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(57) Abrégé/Abstract:

The present embodiments disclose a method of running an air inlet system upstream of one or more inlet air filters of a device
protected by air filtration, wherein the method comprises: regulating the relative air humidity of the inlet air at the one or more inlet
air filters in dependence of the inlet air filters differential pressure.
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(57) Abstract: The present embodiments disclose a method of running an air inlet system upstream of one or more inlet air filters of
a device protected by air filtration, wherein the method comprises: regulating the relative air humidity of the inlet air at the one or
more inlet air filters in dependence of the inlet air filters ditferential pressure.



METHOD OF RUNNING AN AIR INLET SYSTEM

FIELD OF THE INVENTION
The present invention relate to a method of running an air inlet system upstream of
one or more inlet air filters of a device protected by air filtration. In particular, the present
invention relates to fogging systems for the cooling of inlet air to a gas turbine, diesel engine,
process blower, or other motive force. Additionally, these embodiments relate to the method of

control for these fogging systems.

BACKGROUND OF THE INVENTION

Gas turbines and diesel engines provide motive force by compressing a near
constant volume of air and igniting fuel to generate shaft power. This power may be used to drive
generators used in the production of electricity or may be used to drive compressors or blowers
used in oil and gas transmission or other processes. When the ambient air temperature rises, the
density of the air decreases, causing the mass flow through the gas turbine to also decrease. The
consequence of these is that as ambient temperature increases the gas turbines and diesel engines
are prone to loss of output, while the fuel rate increases. Typically, gas turbines will lose about
0.7% to about 0.9% of their rated power output for each degree Celsius of inlet temperature
increase.

Presently, the solution to this widespread problem is to install an inlet cooling
system to redress the inlet air temperature. Common methods for this reduction in temperature
include: the installation of cooling coils; the installation of media-type evaporative coolers; and,
the installation of fogging systems, which generally cool the air temperature through the
evaporation of water sprayed into the system following the filter stage. However, each of these
types of systems has certain disadvantages.

Cooling coils and the associated plant are expensive, and provide an additional
level of complexity to plant operations. Further, these types of systems cause a pressure
differential in the air stream even when not in use.

Media-type evaporative coolers are relatively simple, but they cannot be adjusted

to accommodate for changes in ambient air conditions. Additionally, the media used in these
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systems is prone to damage, and also presents a cause a pressure differential in the air stream
year-round. Further, maintenance or replacement of media requires that the gas turbine or other
downstream process be shut down.

Fogging systems introduce fog, in the form of water droplets, into the air. The
introduced water droplets may then evaporate into the air, which creates a new equilibrium — a
lower temperature and a higher relative hurmdity. From any given starting point, the system
enthalpy remains unchanged; and, a temperature between the initial ambient temperature and the
corresponding wet bulb temperature may be achieved by limiting the amount of water available.
This process, known as fogging, 1s known and used in the art to combat the loss of power output
that occurs when the ambient temperature increases. However, state of the art systems have many
limitations and disadvantages. In order to address some of these limitations and disadvantages, the
present disclosure splits fogging into two separate stages (one located before the filter, and one
after the filter), and provides separate control systems for each stage of fogging.

Some early state of the art fogging systems were located upstream of inlet filters.
Due to issues of increased filter pressure drop, current state of the art locates fogging systems
downstream of the final stage of filtration. These current state of the art fogging systems require a
large number of downstream high pressure nozzles in the clean air stream (the air stream after
filtration) in order to avoid soaking of filter elements and in order to provide enough water to
traverse from ambient temperature towards wet bulb temperature. Due to the placement of these
nozzles in the clean air stream, the system musl be stopped and broken into, or partially
disassembled, for any modifications or repairs. Further, these systems are only capable of being
controlled at a coarse level. For example, a four stage pumping system offers a resolution of about
25% of turndown. Additionally, these systems recommend the use of demineralized water in order
to avoid calcification of the fine nozzle openings. Finally, the large number of nozzles in the clean
air duct presents a risk of foreign object damage, should a nozzle or part thereof become loose and
fall into the air stream, to the downstream equipment.

Therefore, there exists a need in the art for a finely controlled fogging system that
does not affect filtration performance and that minimizes, or eliminates, hardware in the clean air
duct. There exists a need in the art for a system that can minimize, or eliminate, the utilization of
demineralized water in the intake ducts. Further, such minimization, or elimination, of the use of
demineralized water would minimize the deleterious effects of free water that may pool of the

floor of the duct near the bell mouth of the compressor 10.



CA 02990762 2017-12-22

WO 2016/207828 PCT/IB2016/053744
3

SUMMARY OF THE INVENTION

The present disclosure is particularly directed towards a method of running an air
inlet system upstream of one or more inlet air filters of a device protected by air filtration, wherein
the method comprises: regulating the relative air humidity of the inlet air at the one or more inlet
air filters in dependence of the inlet air filters differential pressure. The solution according to the
mvention is based on the fact that in particular hy groscopic filter media and/or hy groscopic
contamination captured by the filter will increase the filter differential pressure, 1f the relative air
humidity exceeds a defined value of relative air humidity, which is in particular about 80 %
relative air humidity. Therefore, it 1s important to control the relative air humidity as defined by
the invention. Preferable it is intended to control the relative air humidity to levels below about 80
%. On the other hand, the higher the inlet air humidity relative to the ambient relative air humidity
1s, the higher is the effect of evaporative cooling. As a result, there is an optimum set point for
relative air humidity, that needs to be controlled precisely.

The relative air humidity is preferably set to amount between 70% and 90%, in
particular between 75% and 85%.

The relative air humidity is further preferably set to amount about 80%. The effect
of a rise of the filter differential pressure with relative air humidity higher than about 80 %
becomes worse with the amount of contaminant loading on used filters. The difference between
the filter differential pressure at low relative humidity and at high relative humidity (> 80%)
icreases with the contaminant loading. A high humidity event could therelore trigger an alarm of
a maximum differential pressure at the respective filter. By reducing the relative air hunmdity to
below 80 %, the filter life can be prolonged, since the “wet” differential pressure level of the filter
is prevented.

