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Abstract:  
Gas turbine (GT) has become an important widespread and reliable device in the field of power generation, transportation and 
other applications. However in order to improve the performance of the GT different method such as Regeneration, Intercooler, 

Pre-heater and so on, have been used. These are more beneficial to improve the efficiency. The main purpose of this paper is to 

describe the effects of compressor fouling to the performance of industrial gas turbine and their possible control technologies. 
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1. INTRODUCTION 

Gas turbine engine was designed originally for aircraft. Due 

to its weight and small sizes, the GT has become an 

appreciated machine for other applications such as industrial 

and power generation. The use of GT in power generation 
and industrial applications has grown up significantly in the 

last two decades. The emphasis on environmental protection 

and influence of higher fuel prices, industrial privatization 

and market degradation demand, higher operating 

efficiencies and reduced emission level. 

The new GT are used in combined cycle as the power 

source for the millennium. In the early 1960s, the GT has 

gone from efficiencies of 15-17% to around 45%. The 

increase has been due to the pressure ratio increase from 

around 7:1 to 30:1, and an increase in firing temperature 

from 1500oF (815oC) to about 2500oF (1371oC). With this 

changes the efficiency of the major components also 
increases. The GT compressor efficiency increase from 

about 94% to 98%, and the turbine efficiency also increase 

from about 84% to 92%.[2] 

Gas turbine compressor condition is effected by the 

environmental conditions of the site. With increase 

operating time degradation of the compressor can reduced 

performance. The degradation cause by the adherence of 

particles of particles  on the compressor air foil and annulus 

surfaces is define as a fouling. Compressor fouling is the 

main cause of the reduction in compressor efficiency and 

compressor inlet air mass flow. The degradation of the gas 
turbine compressor has a direct influence on the gas turbine 

power plant efficiency and power. 

Compressor fouling is one of the causes of performance 

deterioration of industrial gas turbines [3]. Airborne 

particles such as dust and moisture in the ambient air enter 

through the intake of the gas turbine and adhere on 

compressor blades. Attached particles on compressor blades 

increases surface roughness and reduce air flow passage 

between blades. Those phenomena bring to the reduction of 

air flow rate, decrease of pressure ratio and compressor 

efficiency. In spite of the possible removal of foulants by 

the on/off-line washings, some parts of them cannot be 
eliminated and influence on the long-term performance 

degradation of gas turbines [4]. Therefore, it is very 

important to develop a methodology to reasonably predict 

and/or estimate the influence of compressor fouling on the 

performance deterioration during the operation of gas 

turbines. However, because of the relatively long-term time 

scale (i.e., approximately, 1,000~2,000 hours) of the fouling 

phenomena [5] and its dependence on local ambient 

conditions of the specific location of installed gas turbines, 

it is very difficult to accurately predict the influence of the 
compressor fouling on the gas turbine performance 

deterioration. Aker and Saravanamuttor [6] and Seddigh and 

Saravanamuttor [7] proposed a linear progression fouling 

model that can predict the performance degradation of a gas 

turbine with the presumed stage deterioration of the 

compressor. Massardo [8] and Tarabrin et al [9] developed 

similar methodologies to their own applications. Millsap's et 

al [10] also developed a model for the prediction of the 

influence of compressor fouling on the gas turbine 

performance. 

In order to prevent degradation, industrial gas turbine are 

used with sophisticated air filter systems. The air filter 
system when used reduces the amount of contaminants the 

GT is subjected to, but cannot filter out the contaminant 

particles altogether. Most contaminants are of small sizes; 

normally 80%  are below 2micrometer. However, the small 

concentrations of foreign particles can accumulate to several 

tons of contaminants that are ingested by the GT during the 

operating time between two major inspections.[2] 

In modern gas turbine health monitoring system, the 

algorithms of fault identification based on the treatment of 

the gas path measured quantities (Pressure, Temperature, 

Rotating speed, Fuel consumption, e.t.c.) are considered as 
principals and sufficiently complex techniques. These 

algorithms are capable to identify or isolate such gas turbine 

performance deterioration mechanisms as fouling, tip, rubs, 

seal wear, and erosion in different gas path components e.g. 

