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(54) Title: PROCESS AND APPARATUS FOR ACHIEVING POWER AUGMENTATION IN GAS TURBINES VIA WET COMPRES-

SION
(57) Abstract

A power augmentation apparatus and process
for effectively adding & mass flow of water to the
working fluid acquired by the compressor of an in-
dustrial gas tutbine, and especially for adding a mass
flow of water to a fully-humidified working flid
for reducing the work of compression performed by
the compressor and achieving a net augmentation of
the power preduced by the turbine, said apparatus
and process preferably including the use of a spray
rack group assembly having at least one spray rack
water pipe and at least one spray rack water noz-
zle which assembly is ideally positioned a distance
away from the compressor inlet, Water mass flow is
added preferably in increments which correspond to
the spray rack water pipes and associated nozzles,
Monitoring of the temperature profile of fluid-cooled
rotor blades in the turbine section with an opticat
pyrometer to detect clogging of cooling pathways
in those rotor blades from impurities in the added
water, monitoring of the working fluid’s tempera-
ture in proximity to the gas turbine compressor inlet
to guard against the possibility of icing, a deforma-
tion measurement device, and concurrent addition of
heat and humidity, preferably steam, to the working

| fluid as a means to extend the utility of the process

and apparatus to lower ambient air temperature op-
eration are disclosed.
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PROCESS AND APPARATUS FOR ACHIEVING POWER AUGMENTATION IN GAS
TURBINES ViA WET COMPRESSION

The present invention relates broadly to processes and apparatus for augmenting the
power production of gas turbines, and more particularly to processes and apparatus for
effectively augmenting the power production of iand-based, industrial gas turbines commonly
used in power generation facilities and chemical processing facilities.

Gas turbines are used in a variety of useful applications. Aviation, shipping, power
generation, and chemical processing have all benefited from gas turbines of various designs.
Land-based gas turbine power generation facilities can also provide combined cycle benefits
when a heal recovery unit is used to generate steam from exhaust gas generated by the gas
turbine and a steam turbine is operated by that steam,

In regard to general terminology, the term “gas turbine” traditionally has referred to
any turbine system having a compression section, combustion section, and turbine section.
In recent years, the term “combustion turbine” has become more used to reference the same
machine. In this regard, this specification will use the term “gas turbine” to represent both
the traditionally used term and the tarm “combustion turbine” as some would reference it at
the present time.

Gas turbines have a compressor section for compressing inlet air, a combustion
section for combining the compressed inlet air with fuel and oxidizing that fuel, and a turbine
section where the energy from the hot, pressurized gas produced by the oxidation of the fuei
is convertad into work. Usually, natural gas (mostly methane), kerosene, or synthetic gas
(such as carbon monoxide) is fed as fuel to the combustion section, but other fuels could be
used. The rotor, defined by a rotor shaft, attached tutbine section rotor blades, and attached
compressor section rotor biades, mechanically powers the compressor section and, in some
cases, a compressor used in a chemical process or an electric generator. The exhaust gas
from the turbine section can be used to achieve thrust, it can be a soutce of heat energy, or,
in some cases, it is discarded.

Some turbine sections employ the use of fluid-cooled rotor blades where either
pressurized air, steam, or the like is passed through internal cooling cavities within the rotor
blades used in the turbine section; this enables higher temperature output from the
combustion section,

For various reasons, it often becomes desirable to augment the power production
from instalied, land-based industrial gas turbines in power generation facilities or in chemicat
processing facilities, and in particular circumstances, to enable such increased power
capacity to ba accessed on demand or on an as-needed basis. For example, in a power

generation context, demands from a utility’s customers may be seasonally higher in the
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summer months in certain locales, to accommodate increased use of air conditioners, electric
fans and the like. in a chemical processing facility including electricity-intensive chemical
processes, such as a conventional electrolytic chior-alkali process, it may be similarly
desirable based on the demand for the products of those electricity-intensive processes to be
able to augment the power generated from an installed gas turbine or turbines.

One known method for augmenting the power generated from a given gas turbine
simply involves increasing the firing temperature of the turbine, but a disadvantage of this
methed in baseloaded operation especiaily is that increased firing temperatures tend to
increase thermal wear on hot end components and to increase the frequency of maintenance
outages. Evaporative cooling of the inlet air to the turbine is another known option and can
provide significant benefits in hot, dry environments especially, but the achievable
augmentation from evaporative cooling is limited and dependent on the ambient conditions
prevailing in the lacale. Water injection into a combustor of a turbine, and steam injection
into the combustor shell or directly into a combustor are also known, but carry a penalty in
terms of fuel efficiency and cost in addition to capital costs and possibie added steam
generation costs.

With reference now to the present invention, Applicants have now conceived of and
successfully demonstrated a novel and practical means of achiaving significant levels of
power augmentation in industrial gas turbines, wherein water {or alcohol, or a mixfure
thereof, but preferably being simply and essentially only water in view of its (water's) high
latent heat of vaporization, ready availability and extremely low %o negligible cost to the user
to acquire and employ the same) can be added to a gas turbine operating under full load to
augment the power output capability of a gas turbine above the oulput achievable with fully
humidified air (thus supplementing the benefits achieved by evaporative inlet air cooling, in
turbines which have been equipped with the same previously as a first augmentation option,
or potentiaily providing both full evaporative inlet air cooling and an additional measure of
augmentation in turbines which have not been so equipped with conventional evaporative
inlet cooling meahs), a process and effect which will be referred to hereafter as “wet
compression”.

Without intending tc be limiting of the present invention, it is believed that wet
compression enables power augmentation in even fully (one hundred percent) efficient
evaporative inlet air coofing-equippad gas turbine systems, in several ways. In pan,
augmentation is achieved by reducing the work required for compression of the inlet air. This
thermodynamic benefit is realized within the comprassor of a gas turbine through “latent heat
intercooling”, where water added to the air inducted into the compressor cools that air,
through evaporation, as the air with the added water is being compressed. The added water
can be conceptualized as an “evaporative liquid heat sink” in this regard.

2
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The wet compression approach thus saves an incremental amount of work {which
would have been needed to compress air not containing the added water) and makes the
incremental amount of work available to either drive the load attached to the gas turbine (in
the case of a single shaft machine} or to increase the compressor speed to provide more
mass flow (which can have value in both single shaft and dual shaft machines).

The power augmentation enabled by wet compression is also attributed in part to a
smali increase in mass flow which is provided by the added vaporized water. A futther
increment of power augmentation also appears fo be attributable to an increase in air flow
which has been noted to occur with a first, 10-20 gallon per minute (38 to 76 litres per
minute), increment of water in a large fand-based industrial gas turbine. It should be noted
that additional fuel is required to raise the temperature of the cooled (respective to dry air
compression) air/steam mixture discharged from the compressor to the firing temperature of
the gas turbine; but the value realized from the wet compression effect is greater than the
value of the additional fuel needed, resulting in value added to the operation of the system as
a whole.

The potential of compressor water addition for power augmentation appears to have
been appreciated by at least some in the art on a theoretical level for some time, though
other references which have been found and reviewed by Applicants have reached different
conclusions as to the overall merits of adding water to a gas turbing’s compressor and its
effects on turbine or compressor efficiency and performance. An early example of water
addition to the compressor of a gas turbine is noted by David G. Wilson in “The Design of
High-Efficiency Turbomachinery and Gas Turbines” (1884, Massachusetts institute of
Technology), wherein a six stage centrifugal compressor used in a 1903 vintage turbine buiit
by Aegidius Elling injected water between compressor stages.

In the 1940s, an overview of some of the principles behind wet compression was
provided in “Water Spray Injection of an Axial Fiow Compressor” by L.T. Wetzel and B.H.
Jennings {Proceedings of the Midwest Power Confarence, lllinois Institute of Technology,
April 18-20, 1949, pages 376 to 380). The article indicates that “water ... was sprayed into
the infet duct just upstream from the compressor through four Spraying Systems type 1/4
LNNB nozzies.” No actual results using a gas turbine {as opposed to a small scale, steam
turbine) were reported by Wetzel and Jennings, however.

Similarly, a 1973 Soviet publication (“Effect of Water Spraying on Operation of the
Compressor of a Gas Turbine Engine”, .. |. Slobodyanyuk, Energetika, No. 1, 1973, pp. 92-
95) describes the effects of spraying 0.08 kg of distilled water (30-40 micron droplet size)
per kilogram of “dry air’ into the air intake of a compressor, and suggests that the power of a
gas turbine engine under these circumstances would be augmented by roughly 35 percent.
As with the Wetzel and Jennings article, however, the apparatus which was used in the
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Soviet example was not a gas turbine, but an idealized compressor in which interstage traps
were employed to draw off liquid water and which was driven by a steam turbine. Further,
whereas Wetzel and Jennings recognized the mass flow effect mentioned above as a
contributing factor in wet compression power augmentation, this effect was not discussed or
recognized in the 1973 Soviet article by Slobodyanyuk.

in the development of jet aircraft as distinguished from land-based gas turbines, the
injection of alcohol or water/aicohol mixtures has been considered in the context of providing
very short-term thrust augmentation {during take-cff, for example), as noted in American
Society of Mechanical Engineers articte 83-GT-230 entitled “Gas Turbine Compressor
Interstage Cooling Using Methanol” (ASME, New York, 1983} by J. A. C. Fortin and J. F.
Bardon. ‘

in the particular, distinct context of land-based gas turbines, a 1990 ASME
publication, “Gas Turbine Performance Improvement Direct Mixing Evaporative Cooling
System American Atlas Cogeneration Facility Rifle, Colorade”, J. P. Nolan and V. J.
Twombly, reports the construction and operation of a direct mixing evaporative cooling
system “as an alternative to conventional wetted rigid media systems used for gas turbine
power augmentation”, cn a gas lurbine having a baseline capacity of 13.5 megawatts. [n this
system, a “fogging system” of atomizing devices attached to small diameter (0.5 inch to 1
inch) nonferrous piping operating at 600 psi or greater, as conventionally employed in an
adjacent greenhouse operation, was constructed at the top of an extended (16 feet tall)
vertical air intake column and designed to spray liquid water upwards into the air flowing
downwardly into the intake column, To provide the desired fuli humidification of the air taken
into the compressoer (100 percent relative humidity), it was indicated that 7.5 gallans per
minute would have to be output through the fogging system. This design flow capacity was
doubled to allow for drift, pressure fluctuations, leaks and other losses, and the possibility of
“overspray” (that is, excess water being supplied over and above full saturation that couid
enter the compressor) considered with respect to possible compressor fouling, compressor
biade corrosion and comprassor blade erosion as well as a possible bengficial increase in
mass flow associated exclusively with the excess water.

Several trials were reportediy conducted at varying flow rates, over a range of
ambient conditions, from July through September of 1989. An average output gain of 9.6
percent was reporied over the baseline output of 13.5 megawatts; of this 9.6 percent, 7.4
percent were attributed 1o the evaporative cooling of the inlet air (from an average ambient
air temperature of 87 degrees Fahrenheit to a 67 degree Fahrenheit wet bulb temperature),
and 2.2 percent attributed to the reported 1.3 percent increase in mass flow through the
compressor (said 1,3 percent figure appearing to take into account only the water input to the
air). At the same time, however, a gas turbine exhaust temperature drop of approximately 15
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degrees Fahrenheit was observed, and in vresponse itis reported that the firing temperature
was increased so ag 10 achieve the 1,000 degree Fahrenheit exhaust temperature limit.

While the Nolan and Twombly article does on its face seem to describe a fing misting
system which has the capacity to continuously input liquid water to the compressor of a
relatively small gas turbine over and above full humidification of the inlet air stream, on closer
analysis of several key points contained in the article, it is far from unambiguously ciear that
wet compressicn power augmentation was in fact occurring in the system as reported by
Nolan and Twombly, or indeed that wet compression power augmentation could be
successfully and would desirably be employed on industrial gas turbines per Applicants’
invention, particutarly with regard to the larger, more recent industrial gas turbines rated at 35
megawatts and higher and/or at the extended higher levels of augmentation sought and
enabled by Applicants, namely from about 20 to perhaps as much as 40 percent of the net
output ot a given turbine employing fully-humidified air (as achieved by a fully (one hundred
percent) efficient evaporative inlet air cocling system, for example).