The relative air humidity is preferably to be set by means of a cooling system.

The cooling system preferably includes an evaporative cooling system.

The evaporative cooling system preferably includes a fogging system.

The fogging system preferably includes at least one rotary atomiser. This system
1s to be particularly advantageous when the humidity of the ambient air is low, preferably lower
than 80% relative humidity. Then, there 1s an extra strong cooling effect by evaporation of water
drops of the at least one rotary atomiser. The invention enables to use low water pressure and a
simple nozzle design. Further, different sorts of water can be used.

The device is preferably protected by air filtration, and the fogging system is
preferably located upstream or downstream of one or more inlet air filters. At the system

according to the invention, droplet size is a function of a rotating screen shape and its rotational
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speed (RPM). It 1s mainly independent of the water flow rate to the rotary atomisers. Thus water
flow rate can be adjusted independently, or water flow rate changes will not affect the droplet
size, thus not affecting the time it requires for the droplets to fully evaporate. Thus according to
the invention drops will not end up in the device to be cooled or on filters which follow the
fogging system.

The rotary atomisers according to the invention may have a high water capacity
(of approximately 3 I/min) compared to high pressure fogging nozzles (approximately 0.1 I/min).
Therefore much fewer atomiser units are required.

The cooling system preferably includes two cooling stages, in particular a first
stage fogging system upstream of one or more inlet air filters and a second stage fogging system
downstream of the one or more inlet air filters. The inlet air filters can then be used to filter all
remaining water drops out of the inlet air to be delivered to the device. If the atomisers are
positioned in front of the filters, these filters may further filter out those solid components of the
low purity water, that would otherwise enter the turbine on fogging systems installed behind the
filters. At turbines, to access a clean air side of an air intake of the turbine downstream of filters, a
shut down of the turbine is required. However, scheduled shut downs of such turbines are rare.
Two times per year is already often, but it could be also only once every three years. For the
proposed preferred system, no shut down of its turbine is required for survey of installation area,
for installation, and for maintenance of the rotary atomisers. For that reason, the fogging system
can be installed quickly, while other cooling systems (evaporaltive coolers, high pressure fogging
systems, or chillers) require to wait for the next shut down to survey the installation area and then
one has to wait for the second next shut down for installation. During this waiting time, the
proposed system is already generation benefits and its installed capital expense is already payed
back, before a conventional system is even installed.

The second cooling stage preferably regulates the air humidity to be about 100 %.

The air humidity preferably is to be set by means of a heating system. The heating
system is provided to adequately rise the air temperature of the inlet air. In case of ambient
relative air humidity between approximately 80 % and 100 % an increase in the air temperature of
the inlet air could reduce the relative humidity of the inlet air at the filters and could thereby
prevent a filter differential pressure peak triggering alarm limits. The heating system can therefore
reduce the risk of an unscheduled turbine shut down.

The heating system preferably provides heat by means of warm air to be delivered

into the inlet air.



CA 02990762 2017-12-22

WO 2016/207828 PCT/IB2016/053744
5

The warm air preferably includes compressor bleed air in particular of a gas
turbine.

Further, the warm air preferably includes exhaust air of a motive device enclosure,
in particular a turbine enclosure.

Further preferred, the warm air includes turbine exhaust air.

Alternatively, the heating system preferably provides heat by means of a heat
exchanger.

The heating system also preferably provides heat by means of a heater, in
particular an electrical heater or a burner.

The device is preferably selected from a group consisting of a gas turbine, diesel
engine, process blower, other motive force, or general ventilation, clean room.

The present disclosure is further particularly directed towards a two-stage fogging
system, and method for controlling said system, designed for cooling of inlet air to a gas turbine,
diesel engine, process blower, other motive force, or general ventilation, clean room. The two-
stage system comprises a high capacity first stage fogging system that is installed upstream of one
or more inlet air filters, where a first stage control system prevents increase in filter differential
pressure, and a low capacity second stage fogging system that is installed downstream of one or
more inlet air filters, where a second control system controls supplemental cooling to the majority
of total air cooling of the first stage fogging system to the wet bulb temperature. Wet bulb
temperature is the temperature air would be i cooled (o complete saturation, or 100% relative
hunnudity, by evaporation of water into the air.

In some embodiments the first stage of the system may contain a plurality of
rotary atomisers with variable frequency drive, a source of water at low pressure, and, a
modulating control valve to provide variable water quantity. In other embodiments the first stage
of the system may contain of the above and a water holding tank with automatic level controls, a
modulating control valve and a fixed speed or low pressure circulating water pump.

In other embodiments the first stage of the system may contain a plurality of
rotary atormisers with variable frequency drive, a source of water at low pressure, a water holding
tank with automatic level controls, and a circulating water pump with variable frequency drive
that may substantially continuously provide variable water quantity. Rotary atomisers can control
the flow rate of water continuously and independently of the droplet size. Accordingly, these sort
of cooling system is the preferred mode of operation, when the ambient relative air humidity is
below about 80 % relative air humidity. This optimizes the gas turbine efficiency and power

output by the adiabatic cooling effect of the fogging system.
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In still other embodiments the first stage of the system may contain a plurality of
medium pressure nozzles, a source of water at low pressure a water holding tank with automatic
level controls, and a circulating water pump with variable frequency drive that may substantially
continuously provide variable water quantity.

In some embodiments the second stage of the system may contain a plurality of air
assisted atomusers, a source of water at low pressure, a modulating control valve that may
substantially continuously provide variable water quantity, a source of air at low pressure, and a
modulating control valve to substantially continuously provide variable air quantity. In some
embodiments the source of the air at low pressure may be a compressor. In other embodiments the
second stage of the system may further contain a water holding tank with automatic level controls
and a fixed speed circulating water pump.

In other embodiments the second stage of the system may contain a plurality of
high pressure nozzles and a fixed speed circulating water pump.

