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1. Introduction
Gas turbine inlet air fogging has been used for more than twenty-five years and has been
employed on more than 1300 gas turbines around the world. Fogging consists of spraying very
small water droplets into the inlet airflow to cool the air by evaporation. Inlet fogging increases
gas turbine power due to the fact that cooler air is denser, so the mass flow of the working fluid
increases, and because the compressor is more efficient at lower air temperatures.
Many magazine articles giving user experiences with inlet fogging systems have been published
(e.g. Schwieger, 2008). Operators have also replaced media-type evaporative coolers with
fogging systems, which can give more cooling and an improvement in heat rate due to the fact
that fog systems impose a negligible pressure drop on the inlet airflow (Ingistov, S., Chaker, M.,
2011). Fog systems also have the added advantage of allowing an operator to control gas turbine
output by adding or removing fog nozzle stages, whereas evaporative coolers are either on,
providing maximum evaporative cooling, or off, providing no cooling.
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Fogging can also be used to provide an additional power increase by intentionally spraying more
water than will evaporate in the inlet air—commonly called wet compression, overspray or hifogging. “Over-spray” water droplets evaporate inside the compressor where they produce an
intercooling effect (Hill, 1963). Overspray fogging reduces the work of compression per unit of
compressor pressure ratio (Wang and Kahn, 2012), and there is a small increase in the mass flow
of the working fluid. Overspray fogging has been shown to produce a significant increase in gas
turbine output. Injecting fog at a rate of one-percent of the air mass flow will provide about a 5percent increase in the output of a heavy industrial gas turbine. A fog flow rate of one-percent is
enough water to provide about 25°C (45°F) of evaporative cooling in air at normal ambient
temperature and pressure so the power boost per unit of water is less for overspray fogging than
it is for inlet air fogging. Nevertheless, overspray fogging can produce a considerable power
boost and a significant economic benefit.
Overspray fogging, has been successfully applied on hundreds of gas turbines around the world
and has been used commercially for nearly 25 years with good results. When done properly,
compressor blade erosion—from liquid impaction erosion—is eliminated or minimized to
acceptable levels. Several gas turbine original equipment manufacturers offer evaporative
cooling and overspray-fogging systems. Power boosts from a combination of fogging and
overspray fogging can be nearly as much as the power boost produced by inlet air chillers for a
fraction of the capital and operating costs and the return on investment can be better than inlet
chillers (Bhargava, 2012).
This paper will explore the use of inlet air fogging in humid environments and show techniques
for using Typical Meteorological Year data to get accurate estimates of annual output gain, and
of the water and electrical consumption of the fog system. The city of Kuala Lumpur, Malaysia
is used as an example because it is the location of this year’s conference and one of the most
humid cities in the world.
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2. Misconceptions About Humidity Levels in Humid Environments
Many inlet fogging installations are in very humid environments and experience shows they
produce significant power gains. Yet there continues to be a misconception that fogging only
works well in dry climates.
Relative humidity expresses the amount of atmospheric moisture relative to the amount of
moisture that would be present in saturated air at the given temperature. If total moisture content
is held constant while temperature is increased, the relative humidity of an air sample will fall.
For example, air at 35°C (95°F) and 50% relative humidity has the same total moisture content
as air at 23°C (73°F) and 100% relative humidity. High ambient humidity levels do limit the
amount of evaporative cooling that can be accomplished, which in turn limits the power boost
available. However, on a hot afternoon, it is always possible to do a significant amount of
evaporative cooling even at locations with high humidity.
The misconception about evaporative cooling in humid climates may be partly due to the fact
that relative humidity is often reported as an average for a given day or month. For example, the
Wikipedia article on Kuala Lumpur gives climate data for each month of the year. June is
reported to have an average high temperature of 33°C (91°F) and an average low of 23°C (73°F).
Humidity is reported as 80%, without saying if it is an average, or the average high, etc.
It is actually quite rare for the relative humidity to be 80% on a hot afternoon. Figure 1 shows the
typical Kuala Lumpur climate plotted on a psychrometric chart with colored boxes showing the
typical hours of occurrence for each psychrometric condition. The red dot is at 32°C and 80%
relative humidity, which falls outside of the typical range of climatic conditions for Kuala
Lumpur. Figure 1 shows that it is sometimes possible to cool by more than 10°C, which would
give about a 7% power increase for a typical industrial gas turbine.
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Figure 1. The typical climate of Kuala Lumpur

