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Abstract 

Solid particle ingestion is one of the principal degradation mechanisms in the compressor section of heavy-duty 
gas turbines. Foulants in the ppm range which are not captured by the air filtration system usually cause deposits on 
blading,which results in a severe drop in the performance of the compressor.Through the interdisciplinary approach 
proposed in this paper, it is possible to determine the evolution of the fouling phenomenon through the integration of 
several studies in different research fields: (i) numerical simulation, (ii) power plant characteristicsand (iii) particle-
adhesion characteristics.This paper shows the possibility of linking the numerical results related to the 
impact/adhesion characteristic of the particles with the actual air contamination data and operating condition of the 
power units. In fact, the size of the particles, their concentrations and the filtration efficiency represent the major 
contributors to performing a realistic quantitative analysis of the fouling phenomena in an axial compressor.The 
integration of these research fields could represent a valuable support for the investigation of the relationship between 
compressor airfoil design and fouling rate. 
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1. Introduction 

The quality and purity of the air entering the turbine is a significant factor in the performance and life 
of the gas turbine.For this reason, an adequate filtration system that can limit the ingestion of 
contaminants by the power unit is required. Depending on the type of filtration system used, small 
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particles, i.e. (0.1 – 2.0) µm, can enter the engine [1]. These particles are too small to cause erosion issues 
but they are suitable for sticking to the blade surface and causing fouling. Particle sticking on blade 
surfaces results in an increase of the airfoil thickness and the surface roughness. Evaluation of fouled 
compressors has revealed contamination both on the suction side and the pressure side of the blades. On-
field fouling detection [2, 3] has revealed that only the first stages are affected by deposits and that the 
absence of centrifugal force in the stator vanes leads to more severe deposits compared to the rotor. 
Moreover, authors in [4, 5] have reported some experimental measurements with regard to ultra-fine 
powder deposition on axial compressor blade surfaces. Experimental applications related to the fouling 
phenomenon are affected by numerous problems: (i) actual conditions of the contaminants and of the 
working environment, (ii) size of the experimental test bench, (iii) rotational velocity of the cascade 
(neglected in nearly all experimental apparatus) and finally (v) the lack of particle count, in particular, the 
lack of ratio between the injected particles and the stuck particles. For these reasons, the fouling 
phenomenon is not fully understood. It follows that the quantitative analysis of the deposits on a blade 
surface is strongly related to realistic (i) air contamination data, (ii) filtration efficiency and (iii) particle 
adhesion. 

In this paper an overall analysis relating to these three strategic points is reported, highlighting the 
possibility of integrating these fields of research in order to estimate the fouling rate a priori. An solution 
can be found by using results obtained in different research fields. Interdisciplinary research can represent 
a new frontier for a considerable up-grade in the investigation of fouling. Climatology, filtration 
technology and specific studies regarding particle adhesion must be combined in order to generate a 
useful approach to studying the fouling phenomenon. The present paper proposes an interdisciplinary 
approach consisting of the combination of the three contributes previously mentioned. 

2. Air contamination 

Atmospheric aerosols are constituted of a suspension of a solid (smoke, fumes, fly ash, dust, etc.) or 
liquid (mist, fog, etc.) in the atmosphere. In general, fine particles refer mainly to a man-made action 
while coarse particles refer mainly to a natural phenomenon. Aerosols assume a very wide range of 
concentrations (from 1 µg/m3 to 100 µg/m3) depending on site location and time. Solid contaminants are 
spread from their source carried by the wind.Areas with very fine solid particles and sand are more likely 
to be potential source regions for dust storms or high dust concentration in the air. Given the information 
related to particle transportation, it is easy to understand that the particles are carried by the wind and not 
only the geographic area close to the power plant influences the air contamination ingested by the power 
unit. In [6] there is a mass characterization of the different sizes of airborne particles for the Shanghai 
atmosphere. It is possible to determine the mass concentration of the contaminant per unit of volume as a 
function of the particle diameter, as reported in Fig. 1. Since filtration systems work in different ways 
depending on the particle diameter, the sampled range as a function of this diameter is necessary to define 
which quantity and type of particles pass through the filtration barrier and enter the compressor sections. 
This first contributor is not related to the power plant design, but is one of the critical aspects to be 
considered in the fouling analysis. The only method of contrasting and reducing air contaminant 
concentration refers to the use of the most appropriate filtration systems. 