For examptle, while Applicants have not quantified the increase in power production
that would have been associated in Nolan’s gas turbine with a 15 degree Fahrenheit upward
shift in the control curve {as reported by Nolan and Twombly), in Applicants’ experience with
another manufacturer's solid-bladed turbines this increase would have certainly been greater
than the 2.2 percent net “increase” in power production attributed by Nolan and Twombly to
the increased mass flow through the turbine. Cansequently, even though Nolan and
Twombly seem not to recognize this effect, one skilled in the operation and maintenance of
these gas turbines could very reasonably conciude that the net effect of “overspray” (liquid
water input 10 the compressor) on overall turbine cutput is negative or at best is of littie or no
positive effect, and certainly might question whather a level of added output significantly less
than the reported 2.2 percent would justify the reported water treatment costs and any
possible negative long-term effects and increased maintenance costs that might be foreseen
from extended periods of liquid water addition to the compressers of these turbines,

Certainly, even were some form of wet compression enabled and suggested on
industrial gas turbines per Applicants’ invention, there is no recognition of the possibility of
deformation of the turbine housing occurring in the implementation of a similar “fogging
system” on industrial gas turbines, nor any teaching or suggestion of solutions to this
problem or to counteract potential icing effects from wet compression water addition at lower
ambient air temperatures, no teaching or suggestion to add water to achieve augmentation
levels of 10 percent or more (much less, 20 parcent or more) cver and above the net output
achievable with fully-humidified air (that is, 10 percent cr more through “overspray™), nor any

teaching or suggestion for example of cleaning processes to address fouling issues found by

SUBSTITUTE SHEET (RULE 26)




10

15

20

25

30

35

WO 97/43530 PCT/OS97/08757

Applicants to be peculiarly associaled with the implementation of wet compression at
significant levels in industrial gas turbines.

Notwithstanding the limited (and arguably doubtful) use of wet compression power
augmentation reporied in the Nolan article, and indeed as reflected by several cautionary
comments in the same article, there are a number of risks to a gas turbine system which are
immediately suggested to those skilled in the art, in considering the use per se of water
ingestion in the compressor as an alternate means for obtaining power augmentation in an
industrial gas turbine, and especially as considered in regards to larger, more recent models
of industrial gas turbines which can have baseline capacities of one hundred megawatts and
greatet.

As noted, cne risk is derived from blade erosive effects; another difficulty (especially
in large gas turbine systems) relates to localized and non-uniform cooling problems {due to
non-uniform distribution of the added water) within the compressor which can distort the
physical components of the gas turbine system in such a way as to cause damage from
rubbing of the rotor against the inner wall of the housing and associated seals. A further
significant element of risk derives from the possibility of tharmal shock if the gas turbine has
essentially achieved thermodynamic equilibrium under full load and the liguid addition is
abruptly terminated.

Another element of risk is due to the possibility that compenents of the liquid addition
system may break away and impact against the relatively delicate moving paris of the gas
turbine system. Still another foreseeable element of risk is associated with additional fouling
ot corrosion of gas turbine components from impurities that may be present in the water
added to the compression inlet air, as these impurities are deposited on the gas turbine
components as a result of avaporation of the water in which they had been dissolved.

With particular regard to land-based gas turbine power generation facilities and
chemical processing facilities, the above risk factors are compounded to an extent by the
substantial investment represented by the gas turbines, the consequences of a turbine wreck
or outage on other aperations and by non-linear, inherent scale-up considerations associated
with these types of turbines.

What Applicants have essentially provided and claimed herein is an approach and
system which enables wet compression to be pragmatically implemented, even at high levels
and for extended periods of operation, in industrial gas turbine power generation facilities and
chemical processing facilities. Such a system enables an immediate benefit to be realized
from the existing base of installed gas turbine power generation facilities and chemical
processing facilities. Perhaps more importantly, such a system conceivably enables gas
turbines to be optimized for wet compression at the design stage, opening new possibilities in
power generation.
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Accordingly, it is an object of the present invention to provide apparatus and process
which achieve an increase in the net output of a gas turbine by feeding liquid water to the
inlet of an industrial gas turbine, and in particular, to enable such an increase to ba realized
in industrial gas turbines through the addition of liguid water to the compressor of the turbine
over and above a level of saturation or full humidification of the compressor inlet air. One
already-noted effect cf this addition is fo reduce the temperature increase of the working fluid
caused by compression and to thereby increase the net power output available for
continuously driving, without limitation, an attached generator or chemical manufacturing
compressor above the net power output which would be available at comparable conditions
in all other respects. In preferred embodiments, at least a ten percent increase in the net
power output of an industrial gas turbine is realized above that attainable with fuliy-efficient
evaporative cooling of the compressor inlet air.

ltis a further object of the present invention to provide apparatus and process in
which the rate of addition {cr removal) of liquid water is controlied to avoid the ahove-
mentioned, debilitating thermal shocks.

It is a still further object of the present invention to provide apparatus and process
which provides heat and humidity to the working fiuid to allow continued power augmentation
during periods when the temperature of the working fluid would otherwise drop to a level
which would allow detrimental ice formation to occur in the inlet of the axial-flow multistage
compressor of a gas turbine.

Itis an additional related object of the present invention to provide a wet
compression-capable power augmentation apparatus and process for temperature
measurement in the gas turbine compressor inlet, to (1) guard against the possibility of icing
oceurring in the inlet to such a degree that this ice, if broken away, might damage
downstream elements of the gas turbine, (2) minimize the use of freezing control materials
such as either steam or a freezing point dep‘ressant, and/or (3) provide an input to a control
system which is used to coordinate, monitor and/or control the overall water addition
apparatus and process. In a preferred further embodiment, a viewport is provided near the
compressor inlet so that icing can be visually monitored as well.

Itis a further object of the present invention to provide apparatus and process which
insures a sufficiently uniform distribution of liquid water in the working fluid to limit
deformation of the housing {(casing) to a generally predetermined acceptable limit (as
determined, for example, in a retrofit context by the tolerances applicable in a conventional
mode of operation) so that damage to the axial-flow multistage compressor of a gas turbine
will be prevented. A siill further object is to provide for measuring and controlling the

deformation or angular distortion observed in an industrial gas turbine to which sufficient
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water is being added to achieve net increases in the turbine output of about 10 percent and
greater over that attainable with fully-humiditied air, so that this damage is prevented.

A further object of the present invention is to provide a wet compression-capable
power augmentation apparatus and procéss tor effectively adding a mass of water to the inlet
air to the compressor section of a gas turbine, with minimum additional risk to the turbine
from elements of a water addition apparatus breaking away and being carried with the inlet
air toward the compressor st of the turbine, (a) through locating a device for adding such
water a sufficient distance away from the intet of the compressor section whereby, in the
event any element of the device does in fact break away and is carried with the inlet air
toward the compressor inlet, that element is gravitationally pulled to a lower surface of the
inlet duct used to convey air into the gas turbine before entering the compressor inlet, and (b)
by providing nebulized water through the device (preferably in a plurality of increments
ordered in time and position so as to controllably augment the mass fiow of water into the
compressor) which, given the separation of the device from the compressor inlet, is
sufficiently entrained in the inlet air and carried therewith into the compressor section of the
turbine for accomplishing a degree of power augmentation from the turbine,

It is a still further ebject of the present invention to provide a wet compression-capable
power augmentation apparatus and process for monitoring the temperature profile of fivid-
cooled rotor blades in the turbine section so that clogging of cooling pathways in those rotor
blades, for example, by the influence of impurities in the water added through the apparatus
and process, can be detected at the earliest possible time.

It is a further, related object of the present invention to provide a process for the
effective on-line cleaning of an industrial gas turbine employing a power augmentation
process of the type described herein, which adeguately addressas the intake and
accumulation of impurities from the water added through the apparatus and process beyond
the initial several rows of compressor blades.

In this regard, gas turbine compressors are presently periodically cleaned to remove
buildups of particulates on internal components. Some of this cleaning can be performed
without fuli shutdown of the gas turbine, and materials such as water, ground pecan hulls,
rice or chemical cleaning mixtures can be either sprayed, blown, or otherwise input into the
intet of the gas turbine after the gas turbine has been operationally configured for such a
cleaning operation. At least one such chemical mixturs is disclosed in US-A-4,808,235
entitled "CLEANING GAS TURBINE COMPRESSORS" issued on February 28, 1989 to
Woodson, et al.

Other systems for minimizing buildup of particulates on internal components of gas
turbines focus on cleaning of the gas turbine inlet air, as is, for instance, disclosed in US-A-
4,926,620 entitled “CLEANING GAS TURBINE INLET AIR” issued on May 22, 1990 to Donle.

8

SUBSTITUTE SHEET (RULE 26)




20

25

30

35

WO 97/43530 PCT/USYT0BTST

It is a further object of the present invention to provide an off-line turbine cleaning
process which is especially adapted for use on turbines employing the power augmentation
apparatus and process of the present invention.

It is a further object of the present invention to provide a wet compression-capable
power augmentation apparatus and process which can broadly be used with an axial
compressor, a rotary-positive-displacement compressor, or a centrifugal comprassor.

It is a further object of the present invention to provide a wet compression-capable
power augmentation apparatus and process which can more particularly be used with a gas
turbine system made of a gas turbine having an axial compresscr and an inlet air duct whose
flow axis is essentially aligned with the axis of rotation of the gas turbine rotor.

It is a further object of the present invention to provide a wet compression-capable
power augmentation apparatus and process which can be used with & gas turbine system
made of a gas turbine having an axial compressor and an inlet air duct whose axis is
essentially perpendicular to the axis of rotation of the gas turbine rotor.

It is a turther gbject of the present invention to provide a wet compression-capable
power augmentation apparatus and process which provide for pre-filtering of the compressed
air of the axial compressor section before it is used for cooling turbine section rotor blades,
so that waterborne impurity-associated plugging of cooling passages in the turbine section
rotor blades is minimized or substantially does not oceur.

It is a further object of the present invention to provide an apparatus and process
which can be readily installed in gas turbine systems which are presently in operation without
requiring substantial maintenance, retrofit, or “tear-down” of the gas turbine engine.

A still further object of the present invention is to provide an apparatus which is suited,
on a retrofit basis, for economically achieving full evaporative cooling of the compressor inlet
air as well as power augmentation by further water addition, on gas turbines which have not
theretofore employed evaporative inlet air cooling means. .

The invention generally relates in one aspect to a process used for six hours or more
within a given 24 hour period of time to augment the net output of an industrial gas turbine
driving a generator or compressor, the gas iurbine having an axial-flow multistage
compressor having an inlet for acquiring a working fluid comprising air, wherein the process
includes the step of providing a sufficient amount of liquid water comprising liquid droplets to
the working fluid acquired by the axial-flow compressor, so that the temperature increase of
the working fluid caused by compression is diminished and an increase in the net output of
the gas turbine avaitable to drive said generator or compressor is realized, as measured
against the net output of the gas turbine under cemparable conditions but without said liquid
water being provided.

SUBSTITUTE SHEET (RULE 26)



10

20

25

30

35

WO 97/43530 PCT/USS7/08757

In one embodiment according to this first aspect of the invention, this augmentation is
simply accomplished by continuously providing over an extended period of time (that is,
extended beyond what would be dictated by on-line wash considerations) at least a
conventional compressor water wash amount of liquid water to the compressor inlet of an
Industrial gas turbine, and especially to the compressor inlet of an industrial gas turhine
including separate conventional evaporative injet air cooling means, for example, chillers or
media-type evaporative cooling systems. Where on-line compressor washes are performed
currently to restore some of the turbine performance (power output) losses associated with
touling from the compression of normally-humidified air, these are typically limited in duration
to from about thirty to perhaps about ninety minutes, as determined by what is practically
recoverable in performance terms from continued washing versus the costs of such
continued washing in energy requirements, erosion of the compressor blades, blade coating
losses, and so forth.

According to this particular aspect of the present invention, a compressor water wash
amount of water is continued to be added, for example, by an existing on-line compressor
wash system or is initiated apart from an online wash cycle, to augment power production
from an industrial gas rbine equipped with such an on-line compressor wash system
responsive to an anticipated or actual increase in demand for the power from the turbine, or
to maintain the desired level of power production with a change in ambient air conditions. Ih
contrast, however, to predominantly-used on-line compressor wash systems generating
coarse wash sprays for removing deposits on fouled compresser components, preferably in
this power augmentation context the water will be supplied predominantly or entirely as a fine
mist, with a mean average droplet diameter of preterably 200 microns or less.

In the context of the above described process, a second aspect of the invention
relates to controliably augmenting or modifying the amount of liquid water provided to the
inlet of the axial-flow muitistage compressor, to achieve an increase in the net output of the
gas turbine as measured against the net output of the gas turbine under comparable
conditions but without the liquid water being provided.

In a related context, the invention relates to a process for augmenting the net output
of a gas turbine having an axial flow multistage compressor for acquiring and compressing a
working fluid comprising air, including adding liquid water droplets to the working fluid
acquired by the compressor, the mass flow rate of the liquid dreplets being modified with
respect to time to moderate thermal strésses within the gas turbine which are related to the
providing of liquid water to the working fluid, and, thereafter, providing liquid water droplets to
the working fluid acquired by the compressor at a substantially constant mass flow rate to

augment the net output of the gas turbine by wet compression.
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Ancther aspect of the process of the invention relates to providing heat and humidity
to the working fiuid to allow continued power augmentation during periods when the
temperature of the working fluid wouid otherwise drop tc a level which would allow
detrimental ice formation to occur in the inlet.

Stilt a further aspect of the process of the invention relates to the step of insuring a
sufficiently uniform distribution of liquic water in the working fluid to imit angular deformation
of the housing to a generally predetermined acceptable limit that prevents damage to the
axial-flow multistage compressor.

Still a further aspect of the process of the invention relates to the step ot monitoring
for angular deformatian in the housing which is caused by the providing of liquid water to the
working fluid.