The saturation pressure of water vapor increases non-linearly with temperature. Note how the
100% relative humidity curve in figure 1 increases steeply for small increases in temperature.
This means that there can be far more atmospheric water vapor present when air is hotter.
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Figure 2. Typical June day in Kuala Lumpur (TMY data)
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Total water vapor content does not usually change much over a given day but the steep increase
of the saturation curve with increasing temperature, means that much more water can evaporate
when the temperature is higher. Therefore, the lowest relative humidity nearly always occurs in
the hot afternoon, and the highest relative humidity usually occurs late at night. Figure 2 shows
this phenomenon—relative humidity (the blue line) begins to decrease as the temperature (red
line) begins to rise. Note that the relative humidity decreased significantly even though total
moisture content went up—from 16 gr (water)/kg (air) in the early morning to 20 gr/kg in the
late afternoon.
3. The process of Evaporative Cooling
Water molecules (H2O) have a neutral charge because they have an equal number of protons and
neutrons. However, the oxygen atom attracts electrons slightly more strongly than the hydrogen
atom so there is a slightly negative charge near the oxygen atom and a slightly positive charge
near the hydrogen atoms. This means the positive end of one molecule is attracted to the negative
end of another molecule giving liquid water a degree of cohesion. The polar nature of water also
makes it a strong solvent—it attracts both negative and positive ions.
However, if sufficient heat is added to the fluid—the latent heat of vaporization—the
intermolecular cohesive forces are overcome and individual molecules can escape the surface of
the fluid. Evaporation increases with increasing temperature because the kinetic energy of a
molecule is proportional to its temperature and more energetic molecules are more likely to have
sufficient energy to break the intermolecular bonds and exit the fluid.
When an energetic molecule leaves a liquid, the remaining liquid molecules have lower kinetic
energy so the liquid cools. Water molecules are constantly entering and exiting liquid water
surfaces but if the number of molecules leaving and returning reaches equilibrium, the space
above the fluid is said to be saturated with vapor (100% relative humidity). When humid air is
cooled, the evaporation process reverses. The number of vapor molecules entering the liquid
exceeds the number of molecules leaving the liquid and the latent heat is converted back to
sensible heat—the heat of condensation.
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It is sometimes said that hot air can hold more water vapor but this is a misstatement because air
doesn’t “hold” vapor. It’s just that a hotter liquid has more molecules that possess sufficient
kinetic energy to break their intermolecular bonds so more molecules tend to leave the surface.
Intermolecular cohesive forces also cause surface tension. Molecules at the surface have fewer
neighbors—no neighbor above—so the charge is spread over fewer connections and they cohere
more strongly to their neighbors. Surface tension may play a larger roll in the evaporation
process than was previously thought. The heat of vaporization of substances has been determined
empirically and several equations have been developed. However, there has not been consensus
on the exact physical processes involved and multipliers were required to make the equations fit
experimental results (Garai, 2009).
Garai proposed a model for calculating the heat of vaporization from first principles, which
shows good agreement with experimental results. According to Garai, the energy required to
liberate a molecule from a liquid surface is equivalent to the energy required to break the surface
tension (figure 3).

Figure 3. Atom breaking the surface (From Garai, Physical Model for Vaporization.)