Compressors, Turbines, and a Combustor. The degradation 

mechanisms evolve gradually over a long time of operation 

and induce increasing deviations of measured gas path 

variables. Above these path faults, measurement system 

malfunctions can also be isolated on the measured 

quantities. [2]  

Maintenance method for the GT such as washing and 

overhaul are used to recover the performance of an engine at 
different level. Basically, compressor cleaning methods, can 

be categorised in to; Manual Cleaning (Brushes and 

Washing agent), Crank or Off-line and Fire or On-line 

Washing (Demineralised water, washing agents). 
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2. COMPRESSURE FOULING 

Fouling is caused by the deposition of particles to airfoils 

and annulus surfaces with oil or water mists often providing 

transfer and adherence. The result is a build-up of the 

material that causes increased surface roughness and, to 

some degree, changes the shape of the airfoil. [11]. The 

performance degradation attributed to compressor fouling is 

mainly due to deposits formed on the compressor blades by 

particles carried in by the air that are not large enough 
(typically a few microns diameter) to be blocked by the inlet 

filter.  Depending on the environment, these particles may 

range from dust and soot particles to water droplets or even 

insects.  These deposits result in a reduction of compressor 

mass flow rate, efficiency and pressure ratio which in turn 

causes a drop in gas turbine’s power output while increasing 

its heat rate.  This type of degradation is by far the dominant 

mode.  Indeed, several studies of heavy-duty industrial gas 

turbines suggest that the decrease in output can easily reach 

5% after a month’s operation (e.g. Diakunchak, 1991). [12]. 

 
Figure 1. Fouled Compressor Blading with a Mixture of 

Salts and Oily Deposits. 

 

Figure 2. Fouled Gas Turbine Air Inlet Bell mouth and 

Blading on a 35MW Engine Operated in an industrial 

Environment. 

 

 
Figure 3. Severe Fouling on a First Stage Compressor 
Vane. Deposits are Oily and Carbonaceous. 

 

 
Figure 4. Severe Oily Deposits on compressor Blading, 

Caused Mainly by Oil leaks in the Bearing System. 

 

2.1 CAUSES OF COMPRESSOR FOULING 

Experiment has shown that axial compressor will foul in 

most operating environments, be they industrial, pollutants 

and a range of environmental condition ( Fog, Rain, 

Humidity) that play a part in fouling process. 

 

Compressor fouling is typically caused by the following; 

 Airborne salt 

 Industrial Pollution; Fly ash, Hydrocarbons, Smog, 
etc. These cause a grimy coating on the early 

compressor stages and can get baked on in the 

latter stages because of high compressor discharge 

temperature, (especially in high pressure ratio 

compressor). 

 Ingestion of gas turbine exhaust or lube oil tank 

vapour. 

 Mineral deposits. 

 Airborne Materials; Soil, dust and sand, Chemical 

fertilizers, Insecticides and Plant matter. 

 Insect; This can be a serious problem in tropical 
environments. Moths with wingspans of as 18cm 

have been known of clog up intake systems. The 

figure 5 below shows such insect. 

 Internal Gas Turbine Oil Leaks; Axial compressor 

front bearing is a common cause.  

 Oil leaks  combined with dirt ingestion cause heavy 

fouling problems. 

 Impure water from evaporative coolers. 

 Coal, dust and spray paint that is ingested. 
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Figure 5: Moth with wingspan of 18cm that can clog intake system in tropical environments (Courtesy Altair filter Technology). 

 

Various fouled compressors are shown in fig. 1, 2, 3 and 4. 

Often the inlet struts and IGVs get severely fouled. Hand 

cleaning the IGVs and first stage will restored a 

considerable amount of performance.[13]. 