Additionally, the present invention provides an approach and process for monitoring
the temperature profile of fluid-cooled rotor blades in the turbine section whera the
combusted gas exchanges its kinetic energy with the roter blades. The temperature profile
of fluid cooled rotor blades is a measurement which heips to idenfily plugging which may
result from minerals or other precipitate solids from the nebulized water in the compressor air
stream being used to cool the turbine section rotor blades. The temperature profile is also
useful in identifying damage which might cccur on the surface of a muliilayer turbine section
blade from the erosive effects of water carried through the compressor into the turbine
section or from precipitate solids in the compressor air stream.

Additionally, the present invention provides an approach and process for measuting
the temperature in the compressor inlet to (1) guard against the possibility of icing ocaurring
in-the inlet to such a degree that this ice, if broken away, might damage downstream
slements of the gas turbine, (2) minimize the use of freezing control materials such as either
steam or a freezing point depressant, and/or (3) provide an input to a control system which is
used to coordinate, monitor and/or conttol the overall power augmentation apparatus and
process.

An additional, process-related aspect of the present invention concerns a process for
the on-line cleaning on the compressor of an industrial gas turbine employing a power
augmentation process of the present invention of soluble deposits left behind by the
evaporation of added water and of other airborne compressor-fouling materials acquired by
the compressor through its air intake, which on-line cleaning process comprises (ona
periodic or intermittent basis, as cleaning is indicated or desired) one or more of a)
supplementing a plutaiity of fine mist increments of liquid water which are added for power
augmentation purposes with a canventional coarse wash increment, or replacing one or more
of the fine mist increments with a corresponding mass flow of water in a conventional coarse
wash form; b} intermittently or periodically supplying one or more additional fine mist
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increments to those provided con a substantially continuous basis for power augmentation
purposes; and c} periodically or intermittently controllably removing all increments of water
addition to the compressor, and operating for a sufficient {ength of time without such water
addition to volatilize and/or crack fouling deposits. Cyclical performance of these steps is
also contemplated, and may be advaniageous.

in an alternate, on-line cleaning process which would be generally preferred for use
on turbines equipped with throttleable iniet guide vanes (or IGV’s), a greater penetration of

- liquid water into the compressor section is similarly achieved without applying one or more
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reserved increments of watar addition capacity as just described, by periodically or
intermittently (as cleaning is indicated to he desirable) throttling the inlet guide vanes of the
turbine while on-line and correspondingly reducing the air intake to the compressor. This
aliernate maans of on-line cleaning is advantageous in not implicating additional capital
investment as may be associated with reserving one or more “cleaning” increments of fiquid
water addition, in allowing the continuation generally of a desired mass flow rate of water to
the compressor and where, for various reasens, it may not be possible or advisable to
exceed the mass fiow rate desirably employed for augmentation purposes.

In yet another process-related aspect of the present invention, an off-line compressor
cleaning process is provided which is specially adapted for use on an industrial gas turbine
employing wet compression power augmentation accarding to the present invention, which
initially comprises bringing the turbine off-line at a reduced roter speed, and cocling the
compressor at a second rotor speed in preparation for subsequent introduction of a foamable
cleaning compositicn. Thereatfter, in one or more iterations with the soaking and rinsing
steps described in the succeeding two sentences, a rotation rate between the first, reduced
rator speed and the second rotor speed is established which is suited for distributing a
foamad cleaning composition substantially throughout the length of the turbine's compressor,
and a foamed cleaner is formed in or introduced to the compressor. A reduced, soaking
rotation rate of about O revolutions per minute (rpm) and greater {but which is less than the
second rotor speed) is then established, and the foamed cleaning composition left in place
for a period of ime. The rotor speed is increased sufficiently to remove the foam from the
compressot, and a liquid water rinse is compieted (preferably by means of the water-addition
apparatus used in performing wet compression power augmentation on the subject turbine),
before restarting the turbine.

The present invention coordinately provides a power augmentation apparatus which
may include, in varicus embodiments, a conventional compressor water wash apparatus only
{preferably, where employed alone, the compressor wash apparatus will be of a type sulted
1o deliver a fine mist spray characterized by a mean average droplet diameter of preferably
200 microns or less), a spray rack group assembly comprised of at least one spray rack

12

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

35

WO 97/43530 PCT/USYTHRTST

water pipe and at least one spray rack water nozzle, or a combination of a conventional
compressor wafer wash apparatus (fine mist or coarse spray) and a spray rack group
assembly.

Additionally, the present invention provides a power augmeniation apparatus which
uses a laser emitter and laser target measuring system mounted to the exterior of the
housing for detecting deformation in the housing.

Additionally, the present invention provides a power augmentation apparatus which
usas an optical pyrometer for monitoring the emitted energy of each of the cooled rotor
blades through a sighting tube, and for characterizing the temperature profile of each of the
fluid cooled rotor blades.

Additionally, the present invention provides a wet compression power augmentation
apparatus which uses temperature sensors to monitor the temperature in the compressor
infet area to (1) guard against the possibility of icing occutring in the inlet to such a degree
that this ice, if broken away, might damage downstream elements of the gas turbine or
induce stall by starving the compressor, (2) minimize the use of freezing control materials
such as either steam or a freezing point depressant, and/or (3) provide an input to a control
system which is used to cootdinate, monitor and/or control the overall wet compression
apparatus and process.

Additionally, the present invention provides a wet compression power augmentation
apparatus which provides a process control computer executing process control logic to
control the mass flow of nebulized water o the compressor inlet so that deformation in the
gas turbine housing is minimized.

Additional features and advantages of the present invention will become more fully
apparent from a reading of the detailed description of the preferred embodiments of the
invention in these various aspects and in view of the accompanying drawings, in which:

Figure 1 shows an overview of a typical gas turbine power generation facility (the
affiliated electric generator is not actually shown in Figure 1, but is prasumed to be apparent)
used to generate electric power from the combustion of fuel with air.

Figures 2A and 2B show details of a gas turbine engine having an axial compressor.

Figure 3 shows the positioning of a spray rack group assembly used in the gas
turbine power generation facility of Figure 1. Affiliated steam pipes are also shown.

Figure 3A is an enlarged view of details of the spray rack group assembly and steam
pipes.

Figure 4 shows further details for the layout of the spray rack, showing an elevation
view of the relative location of individual spray rack water pipes, the positioning of each spray
rack water nozzle, and the use of spray rack stiffeners.
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Figure 5 is a plan view showing details of the spray rack assembly of Figures 3 and 4
with a steam manifold for feeding steam to the steam pipes.
Figure & presents details for monitoring for deformation of the housing of the gas
turbine engine system shown, for example, in Figures 1 and 2.

Figures 7 through 9 graphically depict the results achieved in Example 2 below,
DEFINITION Of TERMS

“Industrial gas turbine” means at least a 20 megawatt or a larger megawatt turbine

used for land-based power generation in industrial and utility power-generating applications.
The term industrial gas turbine can include heavy duty as well as aircraft derivative turbines.

“Heavy duty gas turbine” refers to a type of gas turbine which, from a design
standpoint, is not specifically designed to accept abrupt changes of significant magnitude in
power output. Heavy duty gas turbines are thus intended to distinguish, particutarly, aircraft
turbines. An aircraft turbine, in contrast to a heavy duty gas turbine, is also designed
specifically to ingest large quantities of liquid water in its normal operating environment and
operation.

“Waorking fluid”. The typical working fluid of a gas turbine is a gas; the typical working
fluid in the compressor of a gas turbine is humidified air. In the present invention the working
fluid is expanded to include liguid water which, within the gas turbine thermodynamic cycle,
vapotizes to produce gas. The working fluid can change its compasition as it progresses
through the industrial gas turbine (that is due to injection of materials and from the
combustion process). In this regard, the working fluid can, at various positions along the axis
of the gas turbine as it progresses through the working cycle of the gas turbine, be either a
gas mixture, a two-phase liquid in gas mixture, a two-phase mixture of solid patticles in gas,
or a three-phase mixture of liquid and solid particles in gas.

“Net output” is in reference to the net output of a gas turbine and means the availabie
shaft power for driving a generator or process compressor (external to the gas turbine). Net
output of a gas turbine is measured by torque and speed of the rotor shaft and can be
expresséd in terms of either horsepower or megawatts. When expressed in terms of
megawatts, the term net output generally includes generator losses. When comparing net
outputs under comparable conditions, but with and without liquid water provided, the
comparable conditions include a comparable process for measuring net output.

“Addition of heat and humidity” references the concurrent addition of heat and
moisture to the working fluid up to the saturation point of the working fluid.

“Angular deformation” refers to a condition of bowing or distortion of the housing
which can result in interference between the rotor and housing of the turbine.

“Damage” means harmful alteration of any of the components of the gas turbine
beyond that which would be anticipated in the course of reasonable use and operation. With
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wet compression, a certain acceptable degree of erosion of the blade coating or blade
material is anticipated.

“Water” means water which, in compositional nature, is useful for ingestion into the
gas turbine for purposes of power augmentation by wet compression. It can include
impurities and conventional or beneficial additives such as, for example, a freezing point
depressant or materiais to reduce or remedy any tendency of the water added to corrode
turbine components or to leach out components of alioys used in constructing the various
siructural elements of the gas turbine with which the water may come into contact.

| “Yarying a number of mass flow increments in a balanced manner” refers to
increments of water added to the working fluid. The term “balanced manner” refers to an
increment as having been qualified to not cause a distortion of the gas turbine housing which
exceeds an acceptable angular distortion limit when the increment is implemented and
further thai the combined increments cannot produce unacceptable angular distortion in the
housing after an increment(s) has either been added to or subtracied from the previous set of
combined increments.

“Sufficiently uniform distribution” refers to a distribution of liquid water in the working
fluid acquired by the compressor, which will in turn result in a distribution of fiquid water within
the compressor that will not cause a distortion of the gas turbine housing exceeding an
acceptable angular distortion limit.

“Improved fuel efficiency” means the production of more net power output per unit of
fuel when liquid watet is added to the working fluid than would be achieved under
comparable conditions but without said water having been added to the working fluid.

Tuming now to Figure 1, an overview is provided of a gas turbine power generation
facility 100 used to generate electric power from the combustion of fuel with air and which is
exemplary of a facility which may employ the apparatus and process of the present invention
(the affiliated electric generator is not actually shown in Figure 1, but is presumed to be
apparent). The gas turbine power generation facility 100 comprises a gas turbine or gas
turbine engine 101 which includes an axial-flow compressor or axiat compressor section 103,
the axial compressor section 103 having a compressor inlet 102 for acquiting a working fluid
comprising air. (It is understood that the gas turbine engine 101 and axial compressor section
103 are illustrated only and that the invention may be practiced on other types of gas turbine
engines known to the art. It is also understood that the invention may be beneficially used
with a axial compressar section which has, for example, multiple locations for addition of
liquid water to the working fiuid rather than a singie inlet for acquiring fiquid water in the
working tuid.)

An inlet air filter 109 via an inlet air duct 133 is connected between the inlet air filter
109 and the compressor inlet 102 (see Figure 2A), which infet air filter 108 may be precedead
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or followed in certain embodiments by a canventional evaporative inlet air cooling apparatus
{not shown). The inlet air duct 133 is made of an inlet air duct convergent porticn 135, an
inlet air duct constricted portion 137 (having a lower surface 136), and an inlet air duct
manifold portion 139 with a viewport 413,

In some cases, a heat recovery unit 131 is used to generate steam from the turbine
section exhaust gas. The steam generated by the heat recovery unit 131 can then be used
to either generate electric power from a steam turbine, operate steam driven equipment,
provide heat to chemical processing facilities, or the like.

Figures 2A and 2B show further detail respecting gas turbine engine 101. After
entering the compressor inlet 102, the air is compressed in the axial compressor section 103
by using a series of compressor stages 113. After compression, the compressed air then
flows into combustion chambers 105 in the combustion section where it is mixed with fuel
and the fuel is combusted to generate a hot pressurized gas for use in driving the turbine
section 107. The turbine section 107 has a series of turbine section stages 108 which
incrementally (1} convert the energy of the hot pressurized gas into work manifested as a
rotating rotor 111 (preferably having coated components in the turbine section 107) and (2)
generate an exhaust gas having a lower temperature and pressure than the hot pressurized
gas which entered the respeciive turbine section stage 108. The exhaust gas from the first
such turbine section stage 108 is then the hot pressurized gas for the second stage; the
exhaust gas from the last stage is also the exhaust gas from the turbine section 107.

The rotor 111 is a part of both the turbine section 107 and the axial compressor
section 103 and includes the rotor shaft 127 and the set of all rotor blades (115, 121) in both
the turbine section 107 and the axial compressor section 103 mounted to rotor shaft 127,
Rotor shaft 127 powers both the axial compressor section 103 and an electric generator or
some other useful machine such as, without limitation, a large compressor used in chemical
pracessing. in this regard, rotor shaft 127 is either a single structural component or,
alternatively, a series of individual components which are mechanically attached together to
form a virtual single structural component.