The relationship between surface tension and the heat of vaporization is well known. Water, for
example, has a high heat of vaporization and a high surface tension, while ethanol has a low heat
of vaporization and a lower surface tension (figure 4).
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Liquid
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Surface Tension (@ 20°C)

Water

2257 (kJ/kg)

0.73 (N/m)
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846 (kJ/kg)

0.02 (N/m)

Figure 4. Heat of Vaporization & Surface Tension for Water and Ethanol

Another recently published study seeks to explain both the heat of vaporization and the critical
point in terms of kinetic energy and surface tension (Mayhew, 2013). Rather than considering
only single collisions of particles in a fluid, Mayhew shows that the latent heat of vaporization
can be supplied through the collision, in an infinitesimal instant of time, of all of the neighboring
molecules with the vaporizing molecule. This gives the vaporizing molecule the energy
necessary to break the surface tension of the liquid. Mayhew’s theory seems to answer the
question of why atoms or molecules on the surface of a liquid tend not to be the ones to
evaporate —they have fewer neighbors.
For fog droplet evaporation, the hot air molecules surrounding a fog droplet supply the heat of
vaporization, so the air is cooled as the droplet evaporates. Mass is transferred but energy is
conserved, which means there is no change in the enthalpy—or total heat—of the air/vapor
mixture. The heat used to vaporize the water droplet is “latent” in the air/vapor mixture while the
“sensible” heat of the air is reduced.
Textbook explanations of evaporation seem likely to change in the near future. Nevertheless, we
can say in simple terms that evaporation requires energy. If rapidly vibrating air molecules
supply that energy, the air molecules lose some of their kinetic energy so the air cools.
4. Sources of Atmospheric Water Vapor
Atmospheric water vapor comes mostly from natural sources—evaporation from water bodies,
transpiration from plants, evaporation from soil, volcanic eruptions, sublimation from ice and
snow, respiration of animals, etc. Most of the water vapor in the atmosphere comes from
evaporation from warm ocean surfaces in subtropical regions (figure 5) that are mostly cloud free
so they are quickly heated by in coming solar radiation. The easterly trade winds in both
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hemispheres push air masses both westward and towards the equator. The air masses pick up
large amounts of moisture from the hot ocean surface causing large portions of the subtropical
oceans to lose more water from evaporation than they gain from precipitation—the yellow areas
in figure 5. Evaporation rates from these warm ocean surfaces can exceed 5 mm per day.

Figure 5. Annual mean evaporation minus precipitation (NASA figure).

Air masses from both hemispheres meet at the equator in the inter-tropical convergence zone
(ITCZ) where convergence, convection, and the fact that humid air is less dense than dry air,
causes the hot moist air to rise. The water vapor condenses to form clouds and the moisture rains
out—the blue and purple areas—causing equatorial regions to have far more precipitation than
evaporation.
Trees and plants also add significant amounts of water vapor to the atmosphere. They act like
evaporative coolers. They remove liquid water from the soil (by osmosis) lift the water to canopy
level (by capillary action), and emit it to the atmosphere (by evaporation) through microscopic
pores called stomata. The evaporation of water from plant stomata is called transpiration.
Transpiration increases near-ground humidity and removes heat from plant leaves, which in turn
keeps the surrounding air temperature below what it would otherwise be.
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Figure 6. Mean annual evapotranspiration (1983-2006) in mm of water per year. (Zhang et al. 2010)

Figure 6 shows evaporation and transpiration from land surfaces, called evapotranspiration. Note
the higher rates in areas with rainforests and dense vegetation—dark blue areas—and the near
zero evaporation rates in desert areas. Transpiration is probably responsible for much of the nearground atmospheric water vapor in tropical rainforest environments with dense vegetation.
Transpiration is difficult to measure in natural environments. Experiments performed by
injecting radioactive dyes into the sapwood of tropical tress—to measure sap flow rates—yielded
estimates that a large tropical tree in the Venezuelan rainforests emits as much as 1.2 m3 of water
per day (Jordan & Kline, 1977)—hence the foggy rainforests of Malaysia.
It’s interesting to note that just ten typical inlet-air fogging nozzles can atomize and evaporate
1.2 m3 of water in a 12-hour day. A typical fog system for a large industrial turbine can have
more than 1000 fog nozzles giving it the equivalent evaporation of 100 large tropical trees.
Transpiration clouds regularly form over tropical forests. Figure 8 shows popcorn-like clouds
over the Amazon basin taken by NASA’s Agua satellite (NASA image, 2009). These clouds tend
to form during the dry season as trees pump water from the ground and transpire it to the air
above.
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Figure 8. Transpiration clouds over the Amazon rainforest.

