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MECHANISMS OF SLAG DEPOSITS ACCUMULATION 
ON COMBUSTION SYSTEMS AREAS 

Andrei STOIAN, Marian ENACHE, Alina POPA 

SC COMPLEXUL ENERGETIC TURCENI SA 

Rezumat. Această lucrare prezintă unele dintre cele mai importante mecanisme de acumulare a depozitelor de 
zgură pe suprafeţele de schimb de căldură ale echipamentelor interioare de combustie.   
Cuvinte cheie: depozite de zgură; suprafeţe de schimb de căldură. 

Abstract. This paper presents some of the most important mechanisms of slag deposits accumulation on heat 
exchange surfaces of the combustion equipment inner side.   
Keywords: slag deposits; heat exchange surfaces. 

1. INTRODUCTION 

 Trying to understand the different variables 
effects regarding the residue deposits in a 
combustion system, it is useful to have a general 
conception of the involved mechanisms, so the 
needs and requirements for equipment, good 
design and operation may be estimated.  
 The involved mechanisms will differ depending 
on the type of the residue particle, of vapor 
diffusion or chemical reaction. 
 It is convenient to analyze these mechanisms 
separately, although they rarely occur individually 
and some interactions may occur more or less in 
industrial conditions. 

 Particles Deposition. The particles deposition 
due to a stream flow has been studied in detail, 
usually in ideal experimental conditions, where the 
system is well defined. Such analysis gives an 
indication about the variables effects, even if its 
direct application to the complex systems com-
bustion is not possible. 
 Some of the first papers have ignored the 
presence of a boundary layer close to a solid 
surface over which a gas flows. The boundary 
layer presence has a major influence not only on 
the particles deposition, but also on their disposal, 
where the stream of fluid transfer back is possible. 
 The particles’ transport to the solid surface may 
be divided in two stages: 
 (1) the particles transport to the boundary layer 
through the gas flow; 
 (2) the particles transport to the solid surface 
through the boundary layer.  

 The main mechanisms include the following:  

 (A) Convective diffusion resulting from concen-
tration gradients and turbulence. 

 Molecular diffusion is the result of disordered 
individual movement of molecules, caused by 
thermal agitation movement and elastic collisions 
with other molecules in a mixture of several 
molecular forms. 
 Molecular diffusion is therefore a mechanism 
that occurs at the molecular level and consists of a 
molecular form transporting within a mixed blend, 
when a potential difference exists and a potential 
difference may be due to several reasons: 
 – The gradient concentration existence in the 
mix - which causes Fick diffusion; 
 – The gradient temperature existence in the mix 
- which causes a thermal diffusion; 
 – The gradient pressure existence in the mix - 
which causes pressure diffusion. 
 In separate operations based on diffusion, 
molecular diffusion is caused by the existence of a 
gradient concentration in the mix. This gradient 
concentration represents the ordinary molecular 
diffusion driving force, also called Fick diffusion. 
 Quantitative relationship expressing the 
molecular diffusion under gradient concentration 
was given by Fick and it is called Fick law: 
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 The above relation gives that the diffusion flux 
of the component A molecules through the 
component B molecules is in proportion to the 
gradient concentration and the area of the surface 
perpendicular to the transport direction. 
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 It is considered the relationship between mass 
flow and unitary mass flow as follows: 
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 DAB proportionality coefficient is called coef-
ficient of molecular diffusion and has the physical 
ability to express the component A displacement 
through a gaseous, liquid or solid medium,  
 The minus sign (–) indicates that diffusion 
occurs in the direction in which the component A 
concentration is smaller. 
 The diffusion coefficient unit of measure is given 
by Fick's law expression. In the international system: 
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 (Note: in S.I. the component A concentration is 
expressed in kg A/m3 mixture.) 

 Diffusion coefficient values depend on tem-
perature, pressure and mixture composition.  
 In calculations it is recommended to use the 
experimentally determined diffusion coefficients. 
When experimental values are not available, the 
diffusion coefficient is calculated using semi-empi-
rical or theoretical relations given by the specialty 
literature.  
 The number of particles contained in the unit 
volume of gas and, extending, their size, will be 
direct consequences of the fuel quality and 
combustion conditions. The turbulence level for a 
given flow system geometry is generally related to 
the gas velocity in that area. 

 (B)Diffusion resulting from temperature gra-
dients. 

 Where there are considerable temperature gradi-
ents, small particles tend to move from the area with 
higher temperature to the lower temperature area. 
 This physical process is called thermophoresis. 
Such effects can be quite pronounced in combus-
tion systems, because the combustion temperature 
is much greater than the temperature of the heat 
exchanger surfaces from boilers installations.  
 The movement results from different levels of 
molecules and particles agitation at different tem-
peratures. In a temperature field any particle will 
have a slightly higher degree of anxiety if it is 
situated in the warm side of the temperature field. 
The effect is a "thermal pressure" on the particles 
along the field. 
 In general, the particles suffering such a mecha-
nism are small particles below 1μm size. Starting 
from Owen’s theory, Glen studied particles deposits 
size of about 2μm particles size contained in a gas 

with a temperature of 700C, on surfaces at different 
temperatures.  For this he defined a so-called 
"collection efficiency" which is the deposited 
particles percentage in relation to the gas total 
number of particles under the given circumstances. 
 The result is represented in Fig. 1 the picture 
clearly illustrates that the deposits size increases as 
the temperature differences are more accentuated. 
 The asymptotic shape of  the collection effi-
ciency graph where the temperature differences are 
about 400oC or 500oC order is attributed to relative 
changes of solids and gases thermal properties. 

 

 
 

Fig. 1. Theoretical collection efficiency for thermophoresis 
(source: GLEN, N.F. Private communication, National 

Engineering Laboratory, 1990). 
 