The various gases and fluids within the gas turbine engine 101 are generally
contained by a housing 125 which defines an inner space of the gas turbine engine 101 to (a)
channel the pre-compression air, (b} contain the compressed air in its progression through
the sequential compressor stages 113, (c) provide a pressure shell to contain the
compressor discharge around the combustion chamber(s) 105 in the combustion section, (d)
contain the hot pressurized gas in which fuel has been combusted as it expands in the
turbine section 107, and () channel exhaust gas while resident within the combusticn engine
101, The housing 125 is usually constructed of several different piaces which are essentially
connected together.
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In axial compressor section 103, each compresgsor stage 113 is made up of a series
of compressor rotor blades 115 mounted on the rotor shaft 127 and both the preceding and
following sets of compressor stator blades 117 where, for each set, compressor stator blades
117 are mounted as a series in a radially disposed manner as a stationary blade row, The
compressor stator blades 117 are (a) proximately fitted clossly to the internal wall of housing
125 and (b) sealed to the rotor 111 {usually with labyrinth seals) in such a manner as to
enable, in operation, an essential fluid isolation of one compressor stage 113 from its
companion compressor stage(s) 113. The compressor rotor blades 115 and the compressor
stator blades 117 collectively function to increase the pressure of air passing through
compressor stage 113 by (1) transferring kinetic energy to the air (or gas flow) from the
rotating compresser rotor blades 115 and (2} channeling the air flow, which resultsin a
pressure and temperature rise in the air as the air is decelerated by the compressor stator
blades 117 following the compressor rotor blades 115. The pressure ratio of exit pressure to
iniet pressure in one compressor stage 113 is limited by intrinsic aerodynamic factors, so
several compressor stages 113 are usually required to achieve a higher overall pressure ratio
for the axial compressor section 103 than could be achieved by a single axial compressor
stage 113.

After addition of fue! in the combustion chamber(s}) 105 of the combustion section and
oxidation of the fuel by the oxygen within the compressed ais, the resultant hot pressurized
gas is converted info work within turbine section 107; this process is achieved by transferring
the high kinetic energy of the expanding hot pressurized gas to the turbine section rotor
blades 121 in a series of turbine saction stages 108.

Each turbine section stage 108 is made up of a series of turbine seciion rotor blades
121 mounted on the rotor shaft 127 and the preceding set of turbine section stator blades
122 which are mounted as a series in a radially disposed manner as a stationary blade row.
The turbine saction stator blades 122 are (a) proximately fitted closely to the interior wall of
housing 125 and (b) sealed to the rotor 111 (usually with labyrinth seals) in such a manner as
to enable, in operation, an essential fluid isolation of one turbine section stage 108 from its
companion turbine section stage(s) 108. The turbine section rotor biades 121 and the
turbine section stator blades 122 collectively function to incrementally decrease the prassure
of the hot pressurized gas by (1} channeling the hot pressurized gas and (2) transferring
kinetic energy from the expanding hot pressurized gas to the rotating turbine section rotor
blades 121, producing work which is manifested in the rotation of the rotor 111 as it drives its
load.

) In some cases, the turbine section rotor blades 121 have multilayered surfaces or
coated surfaces to enable the use of higher temperature hot pressurized gas; in some cases

the turbine section rotor blades 121 have (or, alternatively, can also have) cooling provided
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within the turbine section rotor blades 121 through use of a machined or cast tube or cavity
section within the turbine section rotor blades 121. During cperation, the machined or cast
tube or cavity section is in fiuid communication with (a) compressed air from the axial
compressor section 103 and (b) a reduced pressure discharge for exit of the compressed air;
the compressed air flows through the machined or cast tube or cavity section which is
positioned inside of each individual turbine section rotor blade 121 te coo! that turbine section
rotor blade 121.

As will be noted in another part of this specification, the use of such cooling systems
for each turbine section rotor blade 121 can be most effective if measurements of the
individual turbine section rotor blade 121 surface temperatures are used to identity possible
plugging within the machined or cast tube or cavity section of any blade, as such plugging
can restrict the fiow of coolant and result in an unacceptably high temperature on an
individual turbine section rotor blade 121. In a gas turbine engine 101 using the prasent
invention, such plugging could be caused by trace mineral precipitates {from the essentially
entrained nebulized or particulated water) in compressor discharge air used to cool the
turbine section rotor blades 121,

The preferred process for keeping such material from entering the cooling system for
the turbine section rotor blades 121 is to provide for comprehensive pre-filtering of the
compressed air of the axial compressor section 103 before it is used for cooling the turbine
section rotor blades 121 and for measurement of representative individual turbine section
rotor blade 121 surface temperature profiles to reasonably confirm that the blades 121 are
adequately cooled. A preferred system for performing such measurements of individual
turhine section rotor blade 121 surface temperatures is described in US-A-4,648,711 issued
on March 10, 1987 to Richard E. Zachary and entitled "Sight Tube Assembly and Sensing
Instrument for Controlling & Gas Turbine". It should be further noted that best results from
pyrometry used in conjunction with wet compression will be achieved if a pyrometer sensitive
to a frequency of 3.9 microns is used in conjunction with a pyrometer sensitive at 0.85
microns; this avoids infrared emissions from the water vapor carried into the turbine section
107 which would confeund pyromatry measurements performed only at 0.95 micron
sensitivity.

Comprehensive pre-filtering of the compressed air delivered from the axial
compressor section 103 before it is used for cooling the turbine section rotor blades 121 is
suggested, through use of a filter interposed between the discharge of compressed air which
is to be used for cooling the turbine section rotor blades 121 and the inlet tube which fluidly
communicates the compressed air to each cooled furbine section rotor blade 121.

Figure 3 shows a preferred embodiment of a means for providing liquid water
pariicles to the working fluid acquired by the axial-fiow compressor 103, and, thereafter, for
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controllably augmenting (and correspondingly, controllably reducing) the amount of liquid
water provided to the working fluid to reduce the temperature increase of the working fiuid
caused by compression.

The invention in this regard contemplates providing a working fluid to be acguired by
the compressor which preferably comprises essentially from at least about three-quarters of
one weight percent and, more preferably, from about two weight percent to about eight
weight percent liquid water in admixture with essentially fully humidified air (such as may be
provided in a retrofit context by existing full evaporative intet air cooling equipment, or where
the turbine in question is not already equipped with some form of evaporative inlet air cooling,
preferably the evaporative cooling is accomplished by the same pewer augmentation
apparatus provided by the present invention). Preferably at least about a ten percent
increase in the net output and, most preferably, about a twenty to about a forty percent
increase in the net output of a gas turbine such as gas turbine 101 is achieved through
introducing liquid water to the working fiuid acquired by the compressor 103, for example, via
the apparatus shown in Figure 3, This increase in net output is measured against the net
output of the turbine under comparable conditions but without the addition of water by means
of the apparatus and process of the present invention (and thus, for clarity, in the particular
context wherein the turbine employs evaporative inlet air cooling, the increase in net output is
as compared to the net output realized with said evaporative inlet air cooling). In the
preferred embodiment shown in Figure 3, as has been suggested above, the means for
providing liquid water can also be used to fully humidify the working fluid (that is full
saturation), where the turbine in question has not been previously equipped with known
chiller- or media-type evaporative inlet air cooling means, for example.

Referring now specifically to Figure 3, a preferred apparatus for adding liquid water to
the working fluid acquired by the axial compressor section 103 comprises a spray rack group
assembly 201 communicating with the compressor inlet 102 of the axial compressor section
103. The spray rack group assembly 201 can be positioned anywhere between the inlet air
filter 109 and the compressor inlet 102, but is preferably inserted into the inlet air duct 133 in
the intet air duct constricted portion 137 after the inlat air duct convergsnt portion 135. This
positioning has benefits in that sufficient separation from the compressor inlet 102 is provided
so that a nozzle 305 (or other damaged part of either a steam addition system to be
described more particularly hereafter or of the spray rack group assembly 201) which might
become detached from spray rack group assembly 201 will be gravitationally pulled to the
lower surface 136 of inlet air duct 133 before the nozzle 305 (or damaged part) is pulled into
the rotating rotor 111.

The remote positioning, which provides the advantage of potentially preventing
components of the spray rack group assermbly 201 from breaking off and entering the axial
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comprassor section 103, requires that the spray rack water nozzles 305 develop a sufficiently
fine mist of liquid water such that the mist will be essentially entrained in the working fluid. At
closer distancas between the spray rack water nozzies 305 and the compressor inlet 102, a
more coarse spray can be employed provided that a sufficiently uniform distribution of water
in the working fluid is attained to limit deformation of the housing 12510 a generally
predetermined acceptable limit that prevents damage to the axial compressor section 103 (as
is described more fully hereinafter).

it will be appreciated that the use of a coarser spray may require changing the flow
profile of the liquid water droplets added to the working fluid to insure sufficient uniformity of
the dispersion of the liquid water in the axial compresser 103 to avoid unacceptable angular
distortion of the housing 125. The procedure for determining the appropriate flow pattern can
follow the same procedure as is described with respect to the preferred embodiments of the
invention below.

Those skilled in the art will further appreciate that while it is thus generally desirable to
remove the means provided for adding water to the working fluid a sufficient distance away
from the compressor inlet to avoid damage to the compressor should a nozzle, for example,
or some other structural element of the particular water-addition means employed break
loose and be carried toward the compressor inlet, the attainment of a sufficiently fine mist to
insure a uniform distribution of water in the working fluid at the compressor infet and to fully
saturate the first compressor stage so as to cbtain the full mass flow benefits of wet
compression may require (in the context of a spray rack group assembly 201) a large number
of nozzles 305, & high delivery pressure and a correspondingly larger pumping system, or
both to deliver the contemplated mass of water for a desired level of augmentation. A
coarser spray system will generally entail less capital to install, but may not provide a
sufficient entrainment and uniformity of distribution of water in the working fluid acquired by
the compressot, unless positicned closely enough to the inlet 102 so that there remains
some risk of a nozzle being carried into the compressor in operation.

The optimum means and arrangement for delivering liquid water to the working fluid
acquired by the compressor will, in general, correspond to that means and arrangement
which has the lowest overall cost for achieving full saturation of the first compressor stage
and the maximum mass flow benefits from the water addition for a given overall teve! of
power augmentation, and which will do so without causing excessive distortion of the housing
125 and compressor rub, considering the probability or risk of a nozzle 305 being carried into
the compressor section 103 and the consequences in terms of cost of this occurring, and the
total cost of the nozzles and other system components (hardware) assoclated with a given
arrangement and selection of water addition means. It may accordingly be preferable to
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employ a plurality of means for inpuiting the total mass of liquid water contemplated to the
working fluid, at various points or positions relative to the compressor inlet.

Thus, for lower levels of augmentation (up to about 10 percent augmentation), as has
previously been suggested it will generally be sufficient to empioy a compressor water wash
arrangement only, whereby a conventional compressor water wash amount of liquid water
(which amount will vary according to the turbine type and size to be augmented, but typically
being from 0.1 to 0.5 percent by weight of the working fluid) is continuously provided over an
extended period of time to the working fluid acquired by the compressor; preferably the
nozzles in this embodiment will be of a type to supply the water predominantly or exclusively
as a fine mist having a mean average droplet size of 200 microns or less, although it may be
advisable in employing such very fine misting nozzles to position and employ supplemental
water addition apparatus upstream (that is, farther removed from the compressor inlet 102)
as needed to cover “gaps” in the distribution of fiquid water to the working fluid as might be
caused by piugging of the fine misting nozzies proximate the compressor infet. An especially
preferred nozzle for this particular embodiment is produced by Rochem Technical Services,
Ltd. under the FYREWASH name, and is charactetized as being cantilevered into the inlet air
stream for providing an entrained, fine mist spray having a mean average droplet diameter
estimated by Applicants to be between 100 and 200 microns (but certainly exceeding about
70 microns), at a pressure drop of generally 80 pounds per square inch, gauge (psig, or 550
kPa, gauge).

Generally, beyond the provision of supplemental water addition means in certain
circumstances as described in the preceding paragraph, the apparatus employed for
providing a conventional compressor water wash amount of liquid water to the working fluid
will be the same as would be employed on a given turbine for compressor water wash
purposes (for example, an annular spray pipe with equaily—spaced spray nozzles around the
annufar spray pipe), and as those skilled in the art are well-acquainted with these types of
systems, a detailed further discussion of the same is not warrantad.

Where greater levels of augmentation are desired, that is, from greater than a ten
percent, and especially greater than a twenty percent increase in the net output of the gas
turbine, then preferably one or more spray rack group assemblies 201 are employed alone or
in combination with still other means. With respect to the latter of these two possibilities, an
arrangement which is especially suited to carry out the on-line cleaning process of the
present invention wilt employ a first means, proximate the compressor inlet 102, for supplying
{continuously for purposes of power augmentation or intermittently for on-line washing
purposes only) a conventional water wash amount of liquid water to the working fluid in
preferably & coarse spray form, as well as a second means for adding liquid water to the
working fluid to be acguired by the compresser, said second means being in the form of a
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spray rack group assembly 201 in the intet air duct constricted portion 137. Where both the
first and second means are employed essentially in combination to input the desired total
mass of water {as opposed to where the first means is employed only for washing purposes
according to the on-line cleaning process of the present invention), preferably the first and
second means are selected so that the mass of liquid water added to the working fluid by the
combination of these is predeminantly in the form of a fine mist having a mean average
droplet diameter of 200 microns and less.

