chiller and then a second chiller,
the liquid chilling water solution passing through the
first chiller being lowered to a first temperature; and the
liquid chulling water solution passing through the second
chuller being lowered to a second temperature which 1s
lower than the first:
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d. providing an inlet air chiller, comprising a cooling coil
through which the liquid chilling water solution passes,
for lowering the temperature of inlet air being fed to the
gas turbine compressor through heat transfer between
the liquid chilling water solution passing through the
cooling coil and the 1nlet air, and

¢. chulling the inlet air by directing the liquid chilling water
solution through the cooling coil of the mlet air challer to
make heat transfer contact between the liquid chilling
water and the inlet air.

6. The method of claim 5, wherein the chilling water solu-
tion comprises an additive of sodium nitrate 1n an amount
suificient to decrease the freezing temperature of the chiulling
water solution.

7. The method of claim 5, wherein the chilling water solu-
tion comprises an additive of potassium formate 1n an amount
suificient to decrease the freezing temperature of the chilling
water solution.

8. The method of claim 1, wherein the controlling the leav-
ing air temperature off the cooling coil is accomplished by
maintaining a leaving air temperature slightly above the dew
point temperature of the ambient air.

9. The method of claim 1, wherein the controlling the leav-
ing aiv temperature off the cooling coil is based on an iden-
tified operating parameter associated with the gas turbine
plant.

10. The method of claim 9, wherein the operating param-
eter is the dew point temperature of the ambient air.

11. The method of claim 10, wherein the leaving air tem-
perature is maintained slightly above the operating param-
eler.

12. The method of claim 9, wherein the operating parvam-
eter is the humidity of the ambient air.

13. The method of claim 9, wherein the operating parvam-
eter is the capacity vequivement for the gas turbine plant.

14. The method of claim 1, wherein the inlet aiv tempera-
ture is adjusted by changing the flow rate of the liquid chilling
water passing through the cooling coil.

15. The method of claim 14, wherein the inlet air tempera-
turve is adjusted when the temperature diffevence between the
liguid chilling water entering the cooling coil and the liquid
chilling water leaving the cooling coil reaches a desired level.

16. The method of claim 14, further comprising:

providing a pump for circulating the liquid chilling water,

wherein the flow rate of the liquid chilling water is reduced
by lowering the speed (RPM) of the pump via a variable
frequency drive on the pump.

17. The method of claim 1, wherein the inlet aiv tempera-
ture is adjusted by lowering the temperature of the liquid
chilling water when the inlet air temperature increases above
a setpoint.

18. The method of claim 1, wherein the inlet aiv tempera-
turve is adjusted by providing a wet bulb temperature sensor to
monitor the ambient air wet bulb temperature enteving the
cooling coil and lowering the temperature of the liquid chill-
ing water when the ambient air wet bulb temperature
Increases.

19. A method for chilling inlet air to a gas turbine, com-
prising:

providing a system of circulating water including a chilling
system having a first chiller, whevein water can pass
through the first chiller, the water passing through the
first chiller being lowered to a first temperature;

providing an inlet aiv chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the circulating water and the air;
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providing a storage tank which is operably connected to
the system of circulating water, the storage tank contain-
ing a column of water charvacterized by a top and a
bottom;
during a charge cycle, removing water from the storage
tank, passing at least a portion of the removed water
through the chilling system to lower the temperature of
water passing through the chilling system and then
introducing at least a portion of the removed water into
the storage tank at a point proximate the bottom of the
water column, wherein the average temperature of the
water in the storage tank is lowered,
during a discharge cycle, chilling the air by vemoving
water from the storage tank from a point proximate the
bottom of the water column and then passing at least a
portion of the removed water through the inlet air chiller
to make heat transfer contact between that portion of the
removed water and the aiv, such that the temperature of
the air is lowered; and
adjusting the temperature of the aiv based on an air tem-
perature setpoint that is varied by a control setpoint
signal from a contrvols system which adjusts the air tem-
perature setpoint to maintain the desived gas turbine
outpul.
20. A method for chilling inlet air to a gas turbine, com-
prising:
providing a system of circulating water including a chilling
system having a first chiller, wherein water can pass
through the first chiller, the water passing through the
fivst chiller being lowered to a first temperature;