 

2.2 EFFECTS OF COMPRESSOR FOULING TO THE 

PERFORMANCE OF GAS TURBINE 

 In a gas turbine, approximately 50 to 60 percent of 
the total work produced in the turbine is consumed by its 

axial compressor. Consequently, maintaining high 

compressor efficiency is important for the plant’s revenue 

stream. 

 

  

To quantify this important fact, the last column of Table 1 

provides the ratio of compressor section work (Wc) to the 

total turbine section work (Wt). Parasitic losses and 

mechanical efficiency have also been considered in the 

model, which accounts for the output being somewhat less 

than the difference between the turbine and compressor 

work. It is useful to present this type of data to operators to 

convince them of the importance of maintaining clean axial 
compressors. 

 

 

 

 

Table 1. Parameters for 13 Representative Gas Turbines 

Indicating Amount of Air and Foulants Ingested and also 

Calculated Axial Compressor Work (Wc), Turbine Work 

(Wt), and Compressor Work Ratio (Wc/Wt). 

 Solids or condensing particles in the air and in the 

combustion gases can precipitate on the rotating and 

stationary blades causing changes in aerodynamic profile, 

reducing the compressor mass flow rate and affecting the 

flow coefficient and efficiency; thus reducing the unit’s 
overall performance. Further, contaminated air can cause a 

host of problems that include erosion, fouling, corrosion and 

in some cases, plugging of hot section cooling passages. 

There is also a close co-relation between mechanical 

reliability and fouling deterioration, and an example is the 

damaging effects of fouling on blading integrity. 

 Fouling deterioration results in higher turbine 

temperature for a given power level and this leads to 

increased hot-end degradation and a possible increase in 

emissions. If the turbine is temperature limited, then there 
will be a loss of power. 
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 When fouling occurs in the inlet guide vanes and 
the first few stages, there may be a dramatic drop in 

compressor performance. This can often occur when oil and 

industrial smog or pollen are present and form adherent 

deposits. The forward compressor stages are usually fouled 

the worst. If the rear stages foul, this seems to have a 

smaller impact on performance; but due to higher 

temperatures, deposits can become baked and difficult to 

remove. This baking effect is more severe on the high 

pressure ratio compressors of aero derivative machines 

ranging from 18:1 to 35:1 pressure ratio, as opposed to the 

typical 10:1 or 14:1 pressure ratios found on the heavy duty 
industrial gas turbines.[14]  

 
Figure 6: Change in compressor efficiency and heat rate for 

a heavy duty gas turbine. 

 

The figure 6 above shows a fouling process that occur in 

large gas turbine engine. This graph shows the changes in 

compressor efficiency and heat rate over time. 

 

2.3 SENSITVE FACTORS AFFECTING 

COMPRESSOR FOULING. 
1. Compressor design: stage aerodynamic loading and blade 

angle of attack are especially important. According to 

several authors, the higher these parameters the higher the 

sensitivity to compressor fouling[3,8,9].  

2. Engine design and power output. Multi-shaft engines are 

more sensible to fouling than single- shaft ones, especially 

in terms of power capacity. The control method plays an 

important role as well; engines operating at constant 
rotational speed perform better when fouled than those 

operating at constant exhaust temperature.  

3. Leakage oil from frontal bearing sat the compressor. This 

oil is responsible for the very thick deposits formed at the 

rear most stages of high pressure ratio compressors, where 

high temperatures somehow ‘bake’ them. These deposits 

can be very dangerous when expelled by centrifugal forces.  

4. Wall roughness of blades and shrouds.  

5. Characteristics of airborne particles: raw material (sea 

salt, industrial pollutants, ashes, chemical wastes) size, 

water solubility, water wet ability, etc.  

6. Site environment and climate: mist, humidity, industrial 
surroundings, etc. 

 

2.4 VARIOUS METHOD OF COMPRESSOR 

CLEANING 

To recover performance losses due to fouling, the 

compressors are cleaned to remove the deposited particles. 