‘With respect to the spray rack group assembly 201 depicted in Figure 3, the
assembly 201 is made up of a group of individual spray racks 301, where each individual
spray rack 301 is made up in turn of a spray rack water pipe 303 with a group of spaced
spray rack water nozzles 305 for nebulizing the water which is sent through the spray rack
water pipe 303. Additionally, a spray rack steam pipe 313 with spray rack steam hole(s) 315
is provided to add steam heating to the inlet air. Mounting sleeve(s) 336 are periodically
employed on each spray rack steam pipe 313 to provide free movement during thermatiy
induced expansion and contraction of the spray rack steam pipe 313.

Preferably very clean water, for example, water having a conductance of 0.4
micromhos or less with no particulates, whether as condensate water ot distilled, deionized
water, is in this manner nebulized {or atomized} to form a preferably very fine spray or fog of
water. A number of known, commercially-available nozzle designs could be employed for
providing this very fine water spray, for example, the above-mentioned “FYREWASH"
nozzles from Rochem Technical Services, Ltd. (such entity having an office at 610 N. Milby
Street, Suite 100, Houston, Texas 77003), a 1-7N-3165812 nozzle from Spraying Systems
Co. (P.O. Box 7900, Wheaton, lliincis, 60189) which provides a spray characterized by a
volume mean diameter of 153 microns {2 gallon per minute (7.6 litres per minute) flow rate)
at a pressure drop of 80 psig (550 kPa, gauge) and a temperature in the range of 45 10 165
degrees Fahrenheit (7.2 degrees Celsius to 73.9 degress Celsius), of a 1-7N-3165516
nozzle from Spraying Systems Co. which provides a spray characterized by a volume mean
diameter of 188 microns (2.6 gailon per minute {9.9 litres per minute) flow rate) at a pressure
drop of 80 psig (550 kPa, gauge)and a temperature in the range of 45 1o 165 degrees
Fahrenheit (7.2 degrees to 73.9 degrees Calsius).

With further regard to the water used and the aforementioned risks which have
heretofare been associated with the use of wet compression power augmentation, it is
anticipated that very pure water may negatively impact the components of the gas turbine
engine 101, insofar as critical chemical elements vita! to alloyed materials used in the
construction of gas turbine engine 101 can be leached, by the very pure water, from the
affiliated components and thereby detrimentally alter the beneficial properties of the alloyed

materials; in this regard, technically ideal water would result, for exampie, from a process
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where extremely pure water is passed through a facilitative mass transfer system. An
example of such a facilitative mass transfer system is where the pure water is passed over
beads of chemical elaments which are compositionally balanced so that the resulting water
stream contains sufficient quantities of each critical alloying element respective to the
materials of construction of the components of gas turbine engine 101, so that the resulting
water stream sufficiently minimizes any effects of leaching with regard to critical and vital
chemical elements in the alloyed components of the gas turbine engine 101 that the integrity
of those components is properly preserved as wet compression is executed.

As suggested by the provision of spray rack group assembly 201, at higher levels of
augmentation capacity exceeding about 10 percent of the net output of the turbine 101
absent the addition of liquid water as taught herein, the present invention contemplates that
the significant amounts of liquid water required for these higher levels will be added or
remaved in a controlled fashion so as to avoid thermal shocks to the turbine 101 and any
surging of the compressor 103. This controlled augmentation can entail a smoaoth ramping-up
of the liguid water provided 1o the working fluid acquired by the compressor 103, such as by
increésing the water pressure providing water to one or more of the spray rack nozzles 305.
in the alternative, the liquid water can be provided to the working fluid acquired by the
compressor section 103 in a stepped, incremental fashion. Yet, as another alternative, a
combination of smooth ramping and/or stepped modification of the amount of water provided
to the working fluid acquired by the axial compressor section 103 can be beneficially
employed either in a concurrent fashion or sequentially.

Most preferably, however, the liquid water, when either increasing or decreasing its
flow, will be added or reduced in a stepped manner using a plurality of water mass flow
increments. With respect to the preferred use of a plurality of water mass flow increments, a
preferred apparatus for practicing the invention comprises spray rack nozzles 305, wherein
each individual spray rack 301 can be viewed as generating a nebulized water mass flow
increment as determined by the pressure drop across the set of spray rack water nozzles
308. '

Alternatively, those skilled in the art will appreciate that each nozzle 305 will in turn
have a range of pressures over which a particular liquid can be properly nebulized given an
adequate supply of the liquid being nebulized, and that the nozzles 305 themselves may
accordingly be viewed as individually essentially defining an increment of water addition; the
smallest increment of water mass flow may then be the increment of water mass flow needed
to activate the smallest nozzle 305 which might be deployed in facilitaiing wet compression,

Parenthetically, as should be apparent, if the water mass flow were, in either a
continuous flowtate or incremental flowrate manner of operation, to be modified to decline

pelow the minimum water mass flow needed to achieve the generation of acceptable spray
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for entrainment and mixing into the inlet air, then the water being added would not become
essentially entrained but would be swept as an unnebulized water mass into the compressor
inlet 102 in a non-uniform pattern. The negative effects of the unnebulized water mass being
swapt into the compressor inlet 102 in a non-uniform pattern relate to the distortion concern
and to a more rapid erosion of components subject to impact of the unnebulized water mass.
With respect to the range of pressures over which a fluid can be reasonably nebulized, some
continuous analog adjustment in the amount of flow can be facilitated by moditying the
delivery pressure, but the effect of these modifications on atitibutes of the spray from the
nozzies 305 needs to be considered as this is implemented. Itis expected that this approach
to adjusting mass flow of liquid may have some use, however, in fine-tuning the spray
delivery after wet compression has been essentially established.

If the pressure is controlled to the spray rack water pipe 303, a group of spray rack
water nozzles 305 connected to that spray rack water pipe 303 will operate to process a
general increment of water mass flow equal to the sum of the individual spray rack water
nozzle 305 mass flow increments.

In an alternative embodiment, each individual spray rack water nozzle 305 may be
separately valved and controlied to provide a maximum number of contrallable water mass
flow increments, with each increment being the essentially predictable and constant flow
where the spray rack water nozzle 305 will deliver its functionally suitable spray pattern at the
pressure drop available.

In yet another embodiment, a group of spray rack water pipes 303, each having an
associated spray rack water nozzle 305 set controlled at the spray rack water pipe 303 level,
may be mixed with other spray rack water nozzles 305 which are individually controlled.

It shoutd be apparent from the above that a number of different arrangements of
nozzles and pipes can be employed to provide liquid water to the working fluid acquired by
the axial compressor 103 for higher levels of wet compression power augmentation, and in a
more particular context to provide a mass flow of nebulized water to the working fluid in a
plurality of nebulized water mass flow increments. In some cases also, the spray rack water
nozzies 305 may be sclected to be of different sizes and arranged to provide either pre-
defined spray concentration profiles from a particular spray rack water pipe 303, or to
facilitate passage and flushing of particulates from within a particular spray rack water pipe
303 to avoid clogging of subsequent spray rack water nozzles 305 carried on the pipe 303,
as by employing a larger throughput nozzle 305 with larger internal clearances upstream of
smaller throughput nozzles 305 on a given spray pipe 303.

Fundamentally, however, what is again required is that the mass flow of liquid water
provided to the working fluid (or removed therefrom} will be modified as necessary over time
and/or with respect to pesition {ot area of liquid water addition leading to the compressor inlet
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102) so as to moderate and effectively reduce (a) thermal stresses imposed on the gas
turbine 101 and (b} the rate of change of thermal expansion and thermal contraction related
fo the addition of relatively large amounts of liquid water to the working fluid. The spray rack
group aséemblies 201 of Figure 3 provide an effective and convenient means for
accomplishing these objectives.

Yet another desirable attribute of the process and apparatus for adding fiquid droplets
to the working fluid acguired by the compressor 103 is related to controlling angular distortion
or deformation of the housing 125 which relates to the providing of liquid water to the working
fluid. If the liquid droplets, on a mass basis, are not sufficiénlly uniformly distributed in the
working fluid, the working fluid wilt create temperature differences inside the axial
compressor section 103 due to the fact that the mass distribution of the liquid water in the
working fluid is not substantially or adequately uniform. These temperature differences in tum
can lead to localized differences in the linear dimension of the housing 125, and thus to
potentlatly damaging angular distortion or detormation of the housing 125.

Applicants’ experience has been that the water droplets provided to the working fluid
by means of a plurality of spray rack group assemblies 201, for example, travel in a generally
taminar fashion through the compressor 103 with surprisingly minimal mixing; thus, the
rotation of the rotor 111 and rotor blades (115) can not generaily be counted on to sufficiently
relieve substantial temperature variances inside the comprassor 103, due to non-uniform
distribution of the added liquid water in the working fluid at the compressor inlet 102.
Preferably, then, the angular deformation of the housing 125 caused by adding liquid water to
the otherwise normaliy-humidified working fiuid is controlled by providing affirmative means
for achieving and maintaining a sufficiently unitorm distribution of water droplets in the
working fluid, to insure that any water addition-associated angular deformation of the housing
125 is limited to a predetermined acceptable limit that prevents damage to the axial
compressor section 103 of the turbine 101,

The angular deformation of the housing 125 can in this regard be monitored and
modeled using the laser emitter 403 and laser target 407 described in more detail
hereinafter. The use of a plurality of nebulized mass flow increments, as contemplated by
the present invention, is particularly suited to the measurement and controt of water addition-
related deformation of the housing 125, based on the amount of deformation previousiy
measured as a function of the addition of each of the increments and the response of the
housing 125 to the addition or removal of various increments over time, or with respect to
position in relation 1o the compressor inlet 102 and to other increments. For example, as
each mass flow increment is activated, any incremental increase or reduction in the housing's
deformation associated with the addition (or removal) of that increment can be measured.
Once the system is qualified on a turbine for the addition of a certain mass flow rate of liquid
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water and with regard 10 a particular intet corfiguration, it is expected that the water-addition
system so qualified can then be confidently operated to control deformation within a generally
predetermined acceptable limit even though measurements are no longer made {for
exampte, the measuring system may be removed). In this regard, the measuring system is
most advantageously used for design purposes and may or may not be used as a permanent
part of the turbine power generation facility 100 after the angular deformation of the housing
125 is adequately defined with respectto a specific sbray rack group assembly 201 and
nozzle 305 design. Those skilled in the art will appreciate that mathematical modaling of the
addition of various increments of nebulized fiquid water to the working fiuid may also be used
1o advantage for this purpose.

Most desirably, a sufficiently uniform distribution of liquid watsr in the working fluid is
simply accomplished by supplying fiquid water to the compressor 103 predominantly as &
mist or fine spray of particles having a mean average droplet diameter of 200 microns or
tess, more preferably being 120 microns or less and especially being 70 microns or less,
which will, due to entrainment, substantially follow the velocity vectors associated with the air
acquired by the working fluid. Thus, the deficient area can, through the essentially entrained
movement of the liquid water be reliably enriched with liquid water, in turn controlling the
deformation of the housing 125 by counteracting the imbalance in the water distribution
inside the axial compressor section 103. In other words, the assentially entrained liquid
water droplets tend to foliow a laminar flow process inside the axial compressor, allowing
areas which are deficient in water 1o be identified and compensated-for in order to control
housing deformation. This means that the droplets need to be dispersed uniformiy or
sufficiently uniformly on a mass basis in the inlet 102 in order to be ingested into the axial
compressor section 103 in such a manner as 10 insure generally adequate uniform
distribution of the liquid droplets within the working fiuid inside the compressor section 103.
That is, if generally uniform distribution is achieved in the inlet 102, the temperature
distribution inside the compressor 103 will be properly maintained to insure that the housing
125 deformation is limited to tolerances which will not cause damage to the gas turbine 101.

Depending on the positioning of the spray rack group assembly 201 and the manner
in which water is thus added for a parficular gas turbine engine 101, it will however be
appreciated that a uniform sizing and distribution of the nozzles 305 across a cross-section of
the inlet air duct 133 occupied by the spray rack group assembly 201 may not be best for
accomplishing the desired uniformity in the nebulized water flow to the compressor inlet 102
Rather, the optimum arrangemeant can appropriately be determined through observation of
the effect of various arrangements for various incremental additions of water on distortion of
the housing 125.