providing an inlet air chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the civculating water and the air;

providing a storvage tank which is operably connected to
the system of circulating water, the storvage tank contain-
ing a column of water charvacterized by a top and a
bottom;

during a charge cycle, removing water from the storage

tank, passing at least a portion of the removed water
through the chilling system to lower the temperature of
water passing through the chilling system and then
introducing at least a portion of the removed water into
the storage tank at a point proximate the bottom of the
water column, wherein the average temperature of the
water in the storage tank is lowered,;

during a discharge cycle, chilling the aiv by removing

water from the storvage tank from a point proximate the
bottom of the water column and then passing at least a
portion of the removed water through the inlet aiv chiller
to make heat transfer contact between that portion of the
removed water and the aiv, such that the temperature of
the air is lowered;

selecting a desired aiv temperature setpoint based on load

requirements of the gas turbine; and

adjusting the tempervature of the air to the desired air

temperature setpoint.

21. The method of claim 20, wherein the temperature of the
air is adjusted by changing the flow rate of the circulating
water passing through the first chiller.

22. The method of claim 20, wherein the temperature of the
air is adjusted in response to predetermined changes in ambi-
ent air wet bulb temperature.

23. The method of claim 20, wherein the temperature of the
air is adjusted in response to predetermined changes in ambi-
ent air enthalpy.

24. The method of claim 20, wherein the temperature of the
air is adjusted by varying the circulating water flow rate.
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25. The method of claim 20, wherein the temperature of the
airv is adjusted by varying the circulating water temperature.

26. The method of claim 20, wherein the temperature of the
air is adjusted by heating the circulating water.

27. The method of claim 26, wherein the cirvculating water
is passed from the inlet airv chiller to a heater and back to the
inlet aiv chiller to increase the temperature of the air.

28. The method of claim 26, wherein the circulating water
is heated to keep the mass flow of the air within a desivable
mass flow range.

29. The method of claim 20, wherein the air temperature
setpoint is a function of both ambient wet bulb temperature of
the air and the temperature difference between the circulating
water entering the inlet aiv chiller and the circulating water
leaving the inlet airv chiller.

30. The method of claim 20, further comprising.

providing chilling system contrvols and turbine controls,

wherein the chilling system controls communicate with the
turbine controls to control setpoints to optimize gas
turbine output.
31. The method of claim 20 wherein the first chiller is
turned off during peak periods to minimize the total amount of
electricity requived to power the chilling system.
32. The method of claim 20, wherein the aiv temperature is
adjusted by changing the flow rate of the circulating water
passing through the inlet air chiller.
33. The method of claim 20, wherein the air temperature is
adjusted when the temperature difference between the civcu-
lating water entering the inlet aiv chiller and the circulating
water leaving the inlet aiv chiller reaches a desived level.
34. A method for chilling inlet air to a gas turbine, com-
prising:
providing a system of circulating water including a chilling
system having a first chiller, whevein water can pass
through the first chiller, the water passing through the
first chiller being lowered to a first temperature;

providing an inlet aiv chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the circulating water and the air;

providing a storage tank which is operably connected to
the system of circulating water, the storage tank contain-
ing a column of water characterized by a top and a
bottom;

during a charge cycle, removing water from the storage

tank, passing at least a portion of the removed water
through the chilling system to lower the temperature of
water passing through the chilling system and then
introducing at least a portion of the removed water into
the storvage tank at a point proximate the bottom of the
water column, whervein the average temperature of the
water in the storage tank is lowered,

during a discharge cycle, chilling the aiv by removing

water from the storvage tank from a point proximate the
bottom of the water column and then passing at least a
portion of the removed water through the inlet air chiller
to make heat transfer contact between that portion of the
removed water and the aiv, such that the temperature of
the air is lowered: and

maintaining the temperature of the air at a desired air

temperature setpoint based on load vequirements of the
gas turbine.

35. The method of claim 34, wherein the aiv temperature is
maintained by reducing the flow rate of the circulating water
passing through the inlet air chiller.

36. The method of claim 34, wherein the aiv temperature is
maintained by reducing the flow rate of the circulating water
passing through the first chiller.
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37. The method of claim 34, wherein the aiv temperature is
maintained by adjusting the temperaturve of the circulating
water entering the inlet aiv chiller.