It has been estimated that 32 x 1015 kilograms of water are transpired by equatorial rainforests
each year (Schneider & Segan). Agricultural areas also produce significant amounts of water
vapor. A hectare of well-irrigated corn can transpire 37 m3 of water per day (14,000 gal/acre per
day) (NASA website).
The global average ratio of transpiration from plants (T) to evaporation from other surfaces
(E)—the T/E ration—seems to be unknown and is a major source of uncertainty for global
climate models because water vapor is a strong greenhouse gas and far more plentiful than
anthropogenic greenhouse gases such as carbon dioxide or methane. Methods for measuring the
T/E ratio using the ratio of water isotopes found in precipitation are based on the observation that
evaporation from ground and open water surfaces favors lighter isotopes of water, while
transpiration favors heavier isotopes. Isotope studies show that transpiration could account for
more than 50% of evaporation from the continental areas of the planet (Sutanto, et al. 2014).
The photosynthetic process uses as little as one-percent of the total water that moves through a
typical plant. An average plant must transpire between 200 and 500 grams of water in order to
create one-gram of biomass (Schneider & Kay, 1995). The ratio of water transpired to biomass
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produced by young plants was found to be 100 grams of water to add one gram of mass (author’s
experiment). However, one would expect much higher numbers for mature plants and trees.
Human activity also produces water vapor because water vapor is a product of combustion of
fossil fuels. Gas turbine exhaust is approximately 8% water vapor. Likewise, wildfires can
liberate significant amounts of water vapor when plant material burns. Some of this vapor comes
from liquid water trapped inside the plant material but a large portion of the vapor comes from
the combustion of cellulose. Plants synthesize cellulose from atmospheric CO2, water and
sunlight. Cellulose is (C6H10O5) so combusting one molecule of cellulose produces 6 molecules
of H2O. Note the bright-white water droplet cloud that formed above the smoke plume in figure
7. Pyrocumulus clouds can get large enough to form lightening, which can start secondary
wildfires.

Figure 7. A pryrocumulus cloud that formed during
a wildfire near Los Angeles, California in 2008
(photograph by the author)