26

SUBSTITUTE SHEET (RULE 26)



15

20

25

36

35

WO 97/43530 PCT/US97TH0B7S7

To expand upon a feature or aspect mentioned previously, where this mode of
operation is feasible, the spray rack group assembly 201 is preferably positioned essentially
in the inlet air duct constricted portion 137 and with sufficient separation from said
compressor inlet 102 such that, in operation, any spray rack waier nozzle 305 (or any other
damaged portion of the spray rack group assembly 201) which breaks away from the spray
rack group assembly 201 will be gravitationatly putled to the lower surface 136 of inlet air duct
133 before the spray rack water nozzle 305 (or damaged portion) is pulled inta the
compressot inlet 102 and/or rotating rotor 11 1' by forces derived from pressure and flow
attributes within inlet air duct 133. The reason for positioning the spray rack group assembly
201 in the inlet air duct constricted portion 137 instead of in the inlet air duct convergent
portion 135 is that the velocity of the inlet air stream is generatly higher in the inlet air duct
constricted portion 137 than in other parts of inlet air duct 133, and the nebulized water from
the spray rack group assembly 201 will, as a consequence, generally be more effectively
entrained into the flowing inlet air stream.

Figure 4 shows further details for the layout of the spray rack group assembiy 201
shown in Figure 3, showing, in an elevation view, the relative iocation of individual spray
racks 301, the positioning of each spray rack water nozzle 305, and the use of spray rack
stiffeners 311. In this regard, the dimensions and connections for spray rack stiffeners 311
are confirmed empirically to define a stable system which will be structurally robust. A
system which can also be used to monitar the spray rack group assembly 201 for overail
integrity during operation is a spray rack vibration monitor 411, for detecting unacceptable
resonance in the assembly 201, ,

Figure 5 shows pian view assembly details of the spray rack assembly of Figures 3
and 4 and illustrates a preferred manner of adding both heat and humidity to the working fiuid
to allow continued power augmenitation during periods when the temperature of the working
fluid would otherwise drop to a level which would aflow detrimental ice formation in the inlet.
The preferred method involves providing steam to the inlet 102, as for example where steam
is added to the spray rack steam pipes 313 via steam manifold 318. The steam is added in
the embodiment of Figures 3, 4, and 5 to provide steam sufficient to achieve a temperature in
the inlet air which is above a point where water in the air freezes in the compressor inlet 102.
At least one steam hole 315 is used for each spray rack steam pipe 313, although a
preferred construction is that about 5 steam holes 315 are provided for sach spray nozzle
305; these steam holes 315 are equally dispetsed along each steam pipe 313 for enabling a
carrespondingly substantially uniform addition of heat and humidity to the working fluid as is
desired for the fiquid water addition. Generally, it is expected that the compressor inlet 102
will be most susceptible to icing due to cooler inlet air proceeding along or being channeled
along the walls of the housing 125 in the vicinity of the compressor inlet 102, and so
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preferably sufficient steam will in all embodiments be provided by means of the pipes 313 or
by other, supplemental means at the periphery of the inlet air duct constricted portion 137, 10
prevent icing from occurring in this matter. '

In order to further assure that the gas turbine engine 101 is not adversely affected by
any inrush of liquid which will result if any spray rack water nozzle 305 should become
detached from its spray rack water pipe 303, a restricting orifice 317 or other suitable flow
restricting means (which is sized to limit the throughput of water in the respective spray rack
water pipe 303) is preferably insetted into the source feed lina for the spray rack water pipe
303. A steam flow restricting orifice 335 also restricts the amount of steam added in case of
any breakage in the steam delivery system.

it is important to manage the inlet air temperature at the compressor inlet 102 to
pravent the water added and essentially entrained in the infet air from freezing on surfaces in
the vicinity of the inlet guide vanes of the compressar. lce may starve the compressor into
surge or may break free and encounter the rotating blades 115 in the axial compressor
section 103.

The temperature of the working fluid in the compressor inlet 102 is preferably
monitored with al least one temperature sensor (not shown) to help identify the proper
amount of steam that needs to be added to the iniet air; in the case of essentially pure water,
the inlet air temperature should generally be maintained above about 45 degrees Fahrenheit
to assure that icing will not be induced by adiabatic expansibn in the compressor inlet 102,

In the absence of the heating provided, for example, through the addition of the steam
via steam holes 315 or by other means, it will be appreciated that this temperature limit
effectively places an ambient temperature constraint on gas turbines employing the wet
compression technology of the present invention with pure water addition. However, the
heating provided through steam addition (generated in an added heat recovery unit 131 fora
gas turbine power generation facility 100 opefating in simple cycle or from low-pressure
steam available in a facility operating in combined cycie) enables utifization of the present
invention at considerably lower ambient temperatures.

With particular regard to a combined cycie operation with evaporative inlet air cooling,
additional, presently unutilized heat may additionally be recovered and beneficially applied for
inlet air heating purposes by cross-exchanging the condenser heat from the steam turbines
to the evaporative inlet air cooler (not shown) for purposes of inlet air heating and
humidification (effectively turning the evaporative inlet air cooler into an evaporative iniet air
heater/humidifier), such that, with added steam injection (or, possibly, without steam
injection), operation of the wet compression technology of the present invention should be
enabled at ambient temperatures well below 45 degrees Fahrenheit {7.2 deg. Celsius) -
certainly as low as 15 degrees Fahrenheit (-9.4 degrees Celsius), atthough the practical
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lower temperature operating limits are more appropriately determined on a case-by-case
basis.

An additional safeguard against potentially destructive icing oceurring at the
compressor inlet 102 is preferably provided by placing at least one viewport 413 in the wall of
the inlet air duct manifold portion 139 which enables viewing and scanning for ice buildup by
an operating technician. If such a viewport 413 is used, the use of a video camera (not
shown) can further simplify the information gathering process by enabling an aperating
technician 1o have a convenient visual of the interior of the inlet air duct 133 and/or
compressor infet 102 on a video screen monitor. In this regard, the water mass flow may
need to be reduced or interrupted to facilitate a full visual examination of that part of the
interior of inlet air duct 133 and/or compressor inlet 102 which can be viewed from viewport
413. An optional further anti-icing enhancement to the system providing water to spray rack
group assembly 201 is to also mix a material into the water stream which depresses the
freezing point of the water particies. In this regard, freezing point depressants such as
methanol can be used to provide for a lower working temperature in the inlet air.

Figure 6 presents details for one possible means for monitoring liquid water addition-
related deformation of the housing 125 of the gas turbine engine 101. In this regard, the
addition of a substantial mass of nebulized water into the air being processed by the axial
compressor section 103 can, as previously indicated, have a detrimental efiect on the gas
turbine engine 101 because of cooling effects which may not be symmetrical with respect to
the inner surface (inher perimeater, inner wall) of the portion of the housing 125 containing the
axial compressor section 103. If one portion of the housing 125 is cooled unequally with
respect to another portion, then the housing will be distorted from a completely symmetrical
alignment. Such distortion can precipitate the disruption cf intemai fluid flows in the axial
compressor section 103, inducin_cj a stall or a rotating stall leading io destructive stresses in
the components of the axial compressor section 103, or such distortion can induce
mechanica! rubbing between components of the axial compressor section 103, resulting in
either damage to these components or, possibly in the most extreme case, a compressor
wreck,

Figure 6 shows the use of a laser emitter 403, a laser reflector 405, and a laser target
407 to achieve monitoring of distortion in the housing 125. It should be noted that the use of
the laser reflector 405 is to provide a response to angular distortion, and a series of laser
reflectors 405 can be used as desired to further enhance the sensitivity of the assembly to
distortions of the housing 125 by effectively multiplying the angular displacement and
distance that the laser beam emitting from the laser emitter 403 will undergo prior to
registering upon the laser target 407. In a less sensitive deployment of the laser, no laser
reflector 405 is used. In a preferred embodiment of the invention, a single laser reflector 405
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is considered acceptable for axial compressor sections 103 of traditional length {in some
emergent designs, however, a more sensitive arrangement may be best). Multiple sets of
laser emitters 403, laser reflectors 405 and taser targets 407 can be used to moniter the
distortion of different portions of the housing 125, or the beam from the laser emitter 403 can
alternatively be split, using a pantially reflective mirror (not shown), and then directed to
different laser reflectors 405 mounted on differant parts of the housing 125 for sensing by
different laser targets 407, each directed 1o monitoting distortion of a different part of the
housing 125.

The non-symmetrical cooling effects of the housing 125 are additionally of concern
when the gas turbine power generation facility 100 has an inlet air duct 133 altached to the
housing 125 with an inlet air duct constricted portion 137 {the preterred location for the spray
rack group assembly 201), where the axis respecting the inlet air duct 133 (said axis being
defined as the continua of the general fluid flow and flux cross-sectional midpoints aligned
with the direction of general fluid flow and flux in the duct) is essentially perpendicular to the
axis of rotation for the rotor 111 (@s is shown in Figure 1). in this case, the rotor shaft 127
may rotate within a tunnel transversing and suspended within the inlat air duct compressor
inlet manifold portion 139; the tunnef constitutes a fluic-flow obstacle which, along with the
essentially right angied fiuid flow directional change induced by the perpendicular inlet duct
axis with respact to the rotor axis, presents certain chalienges for obtaining a desired equal
and symmetrical distribution of nebulized water in the inlet air stream at the compressor inlet
102.

As discussed previously, the positioning, water mass increment definition and sizing
of individual spray rack nozzles 305 and spray rack water pipes 303 are preferably designed
in this instance to provide a sufficiently symmetrical and uniform cooling of the housing 125
that the housing 125 wili not be unacceptably distorted. The modification of the mass flow of
nebulized water to the comprassor infet 102 vig a plurality of nebulized water. mass flow
increments is then done in operation so that operationally-induced thermai stresses within the
gas turbine engine 101, due to the use of the modified mass flow of nebulized water, are
sufficiently minimized to preserve the overall structural integrity of the gas turbine enging
101. In this regard, temperature shocks due to very rapid modification of the mass flow of
nebulized water to the compressor inlet 102 can {even where there is g uniformity of
distribution of water in the working fluid) induce cracking In centain alloyed components within
the gas turbine engine 101 # the surace temperature of the compenent is rapidly decreased
{inducing thermal contraction in the surface portion of the component) while the remainder of
the alioyed component is either (a) not comparably contracted or (b) is in a state of
dimensicnal expansion.
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Another wat compression-relatod instrumentation enhancement of the present
invention concerns the use of a combustion section liquid presence sensor to ascertain the
Ppresence of liquid in the enirance to the combustion section at the compressor outlet. |n this
regard, it may be of use to either limit the amount of water mass flow added to such g level
that liguid is not sensed at the Compressor outlet (iniet to the combustion saction), or (if the
combustion chambers 105 are sufficiently robust or protectively coated to withstand any
potentially erosive effects of water from the compressor outlet) it may indead be desirable to
add sufficient water to definitely achieve liguid in the combustion section, to achieve stilt
further extended power augmentation in a manner similar to that now achieved in the art by
water injection to the turbine section for nitrogen oxides (NOy)control. Such a sensor or set
of sensors should be located at the interior perimeter finside wall) of housing 125 at the
compressor outlet since any free liguid will probably be centrifugally moved to that position.

To aid in the cperation of the gas turbine engine 101 incorporating water addition
according to the present invention, a process control computer (not shown) is, in some
tases, connected to the valves (not shown) which are used for adjusting the mass flow of
nebulized water and to the jager target 407, so that the process control computer can
8xecute process control logic for controlling (“turning on” or “turning of”) the mass flow of
nebulized water to sach individya) Spray rack water pipe 303 and spray rack water nozzle
305, s0 that deformation in the housing 125 is minimized. In this regard, some embodiments
of the present invention use individual tuning nozzles {not shown) which can be instalied in
gither the spray rack assembly 201 or at some other location in the inlet air duct 133 or
tompressor infet 102 to provide additional degrees of freedom in achieving stable and
responsive control of the wet cempression process. The process control computer also
executes logic to control the pressure to the entire spray rack assembly 201 1o fine-tune the
overall mass fiow of watar.

Additionally, the process control computer can be connected to measure the
temperature of each temperature sensor, measure the inputs from the spray rack vibration
moniter 411, measure the inputs from the combustion seclion liquid presence sensors,
control the steam flow to the Spray rack steam holes 315, control the addition of a freezing
point depressant to the water feed, facilitate other measurements such as optical pyrometry
measurements of the turhine section bladas 121, and facilitate still other measurements and
control outputs which might be taken to comprehensively control the overal| system’s
operation.

It is also contemplated that this process control computer Mmay conventionally take
into account the demand for power from an associated gas turbine or turbines 101 which are
fitted with wet compression apparatus aceording to the present invention, and control the
overall system’s operation responsive to a change in this demand, or that a process control
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system developed for the wet compression system of the present invention may be
beneficially coupled to a process controt system for an associated chemical production
process or facility, for example, employing power generated from a gas turbine 101 equipped
with a wet compressicn apparatus according 1o the present invention. The design and
execution of a particular process control scheme in this regard are bayond the proper scope
of the present teachings, but are considered to be well within the capabilities of those skilled
in the art for a particular operating environment and regime or set of circumstances.