Several approaches have been taken over the years to wash 

fouled compressors. Below are some of the techniques used 
for this purpose. 

 

2.4.1 MANUAL WASHING 

 The most obvious method of washing a compressor 

is manual procedure. The engine has to be disassembled and 

cleaned manually using brushes and detergent. Simple 

cleaning of IGVs by hand will often bring significant 

benefits, but its laborious, requires a shutdown and cooling 

of the engine, and is rarely needed. However Leusden et al 

and Abdelrazik and Cheney state that the level of power 

recovery cannot be achieved by any cleaning method. The 
authors also consider a proposed method to insert a washing 

hose through the blade pitches up to the eighth compressor 

stages as a manual method, one "patiently" has to insert the 

hose. 

 To avoid the manual labour abrasive so-called grit 

blasting method were developed. The deposits were 

removed by injecting charcoal, rice, nutshells, or synthetic 

resin particles in to the air stream of the operating engine. 

The procedure was undertaken during engine operation 

because high air speeds were needed to accelerate the 

particles to achieve the necessary impact force. Satisfactory 
cleaning results were reported in extremely cold 

environment with this simple and fast method without 

downtime. 

  However, the removal of oily deposits was not 

entirely satisfactory since the last stages remained 

contaminated and care had to be taken not to contaminate 

the seals and the engine. Despite the disadvantages, it was 

widely used for aero-engine. General electric claimed to 

overcome the disadvantages of abrasive cleaning in a patent 

for high bypass turbofan applications by using material of 

70% carbon content. An increase roughness due to the 

abrasive was avoided,  and with remaining blade 
smoothness the compressor capacity was preserved. It was 

further claimed that no reminder of abrasives would cause 

the clogging of cooling holes,[18]. 

 

2.4.2 ON-LINE WASHING 

 The primary objective of online washing is to 

extend the operating period between offline washes by 

minimizing the build-up of deposits in the compressor, and 

thereby reducing the ongoing incremental power losses. 

Online washing is performed with the unit in full operation, 

and under load. Outages or shutdown period are not 
required. The procedure involves the injection of a mixture 

of water and chemical detergent via atomizing spray nozzles 

positioned around the compressor air intake plenum. This is 

followed by a flushing period using pure water. With online 

cleaning, it is mandatory to use demineralised water for 

preparing the cleaning fluid and for flushing. This is because 

the turbine is in operation, and high temperature corrosion 

damage may occur if sodium or other contaminant metals 

enter the combustion path. An online washing program 

should always be started on a clean engine, after an overhaul 

or crank wash. It is not recommended to perform online 

washing on a heavily fouled engine, because large quantities 
of dirt removed from the front stages would instantaneously 

pass through the compressor. Therefore, after starting an 

online wash program, the time intervals between subsequent 

washings should be kept short: approximately every three 

days to weekly, depending on the local conditions. The 
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duration of each online wash can also be varied according to 
the degree of fouling, engine size, and plant experiences, 

etc. Typical online cleaning cycles are in the order of 10 to 

20 minutes and a flushing or rinsing cycle (using only 

demineralised water) of about the same duration should be 

applied after each cleaning cycle with detergent for 

example, 10 to 20 minutes flushing cycle without detergent.    

 
Figure 7: The picture of compressor which was washed on 

line every four days with detergent during approximately 

one month continuous operation period.   

 

 
Figure 8: First stage guide vanes of the same compressor 

(picture in 1/3 vane length from the tip and from the root), 

washed on line every four days with detergent during 

approximately one month continuous operation period.  [21] 

 
Deposits on the profile of the first stage vanes are primarily 

responsible for a significant reduction in air mass flow 

through the compressor, thus reducing the power output. 

On-line cleaning is most effective in removing such deposits 

on the first stage guide vanes, thus restoring design air mass 

flow, as shown in the fig. 7 and 8 above.  