In some embodiments the first stage control system of two-stage fogging system
may utilize a set point of relative humidity that is calculated according to filter differential
pressure and relative humidity curves. The control system may utilize a set point of differential
pressure within an expected operating range. The control system may utilize a set point of
downstream temperature between ambient temperature and wet bulb temperature. In all cases a
closed loop control system is used to achieve the desired set point by adjusting the water flow rate
to the atomisers.

In some embodiments the second control system of the two-stage fogging system
may utilize an on/off switch operated by operator preference for supplemental cooling to wet bulb
temperature.

The present disclosure also includes a method of control for a two-stage fogging
system that includes adding water droplets to the ambient air supplied to a device via a filter
house. The method of control for the first stage of the fogging system may include: controlling the
water flow rate to a plurality of first stage atomisers, measuring the differential pressure, and
adjusting the rate of water to the first stage atomisers according to a set point of relative hunudity.
The method of control for the first stage of the fogging system may include: controlling the water
flow rate to a plurality of first stage atomisers, and adjusting the rate of water to the first stage
atomisers according to a pre-determined set point of relative humidity. The method of control for
the first stage of the fogging system may include: controlling the water flow rate to a plurality of
first stage atomisers, measuring the downstream temperature, and adjusting the rate of water to the

first stage atomisers according to a set point of downstream temperature. The method of control
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for the second stage of the fogging system may comprise turning a plurality of second stage
nozzles on/off according to operator preference for supplemental cooling to wet bulb temperature.

In some embodiments, the device to be combined with the two stage system may
be selected from a group consisting of a gas turbine, diesel engine, process blower, other motive
force, or general ventilation, clean room.

In some embodiments, the plurality of first stage atomisers may be positioned
about 1 meter upstream of the filter house. In other embodiments, a plurality of first stage
atomisers may be positioned upstream and adjacent the filter house. In other embodiments, a
plurality of first stage atomisers may be positioned downstream of a number of filter stages, and
upstream of the final filter stage.

In some embodiments, the plurality of low capacity second stage foggers (e.g.
atomiser or nozzles) may be positioned downstream of the filter house.

A two-stage system for reducing the inlet air temperature of a gas turbine is
described, where a first stage comprises a high capacity fogging system positioned upstream of a
filter that is capable of achieving up to about 90% of the air cooling potential between ambient
temperature and wet bulb temperature, and a second stage comprises a low capacity fogging
system positioned downstream of a filter that is capable of achieving about 10% of cooling.

A two-stage fogging system for reducing the inlet air temperature of a gas turbine
that includes one or more filters. A first stage positioned upstream of the one or more filters and
mcluding one or more rotary atomizers that is capable of achieving up to about 90% of the air
cooling potential between ambient temperature and wet bulb temperature. A second stage
positioned downstream of the one or more filters and including one or more nozzles that is
capable of achieving about 10% of the supplemental air cooling towards wet bulb temperature.

A further embodiment is set forth including a method of control for a fogging
system for reducing the inlet air temperature of a gas turbine, wherein the method may comprise:
introducing water droplets into the air upstream of the filter; measuring the ambient temperature,
ambient relative humidity, and ambient air pressure; measuring the temperature, relative humidity,
and air pressure immediately following the filter; calculating the differential pressure value;
maintaining a set relative humidity after the filter, where the set relative humidity is determined
according to differential pressure/relative humidity curve; and controlling a water flow rate to
achieve the set relative humidity, where increasing the water flow rate increases the relative
humidity, and decreasing the water flow rate decreases the relative humidity.

A further embodiment is set forth including a method of control for a fogging

system for reducing the inlet air temperature of a gas turbine, wherein the method may comprise:
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mtroducing water droplets into the air upstream of the filter; measuring the ambient temperature,
ambient relative humidity, and ambient air pressure; measuring the temperature, relative humidity,
and air pressure immediately following the filter; calculating the differential pressure value;
maintaining a set temperature after the filter, where the set temperature is at a value between
ambient temperature and wet bulb temperature; and controlling a water flow rate to achieve the
set temperature, where increasing the water flow rate decreases the downstream temperature, and
decreasing the water flow rate increases the downstream temperature.

In some embodiments the set relative humidity may be about 80% to about 95%.
In other embodiments, the set relative humidity may be about 90%.

In some embodiments controlling the water flow rate may further comprise
actuation of a modulating control valve.

In some embodiments controlling the water flow rate may further comprise
actuation of a variable frequency drive pump.

In some embodiments, a system for reducing inlet air temperature of a motive
force protected by air filtration may include a high capacity first stage fogging system and a low
capacity second stage fogging system. The high capacity first stage fogging system upstream of
one or more inlet air filters provides a majority of total air cooling wherein a first control system
substantially continuously modulates water flow rate into the first stage fogging system to achieve
a set relative humidity to reduce inlet air temperature as compared to ambient temperature. The
low capacily second slage fogging system downstream of the one or more inlet air (ilters provides
supplemental cooling to the majority of total air cooling of the first stage fogging system, wherein
a second control system controls supplemental cooling to wet bulb temperature. The first stage
fogging system achieves about 80% to about 95% of the majority of total air cooling. A set
relative humidity of the first control system may be calculated through selection of a point with
highest relative humidity on a differential pressure and relative humidity curve prior to an
exponential increase in differential pressure on the curve. A set point of minimum temperature
after cooling of the first control system may be selected to avoid problems of capacity constraint
mn downstream equipment due to high ambient temperature. A set point of minimum temperature
after cooling of the first control system may be selected to avoid problems of icing at the
compressor bell mouth. A set point of maximum filter differential pressure of the first control
system may be selected as a fail-safe mechanism in the event of a sudden increase of differential
pressure due to environmental conditions such as an ingress of hygroscopic material onto the
filters. The second control systerm may utilize an on/off switch operated by an operator preference

for supplemental cooling to wet bulb temperature. The high capacity first stage fogging system
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may include a plurality of rotary atomisers with variable frequency drive, a source of water at low
pressure, and a modulating control valve to substantially continuously provide variable water flow
rate. The high capacity first stage fogging system may include a water holding tank with
automatic level controls and a low pressure circulating water pump with variable frequency drive
to provide substantially continuously variable water quantity. The source of air at low pressure
may be a compressor. The high capacity first stage fogging system may include a plurality of
medium pressure nozzles, a source of water at low pressure, a water holding tank with automatic
level controls, and a circulating water pump with variable frequency drive to provide substantially
continuously variable water quantity. The low capacity second stage fogging system may include
a plurality of air assisted atomisers, a source of water at low pressure, a modulating control valve
to substantially continuously provide variable water quantity, a source of air at low pressure, and a
modulating control valve to substantially continuously provide variable air quantity. The low
capacity second stage fogging system may include a plurality of high pressure nozzles and a fixed
speed circulating water pump.