In operation, for systems having the capabifity of providing higher levels of
augmentation of the net output of an industrial gas turbine as may be generally desired in
chemical processing and industrial power generation operating environments, a nebutized
water mass flow is preferably supplied in a plurality of nebulized water mass flow increments
during startup and shutdown of the water addition system, such that operationally-induced
thermal stresses within the gas turbine engine 101 due to the use of the nebulized water are
sufficiently minimized to preserve the structurat integrity of the gas turbine engine 101. In
this regard, best results are achieved it the amount of water is incrementally increased over
time to enable an essential and reasonable thermal equilibrium of and between the various
componenis of the gas turbine engine 101 to be achieved in a stepwise manner over a period
of time, up to the amount of water flow which is desired to accomplish a given, higher leve! of
augmentation. When the water flow rate is to be decreased, it should be decreased over
time in increments which enable an essential and reasonable thermal equilibrium of and
between the various components of the gas turbine engine 101 to be achieved in a stepwise
manner over a period of time down to the minimum amount of liquid water flow which is
desirable (which may be no additive water flow at all). Thus, for example, the size and
spacing of the increments should be such that the housing 125 and rotor shaft 127 are not
caused to expand or contract to such different degrees and at such different rates, that a
mechanical rub occurs between these elements because of axial misalignment, Those
skilled in the art will understand that the ramp-up rates employed for various gas turbines (on
a dry basis) will provide a readily adaptable basis for determining how quickly increments of a
given size should be added or removed according to the present invention.

Adjustments in nebulized water mass flow increments may also be done on a
positional basis, as has been suggested previously. In this regard, for example, a measured
distortion in housing 125 might be best counteracted by incrementally madifying the
nebulized water mass flow in the upper (top} part of intet ait duct 133 by a different
percentage than that used to modify the nebulized water mass fiow in the Jower (bottom) part
of iniet air duct 133.

Positionalty as well as with respect to time, positive or negative increments of the
water mass should be added or subtracted in such a manner as to properly minimize
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destructive thermal and mechanical stresses to gas turbine engine 101. During the initial

stages of impiementation, it is useful to confirm the alignmant of the housing 125 periodically
(after the thetmal equilibrium of and between the various components of the gas turbine
engine 101 has reasonably been achieved} prior to adcing or subtracting the increments of
nebulized water mass flow 10 the infet air., "

In this regard, a clear difference from any arguable teaching of wet compression
power augmentation which may be found in the art described above, including the practice of
short-term wet compression in aircraft as well as the supposed practice of some form of wet
compression power augmentation on a land-based turbine as reported by Nolan and
Twombly, is needed in facilitating wet compression in farge machines operating under load;
in any arguable earlfer-practice of wet compression known to Applicants, the liquid added for
wet compression in these smalier gas turbines could be essentially “turmed on“in a single
increment (1) since a smaller gas turbine (especially as used on aircraft) was not as
dimensionally sensitive to cooling effects (2) the use of wet compression was, in the aircraft
case at [east, only for a relatively short period of time and (3) the ievets of augmentation over
any more extended period of time were relatively low. In large land-based industrial gas
turbines, the liquid added for wet compression should be essentially “turned on® (or,
alternatively, either “turned down® or “urned off') in a stepwisa plurality of increments in both
a positional and time context (1) since a large gas turbine is dimensionally sensitive to
associated cooling effects from the added liquid, (2) the use of wet comprassion is for a
sustained and ongoing period of time and (3) the level of augmentation sought is generally
significant and consequently implicates the addition of significant amounts of water,
Nevertheless, it will be apparent to those of skill in the art that the introduction of large
volumes of water into any type of gas turbine in a manner that (a) moderates thermai
stresses or (b) moderates thermal expansion and contraction can be beneficially employed
on any type of gas turbine, even those which are designed to ingest large quantities of water
in their operating environment, such as aircraft turbines,

As a consequence of the levels of water addition contemplated by the present
invention, and as precipitates are deposited on compressor elements by evaporation of the
added liquid water, these deposits have been found to occur beyond the first several rows of
compressor blades that are presently cleaned by conventional coarse spray compressor
wash systems. As these deposits are accumulated farther into the compressor, a loss in
performance is to be expected which is not addressed by present on-line wash systems and
processes, but which can only be addressed through less-preferable options by way of off-
line cleaning or by opening up the compressor and cleaning the same by manual means.

Applicants have consequently developed a novel on-line compressor cleaning
process for cleaning the compressor section of an industrial gas turbine employing wet
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compression power augmentation over a peried of time. in one embodiment, as cleaning is
Indicated by a loss in gas turbine performance, the piurality of nebulized water mass flow
increments provided by a spray rack group assembly 201, for example, is supplemented with
a conventional, coarse spray compressor wash increment from an available, conventional
compressor wash system positioned proximate to the comptressor infet, or one or more of the
fine spray increments is replaced with a corresponding mass flow of water from the coarse
Spray compressor wash system. With the accumulation of deposits in subsequent rows {for
example, after the first 4 to 5 rows of compressor blades), preferably a reserved fine mist
increment or increments is (are) added periodically or intermittently to the essentially
constant mass flow of fine mist increments being employed for power augmentation
purposes, in lieu of a coarse spray cleaning increment which would ba centrifuged to the
compressor walls before effectively contacting these subsequent rows of blades.
Alternatively, the coarse spray increment (which is useful for cleaning the initial several rows
of compressor blades) is omitted or may not be readily available in the form of an existing
conventional coarse spray compressor wash system, and the fine mist cleaning increment or
increments are employed for cleaning the initial several rows of blades as well. For stili
subsequent, higher rows of compressor blades for which sufficient reserved fine mist
cleaning increments may not be available, for example, rows 7, 8 and greater of an axial-flow
multistage compressor, each of the spray tack increments are preferably controllably
removed and the turbine is periodically of intermittently opsrated for a time without water

‘addition, to volatilize and/or crack fouling deposits in these areas of the compressor.

Where off-line cleaning is warranted, the present invention similarly provides an off-
line cleaning process which is especially adapted for use on industrial gas turbines which
have mada liberal and significant use of wet compression powar augmentation. According to
this aspect or feature of the present invention, the turbine is initially brought off-line at a
reduced rotor speed as is conventional, and the compressor section is cooled {generally
according te the turbine manufacturer's specifications and procedures) by spinning for a
pericd of time at a second rotor speed (typically being in the range of from 900 to 1000
revolutions per minute), and configured for an off-line compressor wash. A rotor speed is
then established which is intermediate the initial, turning gear rate and the second, cooling or
spin gear rate which is suitable for distributing a foamed cleaning composition substantially
throughout the length of the compressor. A given volume of a foarmed cleaning composition
is then input to the compressor via conventicnal means such as an air gjector; various
compressor cleaning soaps and compositions are known for this purpese which will form a
suitable foam, or which can be readily made to form a foam by the useof a foaming agent of
some sort. Following the introduction of the foamed cleaning composition, a reduced,
soaking rotor speed (which may be 2ero revolutions per minute but which is less than the
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second, spin gear cooling rate) is established and soakingis continued for as long as
pracfical in terms of the scheduled restart of the turbine. Thereafter, the rotor speed is
increased to expel the foamed cleaning composition from the compressor and to transmit
through the length of the compressor a liquid water rinse, and a liquid water rinse is supplied
preferably through the wet compression water addition system. Preferably the turbing is then
filled & second time with a foamed cleaning composition, and again soaked and rinsed. After
insuring that the rinse water has properly drained from the turbine, the turbine is reconfigured
for operation, and restarted.

In summation of the foregoing, a number of embodiments have been described
herein of the process and apparatus of the present invention, but those skilled in the gas
turbine art will at the same time readily appreciate that the embediments which have been
described are by no means exhaustive of the possible useful embadiments of the present
invention as defined by the claims below. Thus, while the most prefetred form of providing
fiquid water droplets 1o the working fluid uses spray nozzles 305 in a spray rack group
assembly 201, other apparatus and processes known to the art for forming a suitable liquid
mist or nebulized water droplets {that is ultrasonic water nebulizers) theoretically can be used
beneficially in the practice of the invention. In addition, whila the laser emitter and laser
target technique provides an elegant and inexpensive process and apparaius for use in
centrolling the angular deformation of the housing 125 related to adding water to the working
fluid, it should be apparent that there are other techniques that can be employed o
beneficially produce the same type of measurement and which are well known to the prior
art, inciuding the use of instruments for detecting impending compressor rubs (as described
in Simmons et al., “Measuring Rotor and Blade Dynamics Using an Optical Blade Tip
Sensor”, ASME Paper No. 90-GT-91 {1980), and in Simmons et al., “Turning Gear
Operation, Its Influence on Combustion Turbine Rotor Eccentricity and Starting Dynamics”,
ASME Paper No. 93-GT-273 (1993)) or simply by inspecting the compressor after full
augmentation has been practiced for a representative length of time for any evidence of
compressor rub.

The power augmentation apparatus, system and process of the present invention
have further been particularly described for a gas turbine including an axial COmpressor.
However, those skilled in the art will readily appreciate that the apparatus, system and
process herein described will also be useful for other types of compressors which are used or
which have been kriown in gas turbine systems. Among these other types of compressors
are rotary-positive-dispiacement compressors and centrifugal compressors,

EXAMPLE 1
An exampie of the benefit of wet compression has been an estimated power
augmentation of 26 percent above the base lpad capacity of a Westinghouse W-501A turbine
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having an existing evaporative inlet air coeling system, with the introduction of 89 gaflons per
minute (337 fitres per minute) of nebulized, hot (typically being at a temperature of between
130 degrees Fahrenheit (54.4 degrees Celsius) and 165 degrees Fahrenheit (73.9 degrees
Celsius)) condensate water into the turbine’s compressar. Five step increments were used
through a spray rack group assembly 201 and the previously instailed compressor wash
system to reach the 89 gallon per minute flow rate, with each such increment having been
qualified as not causing excessive distortion of the housing 125.

Spray mist systems were installed in the inlet air ducts of two Westinghouse W-501A
gas furbines, in accordance with Figures 1-6 of the present application. Each of the five
spray nozzle headers in each such system could be individuatly valved to a common water
supply capable of providing approximately 80 psi (550 kPa) to the nozzles after accounting
for the pressure drop associated with a restricting orifice in each of the five header supply
lines. Nebulization was sufficiently fine (on the order of 150 to 200 microns) to permit
entrainment of the water droplets in the air flowing to the axial compressor, the inlet of which
was more than eight feet away.

Based on calculations incorporating air velocity, drag coefficient, and nozzle weight,
this distance provided drop time to prevent damage to the compressor in the event that a
spray nozzle might have broken loose. Restricting orifices in the individual nozzle rack
supply iines limited flow to approximately 35 gpm (gallons per minute, 132 litres per minute)
in the event of line breakage or nozzle loss, thus protecting the compressor from uncontrolled
flooding which could induced stall/surge. A computer also monitored flow for excess above
the predicted rate. This supply system was used in conjunction with the existing coarse
spray compressor wash system (annular nozzles) to supply a total of 89 gpm (337 litres per
minute) for power augmentation by wet compression.

A self contained diode (firearm fargeting) laser with restricted spot size was mounted
between the fore support legs close to the compressor inlet at a convenient location. A
reflecting mirror was mounted in & convenient location on the combustor shel axially
displaced by a distance measured to be approximately 102 inches (2.6 metres) from the
emitter. The beam was reflected anto a target mounted beside the laser diode emitter. A
change in position of the spot on the target (delta) defined the change in angle between the
two mount positions (alpha) by the relationship, alpha = arch tangent [defta/(2x102)]. An
angular change of O degrees, 5 minutes, six saconds was indicated as the angle of distortion
between dry operation and operation with the existing compressor wash system plus the
center spray rack (which had partially plugged nazzles). This was defined by a change in the
target spot position of the laser of approximately 0.303 inches (7.7 milimetres). This
represented the maximum distortion observed between dry compression and maximum water
used in this wet compression experiment (89 gpm or 337 litres per minute)., The observed
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angle of distortion was the maximum aliowable set for the test and represented
approximately 80 percent of the allowable angle of distortion which would be required to
produce a rotor rub based on 0,090 blade tip and seal clearances, machine geometry, and
laser mount points, for the assumed uniform curvature between the laser and mirror mount
points (102 inches, or 2.6 metres).

A “raw” power augmentation of 8.2 megawatts was demonstrated at a compressor
inlet/post-evaporative cooling and spray rack assembly 201 temperature of approximately 80
degrees Fahrenheit (26.7 degrees Celsius) with 89 gpm of compressor water, without
adjustment for an intentional reduction in firing temperatura by a downward shift of 12
degrees Fahrenheit (8.7 degrees Celsius) in the control curve and a change in compressor
inlet temperature of 3 degrees Fahrenhsit (1.7 degrees Celsius). An improvement in the heat
rate was also observed.

The largest increment of added water was approximately 20.5 gpm (77.6 litres per
minute) with an associated power increase from 33.8 Mw to 36.2 Mw (7.1 percent), using the
compressor wash systam (although two spray racks were put in service within a ten minute
averaging period before the third test point),

EXAMPLE 2
A Westinghouse W-501A gas turbine having evaporative inlet air cooling (generally

providing inlet air of 80 percent or greater relative humidity) was equipped with a spray
misting system as described and shown herein, comprised of five spray headers including a
total of 38 type 1-7N-3165S16 nozzles (from Spraying Systerns Co., P.O. Box 7900,
Wheaton, lllinois, 60189) and conseguently having the capacity o provide in excess of 90
gallens per minute of nebulized liquid water to the turbine’s compressor.