3. Filtration system 

The filtration system protects the gas turbine from harmful debris in the ambient air, which can lead 
toissues such as foreign object damage, erosion, fouling, and corrosion. As reported by Schroth and 
Cagna[7] a gas turbine with an intake volume flow of 1.5 million cubic meters per hour will swallow up 
to 30trillion particles of 0.5μm and greater per hour. The selection of the proper inlet filtration system 
coversthe following aspects: (i) characteristics of filters and filter systems, (ii) characteristics of different 
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Fig.1. Mass concentrations of size-segregated particles collected in the Shanghai atmosphere [9] 

environments where the gas turbine can operate, (iii) evaluation of the site where the gas turbine is or will 
be installed and (iv) evaluation of the combined effect due to the increment in filter pressure drop 
compared to the increase in filter efficiency. 

In order to capture different types of particles, filtration systems use many different mechanisms. Each 
filter in fact has various different mechanisms working together to remove the particles, i.e. inertial 
impaction, diffusion, interception, sieving and electrostatic charge. The filter media, fiber size, packing 
density of the media, particle size, and electrostatic charge all influence how the filter removes particles. 
An extensive report on filtration efficiency can be found in [10], where it can be seen that conventional 
filtration systems will not entirely prevent particles with dimension lower than ≈ 2 μmfrom entering the 
gas turbine, and may therefore cause fouling [1]. 

Figure 2 shows a comparison of a filter’s total efficiency based on the various filtration mechanisms 
that are applied as a function of the particle diameter. The figure also shows the effect of the electrostatic 
charge. Starting with the data mentioned in the previous paragraph related to contaminant concentration 
in the air, by using the filtration efficiency reported in Fig. 2, it is possible consider the effect of the air 
filtration systems for the analysis of the mass deposits on the blade surface. At this step, two contributors 
(contaminant concentration and filtration efficiency) have been used in order to the determine the 
amount of contaminant that could impact and adhere to the blade surfaces of the compressor. 

 

Fig. 2.Combination of filtration mechanisms to obtain filter efficiency at various particle sizes [8] 

4. Particle adhesion characteristics 

The capability of the contaminants to impact and adhere to the blade surface determines 
compressorfouling. Particle adhesion on the blade surface is a complex phenomenon that includes many 
aspects: (i) the material of the body in contact, (ii) the surface conditions, (iii) the particle size, (iv) the 
impact velocity and (v) the impact angle. All these phenomena can be studied from many points of view: 
(i) kinematic (velocity and direction), (ii) dynamic (velocity and mass) and (iii) energy (deformations or 
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breaks). In almost all cases the phenomena mentioned above occur at the same time and the result of the 
contact depends on the combination of these effects. 

Fouling phenomenon can be described by the following three phases: (i) transportation of the 
contaminants by the air, (ii) contact and adhesion of the first particle with the surface and (iii) repeated 
adhesion of subsequent particles on the contaminant previously deposited on the surface.A 
comprehensive study of the phenomenon of contaminant ingestion by a turbomachine must contain the 
resolution of the three phases of adhesion and that of rebound mentioned above. 

Most of the classical approaches and the results reported in literature [9 – 12] do not provide a full 
understanding of the adhesion phenomena which are responsible for the fouling mechanism. This limit is 
largely due to: (i) different particle sizes, (ii) different material characteristics (some particle materials do 
not show the elastic yield limit) and (iii) the different impact velocity. 

