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1  Introduction 
 
Gas turbines (GT) are air-breathing engines, sensitive to changes in ambient temperature and pressure where GT power 
output decreases with increased ambient air temperature, due to reduction in the density and consequently mass flow of 
intake air. By cooling the inlet air it is possible to retain the lost power output of a GT. The injection of water into the inlet duct 
of a GT is nowadays a well-established tool of air inlet cooling [1]. This technique is commonly known as inlet fogging. The 
fine mist of water droplets, often referred to as “fog”, is injected into the air intake by a nozzle manifold, usually mounted 
near the air filters. By injecting less or equal amounts of water to what is required for saturating the intake air (at given 
ambient conditions), all or most of the fog evaporates before reaching the compressor. This in turn reduces the compressor 
inlet temperature, resulting in the regain of loss in the power output. The effectiveness of this measure depends on the air 
humidity and temperature, generally achieving maximal benefits in dry and hot climates but still delivering significant 
benefits in moist, tropical environments.   
 
The first commercial inlet fog systems were installed on gas turbines in the late 1980s. Today, there are more than 1,300 
inlet fogging systems in use around the world. Fog systems are installed on large frame-sized gas turbines, on aeroderivative 
turbines and on smaller single-shaft industrial turbines. Inlet fogging is used in climates as diverse as the jungles of 
Malaysia and the deserts of the Middle East. If the amount of injected water oversaturates the inlet air, water will enter the 
compressor in the form of liquid droplets, which evaporate during the compression. This technique is known as high-fogging 
(HF) (overspray, wet compression or spray inter-cooling) and the power boost of the GT is achieved by evaporative spray inter-
cooling of the air during compression. The water droplet evaporation process reduces the temperature rise in the 
compressor, thus reducing the power needed for compression. In this way, regardless of the ambient air humidity, the 
compression process is substantially modified (see Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1: Principat sketch of high-fogging thermodynamics 
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ALSTOM experience is that by using HF it is possible to increase the GT power output  approximately 7% [2], for each percent 
of injected water (per mass of air) irrespective of the ambient conditions.   
 
Both fogging and HF water is injected in the intake of a GT using the fogging nozzles. The location of the HF nozzle rack in 
ALSTOM GTs, is further away from the fogging nozzles and, as close as physically possible to the compressor. By doing so, it is 
possible to exploit a combination of the air inlet cooling and HF power augmentation to the full benefit. Figure 2 shows 
locations of HF and inlet fogging systems used in ALSTOM GTs. While Mee Industries does not usually install fog nozzles in 
the filter house and HF nozzles near the inlet (depending on the air intake design there may be not enough time for the fog 
droplets to evaporate so this can impact on the HF nozzle rack creating source of large secondary droplets) Alstom’s air intake 
design enables such configuration due to enough time for the full droplet evaluation before reaching the HF nozzles.  
 
For the El-Sauz project in Mexico, Alstom used a combination of media-type evaporative coolers and MeeFog nozzles near 
the inlet for HF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Fogging and high fogging layout 
 
By placing the high fogging nozzle rack closer to the compressor intake, it is possible to control the water droplet size 
entering the compressor. In any case, HF will have a significant impact on the GT operation and stability. Clearly the droplet 
size that enters the compressor will have a key importance when it comes to safe and reliable operation of the GT. The 
smaller the droplets the less of an impact on the compressor blades is to be expected. In addition to these aspects, HF 
application will also have to be checked against other potential impacts on the gas turbines, such as compressor loading and 
turbine cooling airflows redistributions, and some other aspects as discussed in the further chapters. 
  

2  Development of High Fogging Systems 
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High-fogging or wet compression applications for gas turbines have a long history. Norwegian inventor, Jens Williams 
Aegidus Elling, used a three-stage compressor with inter-stage water injection in his 1903 experimental gas turbine—the first 
gas turbine to produce excess power. High-fogging was used to develop extra thrust during take off for aero turbines on both 
commercial and military airplanes. Mee Industries installed a fogging plus high-fogging system at the Ralph Green Power 
Station in the U.S. in 1996 as part of an EPRI capacity enhancement program. The system cooled the inlet air and injected 
about half of one percent of the air mass flow as liquid water and produced almost a six percent power boost for the GE-7EA 
gas turbine [3]. 
 
To date, there are nearly one thousand MeeFog systems installed around the world, a large number of which were design 
specifically to produce a high-fogging power boost. However, virtually any fogging system can be used for high-fogging, if it 
is operated at a time when all the water cannot evaporate. Many operators use their fog systems as high-fog systems if they 
need extra power on a cooler day. 
 
P.G. Hill of General Electric described the potential benefits of a HF system much like modern-day systems in a 1963 article 
[4]. There was also considerable interest in wet-compression of industrial gas turbines in Russia with more than 12 
installations being performed between 1983 and 1997 [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Integration of HF into Gas Turbines 
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The application of HF in the gas turbines will have a very positive impact on the net output, both in simple and in combined 
cycle application, providing that water is readily available. At the same time water injection into the compressor will cause 
some changes in the operating characteristics of the turbine and clearly some of the droplets entering the compressor will 
collide with first few stages of compressor blades leading edges. For this reason, Alstom has performed thorough 
engineering and R&D checks in the past to understand and quantify HF effects on the GT components. Figure 3 illustrates the 
scope of Alstom R&D efforts focused on safe and reliable implementation of the HF technology. This extensive R&D resulted 
in full qualification of the HF technology for all gas turbines in Alstom’s portfolio.  
 