Another embodiment may include a two-stage fogging system for reducing the
inlet air temperature of a gas turbine. The two-stage fogging system may include one or more
filters, a first stage, and a second stage. The first stage may be positioned upstream of the one or
more filters and include one or more rotary atomizers that is capable of achieving about 90% of
the air cooling towards wet bulb temperature. The second stage may be positioned downstream of
the one or more [ilters and include one or more nozzes that is capable of achieving about 10% of
the supplemental air cooling towards wet bulb temperature.

Another embodiment may include a method of control for a fogging system for
reducing the inlet air temperature of a device. The method may include measuring the ambient
temperature, ambient relative humidity, and ambient air pressure, introducing water droplets into
the air upstream of the filter, measuring the temperature, relative humidity, and air pressure
downstream from the filter, and calculating a differential pressure value, maintaining a set relative
humidity after the filter wherein the set relative humidity is determined according to differential
pressure relative humidity curves, and controlling a water flow rate to achieve set relative
humidity such that increasing the water flow rate increases the relative humidity and decreasing
the water flow rate decreases the relative humidity. The set relative humidity may be about 80%
to about 95%. The set relative humidity may be about 90%. The step of controlling the water flow
rate may include turning a valve a quarter-turn at a time. The device may be selected from a group
consisting of a gas turbine, diesel engine, process blower, other motive force, general ventilation,

clean room. Further, the set point of relative humidity may be calculated by selecting of a point
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with highest relative humidity on a differential pressure and relative humidity curve prior to an
exponential increase in differential pressure on the curve.

It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below provided such concepts are not mutually
inconsistent are contemplated as being part of the subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end of this disclosure are contemplated as
being part of the subject matter disclosed herein.

According to that, in a preferred embodiment of the system according to the
ivention the first stage fogging system achieves about 80% to about 95% of the majority of total
air cooling.

In another preferred embodiment, the set relative humidity of the first control
system is calculated through selection of a point with highest relative humidity on a differential
pressure and relative humidity curve prior to a steep increase of the differential pressure or prior
to an exponential increase in differential pressure on the curve.

In yet another embodiment a set point of minimum temperature after cooling of
the first or second? control system is selected to avoid problems of capacity constraint in
downstream equipment due to high ambient temperature.

According to a further preferred embodiment, a set point of minimum temperature
after cooling of the first or second? control system is selected to avoid problems of icing at the
compressor bell mouth.

In a further embodiment, a set point of maximum filter differential pressure of the
first control system is selected as a fail-safe mechanism in the event of a sudden increase of
differential pressure due to environmental conditions such as an ingress of hygroscopic material
onto the filters.

Further preferred the second control system utilizes an on/off switch operated by an operator
preference for supplemental cooling to wet bulb temperature.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a gas turbine engine with a two-stage fogging
system as may be described herein;

F1G. 2 is a graph showing measurements of downstream relative humidity as a
function of modulating valve position, at ambient 70% relative humidity before, during, and after

first-stage fogging using the two stage fogging system described herein;
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FIG. 3 is a graph showing the relationship between filter differential pressure and
relative humidity curve, for a typical in-service filter which would be downstream of the first
stage fogging using the two stage fogging system described herein,;

FIG. 4 is a graph showing filter differential pressure and relative humidity curves
using the two stage fogging system described herein;

FIG 5 1s a graph showing measurements of downstream temperature as a function
of modulating valve position, at ambient 14.3 degrees Celsius wet bulb temperature before,
during, and after first-stage fogging using the two stage fogging system described herein;

FIG. 6 is a graph showing measurements of the approach to wet bulb temperature
as a function of modulating valve position, at ambient 14.3 degrees Celsius wet bulb temperature
before, during, and after first-stage fogging using the two stage fogging system described herein;

FIG 7 is a perspective view of one embodiment of the two stage fogging system
described herein for the rotary atomiser and control panel embodiment.

FIG. 8 is a graph showing measurements of inlet air conditions before, during, and

after first-stage fogging using the two stage fogging system described herein;

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention now will be described more fully hereinafter. This invention
may, however, be embodied in many different forms and should not be construed as limited to the
embodiments sel forth herein; rather, these embodiments are provided so that this disclosure will
be thorough and complete, and will fully convey the scope of the invention to those skilled in the
art.

As shown in FIG. 1, the inlet air cooling system 100 comprises two stages of
fogging. The first stage of the two-stage fogging introduces water, in the form of droplets, into the
air stream before the one or more air filters 120. This introduction of water droplets may occur
through the use of one or more high capacity rotary atomisers 110. These high capacity rotary
atomisers 110 may include an electric motor with a wire cage around the exterior of the motor,
such that when the water passes through the wire cage, the wire cage causes the water to break
into small particles or droplets. Due to their high capacity nature, the rotary atomisers are capable
of providing a greater water flow rate, for example as measured in litres of water per minute, to
the air stream as compared to traditional high pressure nozzles. For example, rotary atomisers may
provide about 0.5 to about 3.0 litres of water per minute to the air stream at a droplet size of about
40 to about 70 microns, compared to traditional high pressure nozzles used for in-duct fogging

where the average capacity 1s about 0.18 litres per minute. Further, rotary atomisers are capable of
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accepting a range of water quality without detrimental effect. Therefore, the rotary atomizers do not
require demineralized water and may use any available potable water source. These rotary atomisers
have variable frequency drives, and are capable of running from 0% to 100% capacity without
affecting the size of the droplets.