Some very interesting results and detailed analysis of micro-particle adhesion can be found in 
astrophysics applications related to the research of pre-planetary dust dynamics. The particles, in most 
cases consisting of sub-micrometric silica spheres, are the basis of the planets’ origin.In this field of 
research, one of the studies closest to that of the fouling phenomena is [13], reporting experimental 
evaluations of perfectly spherical and irregular particles impacting a smooth surface (smooth as the 
particle surface).The uniqueness and usefulness of these studies is that the particle velocities, materials 
and dimensions are in the same range as those responsible for the fouling phenomenon.The sticking 
probability is one of the most interesting quantities used in this type of study. It compares the impact that 
results in sticking with the total number of impacts. 

From the reported literature, it is easy to understand that in order to completely comprehend fouling 
phenomena, knowledge of how the contaminants hit the blade surface is essential. In this context the 
word “how” refers to the impact velocity and the impact angle for each particle. For these reasons, the 
numerical simulation could represent a valuable support for the calculation of the particle’s kinetic 
characteristics. If the transport of contaminants (particles) is resolved by the coupling of the Eulerian and 
Lagrangian approaches, the kinematic characteristics of the particles are calculated at each point of the 
computational domain, representing the basis for the calculation of sticking probability. In literature, 
some studies related to particle ingestion in the axial compressor can be found [14 – 16] but, 
unfortunately, the particle diameter is too large to study the fouling phenomenon. Small particles are 
subjected to inertia and diffusion deposition and, for this reason, the capability of numerical simulation to 
represent their trajectories is limited. Only a few applications are reported in literature [17 – 20] for 
transonic and subsonic rotors. However, the numerical simulation represents the only method of 
discovering the kinematic behaviour of the particles in axial compressors. 

5. Methodology application 

In the light of the analysis reported in this paper, the fouling phenomenon can be studied by using 
different sources and different results provided by different research fields. Starting from the air 
contamination data as a function of the location and the season, knowledge of the filtration system 
efficiency allows the calculation of the concentration of air contaminant at the inlet section of the 
compressor. This concentration is calculated as a function of the particle diameter and can be integrated 
with the results of particle  trajectories  and particle  adhesion characteristics.  In  fact,  the data  regarding  
particle  adhesion characteristics could be obtained from specifically-designed experimental tests, where 
the sticking probability of the particle is related to its material, diameter and kinematic characteristics. 
Finally, the particle impact location on the blade surfaces could be calculated by using numerical CFD 
simulations and the kinematic characteristics of each particle calculated by using the Lagrangian strategy. 

The lumped scheme reported in Fig. 3 summarizes and explains the interdisciplinary approach that 
can be used to improve the comprehension of the fouling phenomenon while the mass deposits contour 
plot represents an example of the results that can be obtained through the use of this interdisciplinary  
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Fig. 3. Interdisciplinary approach to studying the fouling phenomenon 

approach. This latter figure is an excerpt of a wider analysis presented by the authors in [21] where 
this methodology has been applied to a transonic rotor located in sites characterized by different air 
contaminant distributions. 

The application of this interdisciplinary approach has demonstrated that by using realistic (i) air 
contamination, (ii) filtration efficiency, and (iii) particle adhesion data it is possible to calculate the 
contaminant mass on the blade surface, as reported in Fig. 3, and realize a quantitative analysis regarding 
the influence of external factors (such as season and filtration system) on a fouling rate. From these 
analyses, some guidelines for proper installation and management of the power plant (in terms of 
filtration systems and washing strategies) can be drawn. 

6. Conclusions 

In this paper an analysis of the contributors to the fouling phenomenon has been carried out. 
Compressor fouling is one of the major causesof gas turbine performance degradation. The deposits on 
the blade surface are linked to (i) air contaminant concentrations, (ii) filtration efficiency and (iii) particle 
adhesion characteristics. Through the use of an interdisciplinary approach, it is possible to determine the 
evolution of fouling phenomenon by the integration of (i) CFD numerical analysis (which provides the 
match between the design characteristic of the machine and the fluid dynamic phenomena) and (ii) power 
plant characteristics (air contaminant concentrations and the efficiency of filtration systems).In the future, 
this approach could be a support in the preliminary design phase in order to establish, a priori, cost 
management due to the maintenance of filtration systems, the interval for washing operations as a 
function of the axial compressor and the air contaminant concentration that characterizes the power plant 
location. 
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