38. The method of claim 34, wherein the air temperature is
maintained by heating the circulating water.

39. The method of claim 34, wherein the air temperature

setpoint is a function of both ambient wet bulb temperature of

the air and the temperature difference between the circulating
water entering the inlet aiv chiller and the civculating water
leaving the inlet air chiller.
40. The method of claim 34, wherein the air temperature is
maintained by utilizing a temperature sensor contacting the
aiv to monitor the temperature of the air.
41. The method of claim 34, wherein the aiv temperature is
maintained by providing a wet bulb temperature sensor to
monitor the ambient air wet bulb temperature entering the
inlet air chiller.
42. A method for chilling inlet air to a gas turbine, com-
prising:
providing a system of circulating water including a chilling
system having a first chiller, whervein water can pass
through the first chiller, the water passing through the
fivst chiller being lowered to a first temperature;

providing an inlet air chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the circulating water and the air;

providing a storage tank which is operably connected to
the system of circulating water, the storage tank contain-
ing a column of water characterized by a top and a
bottom;

during a charge cycle, removing water from the storage

tank, passing at least a portion of the removed water

through the chilling system to lower the temperature of

water passing through the chilling system and then
introducing at least a portion of the removed water into
the storage tank at a point proximate the bottom of the
water column, wherein the average temperature of the
water in the storage tank is lowered;

during a discharge cycle, chilling the aiv by removing
water from the storage tank from a point proximate the
bottom of the water column and then passing at least a
portion of the removed water through the inlet air chiller
to make heat transfer contact between that portion of the

removed water and the aiv, such that the temperature of

the air is lowered;

selecting a desived aiv temperature setpoint for the air; and

altering the airv temperature setpoint of the gas turbine.

43. The method of claim 42, wherein the air temperature
setpoint is alteved based on changes in the load requivements
of the gas turbine.

44. The method of claim 42, wherein the air temperature
setpoint is altered based on the time of day.

45. The method of claim 42, wherein the air temperature
setpoint is altered based on the ambient temperature.

46. The method of claim 42, wherein the air temperature
setpoint is altered at off-design ambient temperatures.

47. The method of claim 46, wherein the air temperature
setpoint is increased at reduced off-design ambient tempera-
lures.

48. A method for chilling inlet air to a gas turbine, com-
prising:

providing a system of circulating water including a chilling

system having a first chiller and a second chiller, the first
and second chillers being arrvanged in servies, wherein
water can pass through the first and second chillers, the
water passing through the first chiller being lowered to
a first temperature, the water passing through the second
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chiller being lowered to a second temperature that is
lower than the first temperature, thus providing a staged
temperature drop;

providing an inlet air chiller for lowering the temperature
of the air being fed to a gas turbine compressor through
heat transfer between the civculating water and the air;

providing a storage tank which is operably connected to
the system of circulating water, the storage tank contain-
ing water and having a bottom;

during a charge cycle, removing water from the storage
tank, passing at least a portion of the removed water
through the chilling system to lower the temperature of
water passing through the chilling system and then
introducing at least a portion of the removed water into
the storage tank at a point proximate the bottom of the
tank, wherein the average temperature of the water in
the storvage tank is lowered; and

during a discharge cycle, chilling the aiv by removing
water from the storage tank from a point proximate the
bottom of the tank and then passing at least a portion of

the removed water to the inlet air chiller to make heat
transfer contact between that portion of the removed
water and the air, such that the temperatuve of the air is
lowered.

49. The method of claim 48, further comprising adjusting
the air temperature by changing the flow rate of the cirvculat-
ing water passing through the inlet air chiller.

50. The method of claim 48, further comprising controlling
leaving air temperature from the inlet aiv chiller based on an
identified operating parvameter associated with the gas tur-
bine.