Alternatively, other fog generating devices may be used for the introduction of water
droplets during the first stage of fogging. For example, medium pressure nozzles or air assisted
atomisers that operate between about 5 and about 20 bar can be controlled within acceptable
constraints of the droplet size, for example 40 to 70 microns. The current state of the art rotary
atomisers may not be suitable for use in some environments, such as for example, but is not limited
to, explosion proof environments (e.g. refineries). In these types of environments a high capacity
nozzle with an explosion-proof pump may be alternatively used to achieve the first-stage cooling.

Rotary atomisers 110, or alternate first stage fog generation devices, are placed
upstream of the one or more filters 120. Generally, the rotary atomisers 110 are placed about 1 meter
upstream of the filters, which may place them inside of a weather hood or even in the filter house,
depending on the dimensions of the particular set-up. The positioning of the atomisers before the
filtering media of about 1 meter allows for the water to evaporate before hitting the filter, preventing
the filter from becoming saturated with water. However, if the filter utilizes a droplet catcher (such as
for example AAF International’s AmerDrop™ system) or a weather louver (such as for example
AAF International’s AmerVane™ product) then the placement of the atomiser may be immediately
upstream of the filter within the filter house. Additionally, where a filter has a hydrophobic
coalescing media (such as for example AAF International’s AMERSHIELD™ and AMERKOOL™
products), containing glass fibres and oils, the moisture will coalesce to form larger droplets which
drain out of the airstream, which may also allow the placement of the atomiser to be immediately
upstream of the filter within the filter house. Preferably, the filter contains some device or coating
that protects the filter from condensation, droplets, or walter hitting the filter, which may cause an
increase in differential pressure. More preferably, the filter contains a coalescing part or a weather
louver, such that water is prevented from passing through the filter without a decrease in differential
pressure. The use of these hydrophobic filters allows for the first-stage fogging system to enact
evaporative cooling with negligible risk of water downstream of the one or more filters 120,
protecting the compressor’s 10 intake.

Unlike conventional high pressure nozzles used downstream of the filter house, the
volume and flow rate of water supplied to the first-stage fogger (such as for cxample a rotary

atomizer) may be controlled through a modulating control valve 140, for example a globe valve or
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a small tank with a variable frequency drive pump attached, without affecting droplet particle size.
The first controller or control system 150 receives signals, in the form of, for example,
measurements of temperature, relative humidity, and pressure from both one or more sensors 152,
154 located before the filter 120 and one or more sensors 156 after the filter 120. Measurement of
the pressure before and after the filter allows for the controller to calculate the differential
pressure. Differential pressure is a calculation of the difference between the pressures measured at
two points, here, the points are before the filter and after the filter. The first controller 150 utilizes
these measurements in order to control the flow rate of water supplied in order to reach a desired
relative humidity, with reduced affect to differential pressure. Differential pressure is a calculation
of the difference between the pressures measured at two points; here, the two points are before the
filter and after the filter. For example in a system where pressure is measure before and after the
filter stage water hitting the filter may cause an increase in differential pressure. A closed loop
substantially continuously controls or modulates the water flow rate from the relative humidity
measurements. Additionally, 1t 1s also possible to control the system to regulate downstream
temperature and differential pressure. Control of downstream temperature may be desired due to
capacity constraints of downstream equipment (for example an alternator) at high ambient
temperature. For example, selecting a set point of minimum temperature after cooling of the first
control system may avoid problems of capacity constraint in downstream equipment due to high
ambient temperature. Further by example, selecting a set point of minimum temperature after
cooling of the first control system may avoid problems of icing at the compressor bell mouth.
Also, a set pont of maximum filter differential pressure of the first control system i1s selected as a
fail-safe mechanism in the event of a sudden increase of differential pressure due to
environmental conditions such as an ingress of hygroscopic material onto the filters.

Generally, the first-stage fogging system is controlled through maintaining a set
point of relative humidity, determined according to filter differential pressure and relative
humidity curves. It has been observed that downstream relative humidity can be controlled
precisely by manually or automatically controlling water flow rate. FIG. 2 shows a straight line
relationship between relative humidity and valve position. FIG. 2 is an example observation
where the ambient relative humidity was 70%, and the downstream relative humidity was adjusted
up to 90%. This set relative humidity is calculated through selection of a point from filter
differential pressure and relative humidity curves, as shown in FIG. 3 and FIG. 4. The differential
pressure and relative humidity curve of FIG. 3 is generated by plotting the relative humidity (x-
axis) by the differential pressure (y-axis). The curve shows the relationship of between these two

variables, for example the differential pressure may remain constant while relative humidity
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increases. These curves indicate at what relative humidity measurcment, or range of measurements,
the differential pressure may increase. This allows for the controller to set the point with a maximum
relative humidity as high as possible without affecting differential pressure. FIG. 3 shows the
relationship between differential pressure and relative humidity for a mini-pleat filter with
hydrophobic media, with data gathered between 4000 and 5000 running hours.

As shown in FIG 4, the filter differential pressure and relative humidity curves may
be different for various types of filters, such as AAF’s HydroVee™ filter 410 or AAF’s AstroCel™
filter 420 or AAF’s DuraCel™ filter 430. However, as generalized in FIG. 3 and 4 there is an
increase in the filter differential pressure as relative humidity reaches about 90%. Therefore, the
target relative humidity should be preferably set at about 80% to about 95%. Even more preferably
the target relative humidity should be set at about 90%. The first-stage fogging system, which can
finely control relative humidity, can be used to control the temperature and relative humidity without
causing spikes of differential pressure. To achieve this temperature control, the water flow rate may
be finely controlled through small incremental turns of the modulating control valve 140. This fine
control of the water flow rate, combined with set maximum rclative humidity (as determined by
differential pressure relative humidity curves) allows the first controller 150 to finely control the
temperature, such that when the water flow rate is increased slightly, the relative humidity increases
slightly and thus the temperature also decreases slightly.