5. Humid Tropical Environments
In tropical areas with dense vegetation, like Malaysia, transpiration adds significant amounts of
near-ground atmospheric water vapor. When the sun rises in the morning, the stomata of plants
12!
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open to allow the gas exchange necessary for photosynthesis, and water is evaporated from
countless microscopic stomata cavities. This effect may be discernable in Figure 2, where the
total moisture content rises quickly after sunrise. The effect of transpiration is also evident from
Figure 6 and 8.
Air near wetted surfaces, including inside the stomata of vegetation, can become quickly
saturated on a hot day. Atmospheric mixing—due to convective currents formed by the uneven
solar heating of the planetary surface—and the fact that humid air is lighter than drier air of the
same temperature, along with the much slower process of vapor diffusion, mixes near-ground
water vapor with drier air, thereby making it possible to evaporate more water.
Water vapor is lifted high above the ground where it condenses to form clouds. Mixing means
that there is most often not sufficient time in one day for the entire near-ground atmosphere to
become fully saturated while at an elevated temperature. When the sun sets, long-wave radiation
to space causes surfaces exposed to the night sky to quickly cool. Water is a strong greenhouse
gas, so humid environments cool slower at night than dry environments. Nevertheless, if the
temperature of exposed surfaces falls below the dew point of the surrounding air, water vapor
will condense back onto cold surfaces and/or form low-lying clouds or ground fog. The dew
point temperature is the temperature at which condensation will begin to form if moist air is
cooled.
Convective mixing and nighttime cooling place an effective upper limit on the amount water
vapor that can be present, even in environments with abundant surface water and dense
vegetation. Near-ground water vapor concentrations of more than about 2.5% are rare in tropical
environments.
6. Humid Temperate Zones
High daytime humidity levels are not limited to tropical environments. Continental areas in
temperate zones can become quite humid in the summer due to evapotranspiration.
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In the summer of 2011 a slow-moving high-pressure zone over the central U.S. in the month of
July created a heat wave with record high moisture levels. A higher dew point temperature
means higher moisture content. Dew point temperatures of 32°C (90°F) were recorded at in the
north-central United States close to the Canadian border, in the middle of an area of intense
agricultural activity, and hundreds of kilometers from any large bodies of water (Burt 2011).
Reports of pooling water near the weather station might explain this very high dew point
temperature, so it may not be representative of the wider climatology. Nevertheless very high
dew points were recorded throughout the region during that heat wave. The dry bulb temperature
at the time was 38°C (100°F) so the total moisture content was about 3%, which is probably
higher than one would find in a tropical area.
7. Humid Deserts
The highest dew point temperatures on Earth actually occur in arid areas. Land masses on the
shores of the Red Sea, the Gulf of Aden and the Persian Gulf, can have summertime
temperatures that can reach above 50°C. The relatively shallow seas in the area heat rapidly and
can have sea surface temperatures of as high as 35°C (Nandkeolyar, 2013). There is little
vegetative growth in these areas so ground-level moisture comes primarily from evaporation off
the surfaces of the nearby seas rather than from transpiration.
The highest dew point temperature on record occurred in July of 2003 at Dhahran, Saudi Arabia
which reported a dew point of 35°C (95°F) with a coincident dry bulb of 42°F (108°F) (Burt
2004). These conditions equate to an atmospheric water vapor content of 3.3%.
Such records should not be taken as fact since numerous human-caused and natural factors can
cause the microclimate around a particular weather station to result in readings that are not
representative of the climatology of a region (for examples see www.surfacestations.org).
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8. GT Inlet Air Cooling in Humid Environments
Extremes are interesting but they don’t tell us if evaporative cooling is beneficial in a given
environment. For example, the average dew point on the day the record was set in Dhahran was
just 16°C (61°F) even though dew point reached 35°C (95°F) (www.weatherunderground.org).
At 15:00, when the record was set, it was still possible to do 6°C (10.8°F) of evaporative cooling,
which is more cooling than one might get in a tropical or temperate environment on a much
cooler day. At 15:00 on the day after the record dew point temperature was recorded, it was
possible to do 15°C (27°F) of cooling.
It turns out that evaporative cooling can be quite beneficial for gas turbines located in Dhahran,
Saudi Arabia. There are successful fog system installations just 30 km away, across the
causeway on the island of Bahrain and even on an offshore oil platform in the Persian Gulf.
The web bulb temperature is the temperature reached if water is evaporated to reach saturation in
non-saturated air. The potential for evaporative cooling is defined as the dry-bulb temperature
minus the wet-bulb temperature—often called the wet bulb depression. As water droplets
evaporate, the air is cooled due to the latent heat of vaporization but evaporation stops when the
wet bulb temperature is reached.
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Figure 9. Wet bulb depression in Kuala Lumpur for July 20, 2014.
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Figure 9 shows the wet bulb depression for Kuala Lumpur on the same typical day as Figure 2.
The wet bulb depression is about 8°C (14°F) at 16:30 hours. The output increase for a typical
industrial gas turbine with 8°C of cooling is about 6%. In a desert environment, power boosts of
more than 20% are possible but a 6% power boost still gives a significant economic benefit due
to the low capital and operating costs of inlet fog systems.
9. Typical Meteorological Year Data Sets
Typical Meteorological Year (TMY) data is a collection of meteorological data for specific
locations around the world that gives hourly data for a “typical” year. The data sets were
developed to compare different methods of indoor climate control for buildings. They are also
used for making calculations for renewable energy conversion systems such as solar photovoltaic
installations. TMY data sets are not suitable for sizing equipment because they represent typical
climate conditions, not extremes. The data sets were constructed using 30 years of measured
weather data. The hourly weather data used are actual measured data, interpolated or in-filled
using data from nearby stations if actual data was not available.
Sandia National Laboratories produced the first TMY data sets for the United States in 1978 (S.
Wilcox and W. Marion 2008). Typical or representative months were selected using algorithms
developed at Sandia (Hall et. al 1978). These “typical” months are then concatenated to form a
typical meteorological year. The most up-to-date TMY data set (TMY3) was compiled by the
U.S. Department of Energy’s National Renewable Energy Laboratory and is available on the
Internet.
10. Using TMY Data to Estimate Annual Evaporative Cooling Potential
TMY data are well suited for making analyses of the economic benefits of inlet air fogging for
gas turbines because they represent a typical year and are therefore more likely to give a
reasonably accurate picture of the average benefit that can be expected over a period of many
years. Climate is highly variable on daily and annual scales so no future year will be exactly the
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same as a typical year. However, TMY data does allow a reasonably accurate estimation of what
can be expected from an inlet air fogging system for a typical year in the future.
TMY data can be used to construct a chart showing Evaporative Cooling Degree hours (ECDH)
for a given power plant site. Figure 10 shows such a chart for Kuala Lumpur—based on the work
of Ross Petersen, Mee Industries Inc. A similar method was used to show evaporative cooling
potential for different cities around the world (Chaker & Homji, 2002).
Figure 10 shows the degree-hours of cooling possible for each hour of the day, for each month of
the year. The amount of cooling is calculated by converting the TMY dry bulb and dew point
data to wet bulb, then subtracting the wet bulb from the dry bulb to get potential cooling. This
process is done for every hour of the year then presented as degree-cooling hours for each hour
of the day for each month.
In the example shown, degree-hours of potential cooling are not calculated if the ambient
temperature was below 27°C (80°F), the assumption being that a power boost may not be
required when the temperature is below 80°F. Cooling is also not calculated for cooled-to
temperatures below 13°C (55°F) to ensure there will be no icing at the compressor inlet due to
adiabatic cooling—although it is never possible to cool to such a low temperature in Kuala
Lumpur. These assumptions can be changed to allow users to evaluate different scenarios.
From the chart we can see that the month of June has the most potential for evaporative
cooling—yellow highlight—and it is possible to do more than 15,000 degree-hours of
evaporative cooling in a typical year.
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Figure 10. ECDH chart for Kuala Lumpur constructed from TMY3 data.