As shown in Figures 7 through 9, from a starting power production level of about 33.6
megawatts, a first header supplying about 15.2 gallons per minute (57.5 litres per minute) of
the nebulized, hot condensate water was activated and an increase in power production to
about 37.3 megawatts was achieved - an increase of 3.7 megawatts, or about 11 percent,
based on the starting power production level.

A second header or spray rack was then added with essentially no additional
decrease in the measured inlet air temperature, to incrementally raise the level of nebulized
water mass flow to about 30.4 galions per minute (115 litres per minute}, wheraupon & further
increase of about 1.3 megawatts was realized, to about 38.6 megawatts.

The addition of a third spray rack, to bring the water mass flow to about 48 gallons
per minute (182 litres per minute), brought the power production from the gas turbine to
about 40.0 megawatts (again, about an incremental 1.3 to 1.4 megawatt increase).
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The addition of the fourth of five spray racks resulted in a total nebulized
water mass flow rate of approximately 67 gallons per minute (254 litres per
minute), and a corresponding augmented power production from the turbine of
about 41.1 megawatts.

The fifth rack was not added, because the limits of the associated rectifier
had been reached. Total overall augmentation for the 67 gations per minute of
nebulized liquid water added incrementally was about 7.5 megawatts, or about a
22.3 percent increase over the starting power production, of which about one-half
was realized by the first nebulized water mass flow increment. A significant
increase in actual inlet air flow was observed coincident with the ‘start-up of the
first spray rack, and is believed to be responsible for a significant part of the large
initial increment of augmentation realized through the addition of the first water
mass increment.

Following the achievement of this level of augmentation, the spray racks
were started to be removed (as indicated by the decline in pawer production at
the right end of the graph {Fig. 7)). As will further be observed from Figure 9, an
overall decrease in the simple cycle heat rate also accompanied this
augmentation.

Throughout the description and claims of this specification, the word
“comprise” and variations of the word, such as “comprising” and “comprises’, are

not intended to exclude other additives or components or integers or steps.
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THE CLAIMS DEFINING THE INVENTTON ARE AS FOLLOWS:

1. A process for augmenting the net outpat of an industrial gas turbine, the gas
turbine including an axial-flow multistage compressor having an inlet for acquising a
working fluid comprising air, the process comprising the step of:

providing droplets of a lignid which possesses & high Iatent of vaporization to
the working fluid acquired by the axial-flow compressor, in a ramped, incremental or
otherwise controllably augmented manner of addition and to a point beyond full
bhumidification of the working fluid, whereby the temperature increase of the
working fluid caused by compmssioﬁ is reduced and an-increase is realized in the net
output of the gas turbine, as i'tieasumd'against the net output of the gas turbine under
comparable conditions but without said ]iqll:id being provided.

2. Aprocess as claimed in Claim 1, wherein said liquid droplets are provided to
the working fluid for a period of time in excess of that required to pericdically clear
particulate buildup on internal components.

3. A process as claimed in Claim 2, wherein said liguid droplets are provided for
a continuous period of at least 90 minutes.

4. Aprocess as claimed in Claim 2 or Claitn 3 used for at least six hours within a
given twenty-four hour period of time.

5. A process as claimed in any one of the preceding claims, wherein the gas
turbine has a baseline output of at lcast 35 megawatts.

6. A process as claimed in any one of the preceding claims, wherein the amount
of said liquid droplets increases said riet output by at least 10 percent.

7. A process s claimed in Claim 6, wherein the amount of said liquid droplets
increases said net output by at least 20 percent.

8. A process ag claimed in any one of thg px"eceding’ claims, wherein the mass
flow rate of the liquid droplets initially is controllably angmented with respect to
time to moderate thermal stresses within the gas turbinc which are related to the

i



PYY Yy

[

-
asve
-
tonnes
& -

_ 40 -

1

providing of liquid droplets to the working fluid, and thereafter a substantially
constant mass flow rate is maintained for the remainder of the period of
eugmentation. '

9. A process as claimed in any one of the preceding clmms, wherein said liquid
droplets consist primarily of water,

10. A process as ¢laimed in any one-of the preceding claima further comprising
monitoring angular deformation in the housing of said éompressor and controlling
said provision of liquid droplets to limit said deformation to predetermined
tolerances,

11. A process as claimed in any one of the preceding claims, wherein said liquid
droplets are supplied predominantly as a fine mist having a mean average droplet
diameter of less than 200 microtneters.

12. A process as claimed in Claim 11, wherein said liquid droplets are supplied to
the inlet in the form of a plurality of nebulized liquid mass flow increments, the total
mass flow of the increments being modified over time o controllably augment the .
amount of liguid provided to the inlet.

13. A process a5 claimed in arry one of the preceding claims further comprising
providing heat and humidity to the working fluid to allow continued power
augmentation during periods when the temperatire of the working fluid would
otherwise drop to'a level which would allow detrimental ice formation in the
compressor inlet,

14. A process as claimed in Claim 13, wherein the provision of heat and huniidity
to the working fluid comprises providing steam to the working fluid.

15. A process as claimed in atiy one of the preceding claims, wherein the gas
turbine further comprises a turbine section having a plurality of fluid cooled rotor -
blades and said process further comprises momtunng the temperature profile of each
of said fluid cooled rotor blades.

16. A process as claimed in any ong of the precedlng claims, wherein the liguid
droplets are water and the amount of szud dmplets is sufficient to provide a working
fluid to the compressor inlet which oumpnsts at least {b.ree-quarmrs of one percent
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of liguid water in admixture with fully humidified air.

17.. A process for augmenting the niet output of an industrial gas turbine, the gas
turbine including an axial-flow multistage compressor having an inlet for acquiring a
working fluid comprising air and forther havjng a housing, the process comprising
the step of: !

providing liquid droplets to the working fluid acquired by the axial-flow
compressor to a point beyond full humidiﬁcéaﬁon of the working fluid, the droplets
being provided to the working fluid downstream of any substantial impediment to
the flow of the working fluid to the compressor by an apparatus positioned at least
partly within the flow of working fluid to th¢ compressor, but sufficiently upstream
of the compressor 80 that if in operation underload any portion or element of the
apparatus should break away from the temainder, such portion or element will drop
to a lower surface before being pulled into contact with any element of the
compressor itself, and with the droplets further being provided so that a sufficiently
upiform distribution of the droplets in the Wbrldng fluid is maintained to limit
angular deformation of the housing within predetermined acceptable limits.

18.  An apparatus suitable for incrementally augmenting the net output of an
industrial gas turbine, the gas turbine including an axial-flow multistage comprossor
having an inlet for acquiring a working fluid comprising air, which apparatus
comprises means for providing liquid droplets selected from alcohols, water and
mixtures thereof to the working fiuid acqum‘;:d by the axial flow compressor over 2
period of operation in the form of a plurality of nebulized liquid mass flow
increments, with the means being positione& a sufficient distance away from the
compressor inlet so that if in operation undeir load any portion or element of the
liquid droplet addition means should break away from the remainder, such portion or
element will be gravitationally pulled to a lgwer surface of an inlet air duct attached
to the turbine housing and preceding the compmlsor inlet before bemg pulled into
contact with any element of the compressorjitself..

19.  An apparatus as claimed in Claim 18,j comprising a further liquid droplet
addition means positioned substantially adjacent to the compressor intet for
providing liquid droplets selected from alcohols, water and mixtures thereof to the
working fiuid acquired by the axial flow cor pressor, the first means being
positioned however at the periphery of the fmpmssor inlet so as to be removed

from direct contact with the bulk of the inlet air to the compressor inlet.
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20.  An apparatus as claimed in Claim 18 or as claimed in Claim 19, further
comprising a) means for detecting deformation in the turbine's cornpressor housing
as may be associated with addition of the liquid to the working fluid and b) flow
control means connected to the lguid dropl& addition means for adjusting the mass
flow of liquid droplets provided thereby, responsive to a measured deformation in
the turbine's housing,

21, Anapparatus as claimed in any one of Claims 18 to 20, wherein the pas
turbine further comprises a turbine section having a plurality of fluid cooled rotor
blades and said apparatus further comprises a means for monitoring the temperature

0 profile of each of said fluid cooled rotor blades,
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22.  An apparatus as claimed in any one of Claims 18 to 21 forther comprising
means for monitoring for detrimental icing at the compressor inlet and means for
4 providing heat and humidity to the working fluid during periods when the

. temperature of the working fluid including water received from the first and
supplemental liquid droplets addition means would otherwise drop to a level which

. would allow detrimental ice formation to occur in the compressor inlet,
L 23.  An apparatus as claimed in any one of Claims 18 to 22, wherein the liquid
. droplet addition means provide a working fluid to the compressor inlet which
daes, comprises at least three-quarters of one weight percent of liquid water in admixture
. with fully humidified air,

*

»
"

*
.
.
-
-
-

24. A power production apparatus comprising an industrial gas turbine including
4n axial-flow multistage compressor having an inlet for aéquiring a working fluid
comprising air and an apparatus as defined in any one of Claims 18 to 23 for -
introducing liquid droplets into said working fluid.

25.  Anapparatus as claimed in Claim 24, wherein the wrbine is equipped with a
separale means for evaporative inlet air cooling of the ambient air taken into the

turbine for being passed via the compressor inlet to the compressor section and being
compressed therein.

26, A power production apparatus, comprising;

a gas turbine having an axial-fiow multistage compressor having an inlet for
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acquiring a working fluid comprising air;

means for providing liquid droplets selécted from alcohols, water and mixtures
thereof to the working fluid acquired by the compressor; and

means for providing heat and humidity to the working fluid acquired by the
compressor to allow liquid to be provided to jthe working fluid during periods of
operation of the turbine when the temperature of the working fluid would otherwise
drop to a level which would allow detrimental ice formation to occur in the

compressor inlet.
veent 27. A power production apparatus, compriéing:

Sreaal an industrial gas turbine having an axial-flow muitistage compressor having an

e inlet for acquiring a working fluid comprising air;

- means for providing liquid droplets selected from alcohols, water and mixtures
thereof to the working fluid acquired by the compressor; and

e means for measuring for angular distoftion of the housing as the liquid

frend” droplets are being provided to the working fluid.

: 28. A process for the on-line cleaning of ti:w compressor section of an industrial

: gas turbine whose power production has been augmented over a period of time by

: providing lignid water to the compressor inlet of such turbine in the form of a

: plurality of nebulized water mass flow incrc:ments having a mean average droplet
diameter of about 200 microns or less, comﬁrising mic or more of

a) either supplementing the plurality of nebulized water mass flow
increments with a coarse compressor wash ificrement provided by a compressor
wash apparatus positioned proximate to the ?compressor inlet or replacing one or
more of the plurality of nebulized water mass flow increments with a corresponding
mass flow of water in a coarse compressor wash form frem said compressor wash
apparafus, :

b) periodically or intermittently groviding one or more additional such
nebulized water mass flow increments; and
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<) periodically or intermittently controllably removing all increments of
water addition to the compressor, and opcratiﬁg the turbine on-line for 2 length of
time to volatilize or crack fouling deposits,

29. A process for the on-line cleaning of the compressor section of an industrial
gas turbine whose power production has been augimented over a period of time by
providing liguid water to the compressor inlet of such turbine in the form of a
plurality of nebulized water mass flow incrjerﬁents having a mean average droplet
diameter of 200 micrometers or less, and which turbine is equipped with throttleable
inlet guide vancs, comprising the step of intexmittently or periodically throttling the
inlet guide vanes while maintaining a maximum mass flow rate of liquid water to the
compressor of the turbine.

30. A process for the off-line cleaning of thie compressor section of an industriai
gas turbine whose power production has boen substantially continuously augmented
over a period of time by providing liquid water to the compressor inlet of such
turbine in the form of a plurality of nebulizeéi water mass flow increments,
comprising.

a) bringing the turbinc off-line at a reduced rotor speed;

b) cooling the compressor section at a second rotor speed in preparation
for the introduction of a foamable cleaning composition to the COMPICSE0T,

and, in one or more iterations,

c) establishing a rotor specd between the first reduced rotor speed and the
second rotor speed for distributing a foamed' cleaning composition substantially
throughout the length of the COMpressor;

d) inputting of forming a volume of a foamed cleaning composition in the
COmPIEssor; :

€) establishing a reduced, soaking rotor specd which is less than the
second rotor speed of step b);

) maintaining the foamed cleanihg cormposition in place in the
compressor for a desired soaking interval;
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g) increasing the rotor speed to expel the foamed cleaning
composition and to transmit through the length of the compressor a liquid water
rinse; and

h) supplying a liquid water rinse to the compressor to remove
substantially ail of the cleaning composition.

31. A process according to claim 1 substantialty as hereinbefore described
with reference to any of the examples.

32.  An apparatus according to claim 18 substantially as hereinbefore
described with reference to any of the examples.

DATED ; 24 August, 2000

PHILLIPS ORMONDE & FITZPATRICK

Attorneys For:
THE DOW CHEMICAL COMPANY

WASPECII2116-B7.dlog
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