FIG.5 shows a straight line relationship between downstream temperature and valve
position for a given set of ambient conditions. This indicates that a set point temperature between
ambient temperature and wet bulb temperature can be controlled by adjusting the water flow rate
through controller 150. The control system can therefore be sct to provide a depressed temperature
after cooling, with an automatic maximum relative humidity which avoids deleterious effects on
filter differential pressure.

A thermal efficiency measurement indicates the efficiency of evaporative cooling of

the first-stage fogging (e.g. rotary atomisers). Thermal efficiency is calculated as follows:

ambient temperature — measured temperature

Thermal Efficiency =
ambient temperature — wet bulb temperature

As the water flow rate increases, the relative humidity increases in proportion, as the thermal
efficiency trends with relative humidity. Further, the relationship between thermal efficiency and
water flow rate is mostly linear, such that when the water flow rate increases, so does the thermal
efficiency. Therefore, in this two-stage cooling system, about 90% of the total cooling achieved by
the system may be achieved through the first-stage fogging system (for example through the use of

rotary atomisers). The first stage fogging system has been demonstrated to achieve 100%
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thermal efficiency at high relative humidity. By controlling set point relative humidity to
approximately 90%, the first stage fogging is deliberately constrained to approximately 90%
efficiency.

An alternate measure of evaporative cooling efficiency, particularly useful in
moderate climates, is the approach to wet bulb temperature. FIG. 6 shows first stage fogging
system achieving an approach of less than 0.5 degrees Celsius, with a linear relationship between
valve position (water flow rate) and approach to wet bulb temperature.

In particular instances it may be preferable to maintain a certain temperature
downstream of the filter, in these instances the first control system may limit the flow rate of
water in order to achieve a particular downstream temperature based on site requirements at each
stage. This allows for fine control in situations where the ambient temperature is high and extra
power is desired, but generator output is the constraining variable in a gas turbine power
generation set. Additionally, where there is a marked change in the differential pressure, or when
differential pressure falls outside of a specified range, the control system 150 may be programmed
to set an alarm or alternatively make proactive in-line modifications such as to trim the water flow
rate. This alarm or indicator may be any kind of alarm or notification, including visual, audible, or
any combination of the two. However, due to dust and particle build up from incoming air in the
filter, the differential pressure increases with the age. For example, the differential pressure may
increase a few Pascals from when the filter was new as compared to a filter aged to about 12 to
about 24 months old. Therefore, a static control utilizing a set dilferential pressure is not
preferable.

In some embodiments the first-stage fogging system may have a source of low
pressure water and a modulating control valve 140 to substantially continuously provide variable
water quantities. In other embodiments the system may further comprise a water holding tank
with automatic level controls and a fixed speed circulating pump.

In some embodiments the first stage fogging system may have a source of low
pressure water, a water holding tank with automatic level control, and a low pressure circulating
water pump with variable frequency drnive in order to substantially continuously provide variable
water quantity.

Front-facing or first stage fogging systems may be installed or retrofitted onto
existing filter housings. For retrofitting, a frame may be placed inside of the weather hood or
inside the filter house to which the first-stage foggers are attached. Alternatively first stage
foggers may be supported directly on the same pipe which supplies water to each fogging unit.
Sensors that measure the relative humidity, temperature, and pressure may be placed before the

one or more filters 703 such as with sensors 152, 154 and after the one or more filters with sensor
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156. Sensors may be connected to the control system 150 or in communication therewith. As
shown in FIG. 7, where retrofitted, the first stage fogging devices 702 may be supported on the
supply pipe 50 inside weather hoods 701 or a filter house 704. One embodiment uses a
modulating control valve 707, actuated via the control system 150. Retrofitting allows for the use
of existing systems, reduces installation time, and eliminates the need to shut down the gas turbine
for installation or for inspection of the front facing foggers. The first-stage fogging system
achieves fine control of inlet air relative humidity and temperature, while maintaining
downstream filter differential pressure in an acceptable range. Additionally, the fine control of the
first-stage fogging system may prevent problems with over-supply of water often seen in state of
the art systems.

The second stage of the two-stage fogging introduces water, in the form of
droplets, into the air stream after the air filters 120 from one or more plurality of low capacity
nozzles 160 to provide supplemental cooling towards the wet bulb temperature. These low
capacity nozzles may be high pressure nozzles, or alternatively may be air assisted nozzles. In
embodiments utilizing high pressure nozzles, a water tank with automatic level control and a fixed
speed circulating pump may be used. In embodiments utilizing air assisted nozzles, a source of air
at low pressure, such as an air compressor, and a modulating control valve 140 to substantially
continuously provide variable air quantity may be used. Generally, however, these second stage
delivery systems provide water at a significantly reduced flow rate as compared to the first stage.

Due (o the efficiency of the [irst-stage [ogging, using [or example one or more
rotary atomisers 110 which achieve about 90% of the total two-stage system cooling, only a small
plurality of low capacity nozzles 160 may be used in the second fogging stage to supplement
cooling to the wet bulb temperature. The second stage of the cooling may be desired to achieve
only about 10% of the total cooling, this reduced cooling load uses a small plurality of nozzles to
achieve.

These low capacity nozzles 160 may be controlled through a second controller or
control system 170 reduced to a binary (on/off) function. The decision to turn the second stage
fogging on or off may be dependent on ambient relative humidity or a plant operator decision
regarding whether the air inlet to the drive requires supplemental cooling to the wet bulb
temperature from the second-stage system. For example, this binary control system may switch on
or off when the temperature, as measured by the sensor 156 after the filter 120, is above a set
value. The low capacity nozzles 160, because of their small plurality, may be positioned around
the periphery of the duct at the location downstream of one or more filters 120. Positioning the
nozzles 160 around the periphery of the duct decreases complexity of the system, which reduces

the cost and downtime required for the installation and maintenance of the nozzles. Additionally,
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the minimization of hardware in the clean air stream decreases the risk of a foreign object (for
example metal from a nozzle) falling into the gas turbine engine or system 20.