51. The method of claim 50, wherein the operating param-
eter is the capacity vequivement for the gas turbine.

52. A method for chilling inlet air to a gas turbine, com-

prising:

providing a system of circulating water including a chilling
system having a first duplex chiller and a second duplex
chiller, the first and second duplex chillers being
arranged in series;

providing an inlet air chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the circulating water and the air;

passing water through the first and second duplex chillers,
wherein the water passing through the first duplex
chiller is lowered to a first temperature and then a sec-
ond temperature that is lower than the first temperature,

passing water through the second duplex chiller, wherein
the water temperature passing through the second
duplex chiller is lowered to a thivd temperature that is
lower than the second temperature and then a fourth
temperature that is lower than the thivd temperature,
thus providing a four stage temperature dvop of the
water; and

passing at least a portion of the chilled water through the
inlet air chiller resulting in heat transfer between the
chilled water and the air, such that the temperature of the
air is lowered.

53. The method of claim 52, further comprising storing a

60 portion of the chilled water from one of the chillers in a

65

storage tank which is operably connected to the inlet air

chiller.

54. The method of claim 52 wherein at least some of the
circulating chilling water is circulated through a thevrmal
water storage tank during a charging cycle.

55. A method for chilling inlet air to a gas turbine, com-

prising:
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providing a system of circulating water including a chilling
system having a first chiller and a second chiller and a
thivd chiller, the first and second and third chillers being
arranged in series,;

providing an inlet air chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the circulating water and the air;

passing water through the first, second and third chillers,
wherein water passing through the first chiller is low-
ered to a first temperature, water passing through the
second chiller is lowered to a second temperature that is
lower than the first temperature, and water passing
through the thivd chiller is lowered to a thivd tempera-
ture that is lower than the second temperature, thus
providing a staged temperature drop of the water; and

passing at least a portion of the chilled water through the
inlet aiv chiller vesulting in heat transfer between the
chilledwater and the aiv, such that the temperature of the
air is lowered.

56. A method for chilling inlet air to a gas turbine, com-

prising:

providing a system of circulating water including a chilled
water cirvcuit having a first duplex chiller and a second
duplex chiller, the first and second duplex chillers being
arranged in series for circulating chilled water in a first
flow direction through the chilled water circuit;

providing a circulating condenser water circuit that civcu-
lates cooling water through the second duplex chiller
and then through the first duplex chiller such that the
condenser water circuit is counterflow to the chilled
water civcuil;

providing an inlet air chiller for lowering the temperature
of air being fed to a gas turbine compressor through heat
transfer between the civculating water and the air;

passing chilled water through the first duplex chiller,
wherein the chilled water passing through the first
duplex chiller is lowered from a first temperature to a
second temperature that is lower than the first tempera-
lure;

passing the chilled water from the first duplex chiller
through the second duplex chiller, wherein the chilled
water temperature is lowered to a thivd temperature that
is lower than the second temperature, thus providing a
staged temperature drvop of the chilled water,
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passing at least a portion of the chilled water from the
chilled water circuit through the inlet air chiller result-
ing in heat transfer between the chilled water and the air,
such that the temperature of the air is lowered.
57. A method for chilling inlet air to a gas turbine, com-
prising:
providing a system of circulating water including a chilling
system having a first chiller and a second chiller, the first
and second chillers being arranged in series;
passing water through the first chiller to lower the water
temperature to a first temperature;
thereafter, passing the water through the second chiller to
lower the water temperature to a second temperature
that is lower than the first temperature, thus providing a
staged temperature drop;
providing an inlet air chiller for lowering the temperature
of the air being fed to a gas turbine compressor through
heat transfer between the circulating water and the inlet
aiv;
providing a thermal water storvage tank which is operably
connected to the system of circulating water, the thevmal
water storvage tank containing chilling water;
during a charge cycle, removing water from the storage
tank, passing at least a portion of the removed water
through the chilling system to lower the temperature of
water passing through the chilling system and then
introducing at least a portion of the removed water into
the storage tank; and
during a discharge cycle, chilling the air by removing
chilling water from the thermal water storage tank and
then passing at least a portion of the removed water to
the inlet air chiller vesulting in heat transfer between the
chilled water and the aiv, such that the temperature of the
air is lowered;: and
varving the flow of chilling water through the inlet air
chiller.
58. The method of claim 57, whervein the staged tempera-
ture drop is maintained at least 20° F. or above.
59. The method of claim 57, whevein the inlet aiv chiller is
a specially circuited cooling coil designed to provide a staged
temperature vise of at least 20° F. or above.
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