 Optimal compressor cleaning can normally be 

achieved by adopting a combined program of regular and 

routine online washing, plus periodic offline washing during 

planned outages.  Correct application of these optimization 

techniques allows the turbine performance loss to be kept 

close to that due to aging of the machine, identified as non-
recoverable degradation.   

 The use of Hot water for offline washing requires 

that compressor wash skids should be equipped with a 

heating system, insulated tanks, and insulated piping, etc, 

and this significantly increase acquisition costs, equipment 

maintenance cost and operating cost. 

 Engdar, et al. [19] conducted computational fluid Dynamics 
(CFD) studies on hot water injection for offline compressor 

washing. The author concluded that, regardless of its inlet 

temperature, i.e. “the inlet temperature of the washing 

fluid”, injected wash fluid is cooled down to ambient air 

temperature well before the spray reaches the inlet guide 

vanes. The author indicates that heating the wash fluid may 

serve little benefit, despite that it is conceivable that hot 

water may improve cleaning efficiency by helping to soften 

deposits and increase solubility.    

 Foulants deposits often contain sodium and 

potassium chlorides. These combine with water to form an 
aggressive solution that promotes pitting corrosion of the 

blades. Corrosion is rarely observed beyond the eight 

compressor stage, as no moisture will survive at the 

temperature beyond this point.   

 Cyrus B. Maher Homji et al [14] studied the 

Environmental Impact of Online Washing. According to 

their study, online washing will create a small increase in 

CO emission due to disturbance of the combustion 

conditions associated with the injection of water. They 

concluded that this should not however, be misinterpreted as 

a reason not to perform online cleaning, since the emission 
increase will be short-lived (only for the duration of the 

wash and rinse cycle) and is normally classified as a 

“transient condition”. On the other hand, according to their 

study, low mass flow online injection system will have less 

impact on CO emissions than high mass flow designs, 

because less water is injected. Also the use of detergent 

during online washing have an insignificant impact on 

emissions, compared to the effect of water alone.  

 (Ogbonnaya, Ezenwa [20] studied the optimization of the 

performance of gas turbine engines. His study recommended 

that operators should perform a combination of compressor 

hand cleaning, offline and online washing simultaneously. 
He carried out a fifteen-week comparative performance 

analysis of a gas turbine on industrial duty for electricity 

generation in Sapele, Delta State of Nigeria. 

 

2.4.3 OFF-LINE WASHING 

 The basic objectives of offline cleaning are to clean 

a dirty compressor and to restore power and efficiency to 

virtually “new and clean” values. When performed 

correctly, and provided the operating period between offline 

washing is not too long (site specific), this type of cleaning 

will typically restore virtually 100 percent of the lost power 
and efficiency attributed to compressor fouling. However, 

irrespective of the compressor performance degradation 

actually encountered, experience has indicated that users of 

both base load and peaking gas turbines should incorporate 

a minimum of three or four offline compressor cleanings per 

year in order to remove the salt laden deposits on the 

downstream stages. 

 

Offline wet cleaning (also known as crank washing) is a 

typical “soak and rinse” procedure for which the gas turbine 

must be shut down and cooled. The compressor is rotated at 

crank-speed while a cleaning fluid is injected via nozzles or 
jet lances. Hand-held jet lances were widely used in the past 

and are still fairly popular with some operators.  
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However, permanently mounted offline nozzle systems 
installed in the air intake plenum are now preferred, and are 

generally offered as standard by most of the major turbine 

manufacturers. Nozzle design, system operating pressure, 

and total mass flow parameters vary widely, however, 

between the different manufacturers.  

 The injected cleaning fluid is normally a mixture of 

chemical detergent and water. Both solvent-based detergents 

and water- based products are used, depending mainly on 

the type of fouling material found in the compressor and 

local plant experience. 