While several inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the invent of embodiments described herein. More generally, those skilled in the art will
readily appreciate that all parameters, dimensions, materials, and configurations described herein
are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, many equivalents to the specific inventive embodiments described
herein. It s, therefore, to be understood that the foregoing embodiments are presented by way of
example only and that, within the scope of the appended claims and equivalents thereto, inventive
embodiments may be practiced otherwise than as specifically described and claimed. Inventive
embodiments of the present disclosure are directed to each individual feature, system, article,
material, kit, and/or method described herein. In addition, any combination of two or more such
features, systems, articles, materials, kits, and/or methods, if such features, systems, articles,
materials, kits, and/or methods are not mutually inconsistent, is included within the inventive
scope of the present disclosure. Further, it is (o be understood that continuously or substantially
continuously may include one or more interruptions, delays, etc. in controlling characteristics
such as but not limited to the quantities, rates, measurements disclosed herein and still be within
the scope of the embodiments. Alternatively, control or adjustments may be considered or
provided intermittently.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms. The indefinite articles “a” and “an,” as used herein in the
specification and in the claims, unless clearly indicated to the contrary, should be understood to
mean “at least one.” When used in this description and the claims as an adjective rather than a
preposition, "about" means "approximately” and comprises the stated value and every value
within 10% of that value. For example, “about 100%” would include measurements of 90% and
110%, as well as every value in between. The phrase “and/or,” as used herein in the specification
and in the claims, should be understood to mean “either or both” of the elements so conjoined,

1.e., elements that are conjunctively present in some cases and disjunctively present in other cases.
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Multiple elements listed with “and/or” should be construed in the same fashion,
1.e., “one or more” of the elements so conjoined. Other elements may optionally be present other
than the elements specifically identified by the “and/or” clause, whether related or unrelated to
those elements specifically identified. Thus, as a non-limiting example, a reference to “A and/or
B”, when used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment, to B
only (optionally including elements other than A); in yet another embodiment, to both A and B
(optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in a
list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but
also including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.¢. “one or the other but not both™) when preceded by terms of
exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially
of,” when used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference 1o a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily including
at least one of each and every element specifically listed within the list of elements and not
excluding any combinations of elements in the list of elements. This definition also allows that
elements may optionally be present other than the elements specifically identified within the list
of elements to which the phrase “at least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);
in yet another embodiment, to at least one, optionally including more than one, A, and at least
one, optionally including more than one, B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or acts of the

method is not necessarily limited to the order in which the steps or acts of the method are recited.



19

In the claims, as well as in the specification above, all transitional phrases such as “comprising,”

“including,” “carrying,” “having,” “containing,” “involving,” “holding,” “composed of,” and the like
are to be understood to be open-ended, i.c., to mean including but not limited to. Only the transitional
phrases “consisting of” and “consisting essentially of” shall be closed or semi-closed transitional
phrases, respectively.

The foregoing description of several methods and embodiments have been presented
for purposes of illustration. It is not intended to be exhaustive or to limit the precisc steps and/or
forms disclosed, and obviously many modifications and variations are possible in light of the above

teaching. It is intended that the scope and all equivalents be defined by the claims appended hereto.

EXAMPLES:

EXAMPLE 1

An on-plant inlet cooling trial was conducted demonstrating that the first stage
fogging, and associated control system, may control temperature and relative humidity by simply
adjusting the water flow rate to the first-fogging system (e.g. rotary atomiser). The trial began by first
allowing the inlet conditions to stabilize before the rotary atomiser was turned on. After the inlet
conditions stabilized the rotary atomiser was started with a water flow rate of 0.5 litres per minute (A
of FIG. 8), at this point the temperature immediately begins to drop from about 19.5°C to about
18.2°C and the inlet air relative humidity increases from about 76% to about 84%. An additional
increasc in water flow rate to 0.7 litres per minute (B of FIG. 8) is tested, and following this increase
in the water flow rate the temperature continues to decrease to about 17.5°C and the inlet air relative
humidity increases to about 92%. Incremental decreases in the water flow rate to 0.5 litres per minute
(C of FIG. 8) then 0.3 litres per minute (D of FIG. 8), and each cause a slight decrease in the
temperature, while relative humidity remained constant. These incremental changes in the water flow
rate allows for finer control of the temperature and relative humidity. Once the water flow is turned
off (E of FIG. 8) the relative humidity and temperature slowly return to ambient inlet air
measurements. This data indicates that the first-stage fogging system (e.g. rotary atomisers) produce
a nearly immediate reduction in temperature and relative humidity. This on-plant test indicates that a
relative humidity of about 97% may be achieved within 10 minutes of the system being started.
EXAMPLE 2

Pressure measurements were taken both before and after the filter house during the
on-plant inlet cooling trial as conducted in example 1 allowing the differential pressure to be
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calculated. When the water rate was increased from 0.5 litres per minute to 0.7 litres per minute
(B of FIG. 8) the differential pressure begins to increase to its peak of 460 Pascals. This maximum
is reached and began declining prior to the incremental decrease of the water flow rate to 0.5 litres
per minute (C of FIG. 8). The differential pressure continued to decrease until the after the water
flow is turned off (E of FIG. 8), where it stabilizes at about 434 Pascals. The differential pressure
measurements can be plotted against the relative humidity to generate a curve showing at what
relative humidity measurement the differential pressure increases. The differential pressure
relative humidity curve for EXAMPLES 1 and 2 is depicted in FIG. 4. The differential pressure
remained constant at approximately 430 Pascals while the relative humidity increased, until the
relative humidity measured approximately 87%, at which point the differential pressure begins to
increase at an exponential rate.