 

 
 
Figure 3: HF Integration into GT – Potential Impacts on the Gas Turbine 
 
3.1. Droplet sizing and impact on compressor blades 
 
The rate of material erosion from collisions with droplets is directly proportional to the quantity of high fogging water and the 
droplet size which enters the compressor and interacts with the blading [6]. In other words, erosion rate depends on the 
targeted power augmentation and the high fogging system arrangement, the latter solely determining the droplet size of a 
system.  
 
During the course of investigations Alstom performed extensive measurements of the droplet sizes, spray patterns, nozzle 
erosion and even droplets behavior under realistic engine conditions. Droplet size measurements were performed in the 
ambient conditions, various wind tunnel test rigs and finally under real engine conditions using two identical laser based 
droplet sizing devices at the point of injection (close to the nozzles) and at the point of entering the compressor. The purpose 
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of these measurements was to determine whether the droplets agglomerated on their path towards the compressor, and the 
measurements have shown that the droplet size didn’t change between the point of injection and the point of entering the 
compressor. Hence, the concern of droplet agglomeration was dropped.  
 
The erosion impact of the droplets on Alstom gas turbines was monitored in the field, with the erosion measurements taken 
in regular gas turbine inspections. Figure 4 illustrates the measurements of erosion depth done on the field engine vs. 
erosion predictions relative to the number of HF operating hours. During these measurements it was observed that the 
actual erosion measured was mainly around the optimistic curve. This as a consequence had relaxation of criteria for 
replacement of the compressor blades 1 and 2 to approximately 15,000 HF operating hours, which relates to approximately 
two C inspection (equivalent to hot gas path inspection) intervals. It is however important to note that Alstom compressor 
blades are made of high Chrome Steel alloy with high erosion and corrosion resistance, enabling safe HF operation with 
negligible maintenance impact.  
 

 
 
Figure 4: HF erosion rates of the compressor blade 1 
 
The MeeFog systems produce droplets that are smaller than the nozzles originally tested by Alstom. Therefore, it is expected 
that the MeeFog systems will produce even less erosion. 
 
 
 
 
Another aspect of the HF impact on the GT operation is related to the fact that during the evaporation of droplets in the 
compressor, compressor is experiencing load shifting, as illustrated in the Figure 5.  
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Figure 5: Compressor load redistribution due to HF 
 
Compressor front stages will see less loading than in dry operation, whereas rear stages will have a higher loading to make 
up for the overall compression ratio. This phenomenon will have a consequence on the cooling airflow distribution at the 
bleeds where pressure drops compared to the dry operation. Less supply pressure leads to the lower massflow of cooling air. 
Alstom gas turbines GT24/GT26 are equipped with control valves in the bleeds, which helps set up the required cooling air 
massflows for both dry and HF operation. In due course, the impact of HF on cooling and secondary airflows is compensated 
and impact on the turbine lifetime eliminated.  
 
This same phenomenon will lead to changes in the compressor surge margin. As front stages of the compressor are 
deloaded, the so called speed surge margin (which is relevant at higher ambient temperatures à lower aero-speeds) is 
increased, which is in fact a beneficial effect for hot days. On the other hand, due to higher loading of the compressor rear 
stages, the pressure surge margin (which is more relevant at lower ambient temperatures) is reduced, however HF 
application is not allowed at temperatures below 10°C (50 °F), due to the potential for ice formation. Therefore, the negative 
impact on the pressure surge margin is not applicable to the HF typical ranges of operation. Finally, it is worth mentioning 
that all Alstom gas turbines feature solid welded rotors, which eliminate the risk of water ingression between the rotor disks. 
Based on all these thorough investigations both in test rigs as well in real engines, Alstom gas turbines have been qualified 
for application of high fogging, providing that all adjustments are performed as recommended by Alstom specialists. 
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4  Operational Experience  
 
 
In addition to extensive HF tests performed on the GT26 engine in Alstom Power Plant in Switzerland, significant number of 
engines in the field has been equipped with HF, evaporative cooling and fogging technologies. This was also the case for 
GT24 engine recently sold for the El Sauz Power Plant in Mexico, which is currently in the final stage of commissioning. This 
HF system will be a MeeFog design. 
 

 
 
 
Figure 6: High-fogging and air inlet cooling experience in Alstom  
 
Currently, there are 13 GT24/GT26 and 6 GT13E2 engines around the globe with integrated HF operation. The Alstom fleet 
leader unit has collected more than 38,000 HF operating hours by the beginning of this year, and all engines equipped with 
this technology have to date performed safely and reliably, producing additional inexpensive megawatts when mostly 
needed during the hot summer months.   
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In addition to the above, there are ten MeeFog systems installed on Alstom GT24’s, three on GT26’s and 31 MeeFog 
installation on various other Alstom gas turbines around the world. 
 

5  Conclusion and Recommendations 
 
HF technology on gas turbines has been around for a while and is a proven technology. It is a relatively inexpensive way (in 
terms of $/kW) to boost the power output of the gas turbines both in simple as well as in combined cycle, irrespective of the 
ambient temperature and humidity above 10°C. The effects on the gas turbine reliability, maintainability and lifetime have 
been heavily debated in the past, based on various OEM technologies and experiences. For this reason, Alstom performed an 
extensive R&D program to verify, quantify and potentially mitigate those impacts on the gas turbines. As a result, today, 
Alstom gas turbines are fully qualified and released for HF application to enable customers to lower the high temperature 
output degradation, with negligible maintenance impact. Thanks to unique features such as solid welded rotors, high quality 
compressor blading materials and controlled secondary airflow distributions, Alstom turbines offer technology which is 
inherently suitable for the safe and reliable implementation and operation of the HF systems.  
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