  After a soaking period the compressor is rinsed 
with a quantity of fresh water. The amount of rinse water 

required and the number of rinse cycles vary from site to 

site, according to the gas turbine model and the amount of 

dirt removed during the offline wash. Note that 

demineralised water is usually not specified for offline 

cleaning and fresh water quality is normally acceptable. 

Effluent water drained from the compressor has to be 

disposed of according to local regulations. 

 

2.4.3.1 Typical water quality requirements for an offline 

wash  

 Total solid (dissolved and undissolved) greater than 

100ppm. 

 Total alkali metal (Na, K )   

     ''          25ppm. 

 Other metal that may promote hot corrosion (V, 

Pb)     ''          1ppm.  

 PH 6.5 to 7.5 

This water would be used for cleaner dilution and also for 

rinsing. 

 Offline crank washing systems should be designed to 

achieve the highest washing efficiency with the smallest 

injection mass flow. This is important for the following 

reasons:  

 

 Gas turbine users are interested in minimizing the 

quantity of effluent water to be disposed of. 

 

 Some users claim that offline water effluent is 
transported up to the exhaust during the wash 

procedure, and may wet and soak into the 

expansion joint fabric resulting in damage of the 

expansion joint by lowering its insulation 

properties. 

 A lower offline injection mass flow will also 

reduce the potential risk of trace metal 

contamination in exhaust systems, where selective 

catalytic reactors (SCR) for NOx reduction or 

carbon monoxide (CO) catalysts are installed. 

 
 A smaller offline injection mass flow will 

significantly reduce the required size, volume, and 

cost of washing skids and the overall water and 

cleaner consumption. 

 

 

 

 

 

Figure 9: Typical effect of on-line and off-line compressor wet cleaning,[21]. 

 

 

 

 

 

 



International Journal of Engineering Science and Computing, March 2016            2124                                                             http://ijesc.org/ 

2.4.4 COMPARISON OF OFF-LINE AND ON-LINE COMPRESSOR WASHING 
 

Off-line Washing On-line washing 

 

 Objective; is to clean a dirty compressor. 

 Reaches all compressor stages. 

 Virtually full power recovery (approaches 

new and clean values). 

 Involves shut-down and cool-down 
period. 

 Lost revenue during shut-down. 

 Optimum time for cleaning may not be 

convenient, especially with base load 

plant. 

 Effluent water for disposal. 

 

 

 

 To keep a clean compressor cleaner for long.  

 Extends operating period between off-line 

cleaning, thus enhancing production. 

 About 1% power can be recovered per wash, 

with a frequent on-line cleaning program. 

 No shut-down or lost of revenue. 

 Optimum cleaning frequency is site specific. 

 No effluent water for disposal. 

 Maintenance safe magic to surge line. 

 Reduce risk of blade corrosion. 

 

Table 2: Comparison between off-line and on-line compressor washing, [13].  

 

 Close monitoring of compressor performance, 

atmospheric parameters, together with performance 
evaluation and histograms will help improve washing 

regimes, and possibly to predict the fouling and energize 

automatically on-line washing whenever necessary.  Such 

aptitudes will definitely improve overall plant profitability 

together with well engineered compressor washing system. 

Many users are also facing severe fouling at ambient 

temperature below +10oC where compressors operate under 

conditions where icing becomes  a risk. On-line washing in 

this temperature range and below is the next coming 

challenge to be addressed [21]. 

 

CONCLUSION 
 With increased fuel cost and a highly competitive 

market, the understanding , measurement, and control of 

fouling deterioration is an imperative. Fouling rate can vary 

from plant to plant and are highly environment and machine 

specific. Furthermore, fouling behaviour is influenced by 

inlet air filter selection and maintenance. Site weather 

patterns also have a dramatic impact on fouling. A judicious 

combination of off-line and on-line cleaning usually 

provides the best results in helping operators fight this 

common and insidious operating problem. Close monitoring 

of compressor performance can help optimize compressor 
washing regimes and improve plant profitability. 
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