EXAMPLE 3

In an embodiment of the two-stage cooling system herein, the ambient
temperature at the inlet of the air cooling system was measured at about 50°C. Rotary atomisers
were used to generate fog in the first stage of fogging. A maximum relative humidity of 90% (as
determined by the differential pressure relative humidity curve) cooled the air to about 26°C (a
24°C temperature drop from the ambient air temperature). The second-stage fogging utilized a
small plurality of low capacity high pressure nozzles, which provided further cooling of the air to
about 24°C (an additional 2°C decrease in temperature). The air temperature dropped by a total
26°C through use of the two-stage system, the majorily (about 92%), of which occurred in the [irst
fogging stage. Further, due to the cooling capacity of the first-stage fogging, there was no need to
provide overspray cooling in the axial compressor at the compressor inlet.

Finally summarizing, the inventions also refers to a system for reducing inlet air
temperature of a motive force protected by air filtration, comprising: a high capacity first stage
fogging system upstream of one or more inlet air filters that provides a majority of total air
cooling, wherein a first control system substantially continuously modulates water flow rate into
the first stage fogging system to achieve a set relative humidity to reduce inlet air temperature as
compared to ambient temperature; and a low capacity second stage fogging system downstream
of the one or more inlet air filters that provides supplemental cooling to the majority of total air
cooling of the first stage fogging system, wherein a second control system controls supplemental
cooling to wet bulb temperature.

The first stage fogging system preferably achieves about 80% to about 95% of the

majority of total air cooling.
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The set relative humidity of the first control system is preferably calculated
through selection of a point with highest relative humidity on a differential pressure and relative
humidity curve prior to an exponential increase in differential pressure on the curve.

A set point of minimum temperature after cooling of the first control system is
preferably selected to avoid problems of capacity constraint in downstream equipment due to high
ambient temperature.

A set point of minimum temperature after cooling of the first control system is
preferably selected to avoid problems of icing at the compressor bell mouth.

A set point of maximum filter differential pressure of the first control system 1s
preferably selected as a fail-safe mechanism in the event of a sudden increase of differential
pressure due to environmental conditions such as an ingress of hygroscopic material onto the
filters.

The second control system preferably utilizes an on/off switch operated by an
operator preference for supplemental cooling to wet bulb temperature.

The high capacity first stage fogging system preferably comprises: a plurality of
rotary atomisers with variable frequency drive;

a source of water at low pressure; and a modulating control valve to substantially continuously
provide variable water flow rate.

The high capacity first stage fogging system preferably further comprises: a water
holding tank with automatic level controls; and a low pressure circulating water pump with
variable frequency drive to provide substantially continuously variable water quantity.

The source of air at low pressure preferably 1s a compressor.

The high capacity first stage fogging system preferably comprises: a plurality of
medium pressure nozzles; a source of water at low pressure; a water holding tank with automatic
level controls; and a circulating water pump with variable frequency drive to provide substantially
continuously variable water quantity.

The low capacity second stage fogging system preferably comprises: a plurality of
air assisted atomisers; a source of water at low pressure; a modulating control valve to
substantially continuously provide variable water quantity; a source of air at low pressure; and, a
modulating control valve to substantially continuously provide variable air quantity.

The low capacity second stage fogging system preferably comprises: a plurality of
high pressure nozzles; and a fixed speed circulating water pump.

A two-stage fogging system for reducing the inlet air temperature of a gas turbine
comprising: one or more filters; a first stage positioned upstream of the one or more filters and

including one or more rotary atomizers that is capable of achieving about 90% of the air cooling
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towards wet bulb temperature; and a second stage positioned downstream of the one or more
filters and including one or more nozzles that is capable of achieving about 10% of the
supplemental air cooling towards wet bulb temperature.

Additionally, the inventions also refers to a method of control for a fogging
system for reducing the inlet air temperature of a driver, wherein the method comprises:
measuring the ambient temperature, ambient relative humidity, and ambient air pressure;
introducing water droplets into the air upstream of the filter; measuring the temperature, relative
humidity, and air pressure downstream from the filter; calculating a differential pressure value;
maintaining a set relative humidity after the filter, wherein the set relative humidity is determined
according to differential pressure relative humidity curves; and controlling a water flow rate to
achieve set relative humidity, such that increasing the water flow rate increases the relative
humidity and decreasing the water flow rate decreases the relative humidity.

The set relative humidity preferably is about 80% to about 95%.

The set relative humidity preferably is about 90%.

Controlling the water flow rate further preferably comprising turning a valve a
quarter-turn at a time.

The driver is preferably selected from a group consisting of a gas turbine, diesel
engine, process blower, or other motive force.

The set point of relative humidity preferably is calculated by selecting of a point
with highest relative humidily on a differential pressure and relative humidity curve prior (o an

exponential increase in differential pressure on the curve.
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CLAIMS:

1. A system for reducing inlet air temperature of a device protected by air
filtration, comprising:

a duct;
one or more inlet air filters within the duct and containing a filter media;
a first stage fogging system which includes:

a first stage fog generation device that provides inlet air cooling which is
placed upstream of the one or more inlet air filters, and

a first control system for controlling water volume to be provided with the first
stage fog generation device for controlling cooling to achieve a set relative
humidity of the inlet air,

wherein the first stage fog generation device is placed so as to introduce
water droplets toward the one or more inlet air filters; and
a second stage fogging system which includes:

a second fog generation device which is placed downstream of the one or
more inlet air filters that provides supplemental cooling to the first stage
fogging system, and

a second control system for controlling water volume to be provided with
the second stage fog generation device for supplemental cooling to wet bulb
temperature of the inlet air,

wherein the second fog generation device is placed around the periphery of a

duct downstream of the one or more inlet air filters.

2. The system of claim 1, wherein the first control system calculates differential
pressure of before and after the one or more inlet air filters based on the
measurements of a first sensor placed upstream of the one or more inlet air filters
and the measurements of a second sensor placed downstream of the one or more
inlet air filters, and controls the water volume to be provided with the first stage fog

generation device based on the differential pressure.
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