 The obtained experimental data were illustrated 
in Fig. 2. Inflection point located at a temperature 
difference of about 250C corresponds to a surface 
temperature of about 150 - 160C. 

 

 
 

Fig. 2. Collection efficiency experimental determination 
(source: ISDALE, J.D. et al Gas side fouling in heat 

exchangers. Report for Department of Energy, National 
Engineering Laboratory. ENER 20/24, 1984). 
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 The collection efficiency changing in this point 
is caused by the effect of the dew point specific of 
the used fuel which is not necessarily an acid dew 
point. It increases the collection efficiency by wet 
surface particles retention. In fact, in systems 
where the thermophoresis phenomenon occurs, not 
all particles migrating to the surface fix on it. 
Many of them are detached and driven by the gas 
flow. 

 (C) The particles’ inertial transport considered 
for bigger particles. 

 In the combustion chamber conditions, the 
bigger particles moment may be big enough so 
they are deflected from the gas flow trajectory. 
 They may follow trajectories passing to the 
surface through the main gas flow and above the 
boundary layer. This process is also called inertial 
effect. 
 Under these conditions, collisions between par-
ticles are possible, leading to agglomerations also 
facilitated by softer or more adhesive particles 
being in areas with high temperatures. 

 (D) The gravitational effects may also cause 
deposits, depending on the density differences 
between particles and combustion gases, especially 
where the gas velocity is low and particles sus-
pension in gas is difficult to get. 

 In combustion systems, the preponderance of 
one of these particles transport mechanisms in a 
particular situation or location of particles, it 
essentially depends on the existing conditions.  
 In the case of large temperature differences - 
such as encountered, for example, when a clean 
pipe, circulated through by a water stream, is 
washed by hot combustion gases, where there are 
found small particles in suspension, the thermo-
phoresis becomes the main deposition mechanism.  
 On the other hand, if the gas velocity and 
suspended particles size are relatively large, 
inertial transport may become the main mechanism 
responsible for the deposits accumulation on heat 
exchanger surfaces. It is true that if the conditions 
change along the gas way, then the deposition 
mechanism is possible to change too. The tiny 
particles agglomeration or the chemical reactions 
between solid parts and components contained in 
the combustion gases during their passage through 
the equipment, an increase of particle size may 
result, leading to the main deposition mechanism 
change.  
 Time is also affecting the predominance of a 
particular deposition mechanism. For example, 
when an initially clean surface is gradually covered 

by deposits, the temperature difference in that 
region between hot gas and gas-solid interface will 
decrease. The probability of thermophoresis phe-
nomenon occurring will be reduced. The gas flow 
section will decrease in the presence of deposits, 
leading to increasing flow rates. The possibility of 
deposition by inertial transport will increase under 
these conditions. 

2. VAPOR DIFFUSION 

Particles transport through the cooling surfaces in a 
combustion system may result from the inorganic 
ash components vaporization and their subsequent 
diffusion to the equipment cooling surfaces. In-
organic components volatilization in flame is the 
common origin of these vapors.  
 Generally, the diffusion principles (except iner-
tial collision) discussed above will be applied to 
these vapor molecules, but some remarkable con-
sequences may result because of the temperature 
gradients existing in the equipment.  
 Vapor diffusion from warmer to colder areas 
may change in steps from the vapor stage to liquid 
droplets and finally to solids. The conditions are 
illustrated in Fig. 3 
 

 
 

Fig. 3. Phases changing along the gradient of temperature in 
the combustion chamber. 

 
 The various zones location will be subject to a 
permanent change, as they are very generally 
presented by the above picture. Their distribution 
increases due to the temperature changing as well 
as the deposit thickness. Because of these 
temperature changes, vapor and droplets areas will 
move toward the cold area, which, after the 
accumulation has begun, will be the deposit outer 
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layer. If the deposit was only due to vapor dif-
fusion, the time variation of the coating thickness 
would become asymptotic, because the outer layer 
would eventually be above the dew point. 
 Phases changing may lead to other effects am-
plification such as: 
 - Drops fusion; 
 - Particles agglomeration by cementing during 
transportation, because of their adhesive or molten 
status; 
 - Vapor condensation on equipment cooling 
surfaces, or in the cooler area. 

3. CHEMICAL REACTIONS 

 The possibility of chemical reactions emergence 
is very high according to the complex nature of 
most fuels such as, for example, fossil fuels and 
coal, or, in a less extent, the refuse or biomass. The 
discussion on a wide range of possible chemical 
reactions is not yet relevant. 
It is interesting instead to identify some of 
combustion systems existing conditions that will 
influence the possible chemical reactions type. 

4. CORROSION 

 The impurities in fuels, especially the con-
stituents that may produce acid gases such as SO2 
and SO3, for example, correlated with deposits 
capable of chemically reacting, may lead to the 
corrosion of metal surfaces on which these 
deposits were formed. The corrosion degree may 
be severe and may lead to a metal integrity rapid  

deterioration, unless it is taken action on reducing 
this risk.     

5. DEPOSITS ADHERENCE 

 In combustion gases it will be found both 
adhesive and solid particles, depending on the fuel. 
For this reason the particles reaching the heat 
exchanger surfaces may be in greater or less 
number and will have an important effect in the 
influence of deposition process, depending on the 
physical conditions.  Adhesive or molten particles 
are harder attached to the surfaces than the solid 
ones. In addition, they may be cemented in a 
matrix deposition. 
 The existence of structural elements such as 
pipe nozzles, handles, hooks etc. will also influ-
ence the deposits adhesion. Reduction of slag and 
ash deposits in these cases may be done by 
attentively designing them. 
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