11. Estimating Gas Turbine and Fog System Performance Using TMY Data
Evaporative Cooling Degree-Hours, derived from TMY data, are combined with data
characterizing the response of a particular gas turbine to changes in inlet air temperature and the
water and power consumption of the fogging system. These calculations are done for each hour
of the typical meteorological year.
The fog system water and electrical power consumption are calculated based on the amount of
cooling and the air-mass flow of the gas turbine. Figure 11 shows the results for evaporative
cooling on a GE-9EA gas turbine in Kuala Lumpur between 8:00 and 18:00 for every day of the
year. The power boost produced by the fog system is 12,570 MW-hours. The fog system
consumed 53,719 kW/hr of electricity—just 0.4% of the extra power produced—and it
consumed 9,946 m3 of demin water.
It’s important to keep in mind that the heat rate is also improved. Similar calculations can be
performed for overspray fogging.
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Figure 11. Performance of a fog cooled GE-9EA Gas turbine in Kuala Lumpur!
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12. Concluding Remarks
This paper sought to illuminate facts showing that evaporative cooling with inlet air fogging can
be effective and economically beneficial in humid environments. The sources and sinks of nearground water vapor were discussed. A computational tool that allows gas turbine operators to
predict the benefits of inlet fogging using Typical Meteorological Year data sets was reintroduced. Gas turbine operators can use this information to make fairly accurate calculations of
return-on-investment for a fog system. Further work is underway to develop web-based code that
will allow gas turbine operators to use TMY data to quickly compute ROIs for their particular
circumstances.
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