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Preservation of natural resources and the environment is an urgent 
task in human development. In Ukraine, there is a problem of over-
crowded sludge sites, which negatively affect the environment by 
polluting groundwater and soils with toxic substances. Most sludge 
sites contain sludge that is over 30 years old and is called obsolete. 
The aim of the article was to study the process of incineration of 
obsolete sludge. Fuel characteristics of sludge deposits were deter-
mined. The obtained indicator of the specific heat of combustion of 
sludge deposits is close to peat, which will further create a composite 
fuel. The combustion process of a separate particle of sludge, which 
determined the  duration and speed of combustion, was studied. 
Taking the results of the obtained experiments on the combustion 
of a particle of sludge into account, a study of flare combustion was 
conducted. The research showed that the process of combustion of 
sludge particles in the flare corresponds to the generally accepted 
process of combustion of solid fuel in the flare.
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INTRODUCTION

Sewage treatment plants can potentially become 
a source of additional raw materials for alterna-
tive energy sources. Due to the shortcomings of 
wastewater treatment technologies in Ukraine, 
their potential is not fully utilised. Thus, a waste-
water treatment plant that does not involve the use 
of sludge was built in Lviv. The sludge sites cover 
an area of 22 hectares with 1.6 million tons of 
sludge, and they are replenished with 3 t of fresh 
sludge daily  [1]. In Kyiv, at the  Botnytsia Aera-
tion Station, sludge sites cover an area of 272 ha 
and pose a great danger because they are actually 
packed three times beyond capacity: instead of 
the 3.5 million tons planned, they contain 10 mil-
lion tons of sludge mass [2]. In general, sewerage 

systems consume energy and resources while cre-
ating waste and products that are not recyclable. 

At sewage treatment plants, treated water, and 
a  group of substances called sewage sludge are 
formed. The  main wastewater disposal methods 
worldwide are agriculture, landfills, ocean dump-
ing, and incineration [3–6]. 

Landfill disposal is planned to be reduced in 
the future. Germany plans to increase the use of 
sludge in agriculture from 25% to 40%. In Fin-
land, of the  total amount of sludge used as fer-
tiliser, one-third is used on-site and one-third is 
used for the  construction of major roads; 17% 
is used for urban landscaping, and about 16% is 
composted [7, 8].

In developed countries, such as Japan and 
the United States, incineration is the main method 
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of sewage sludge treatment. This main advantage 
of this method is that regardless of climate and 
season, it requires less space for disposal, and 
a small amount of ash product can be safely used 
in road construction [7].

Unlike other countries, Ukraine has the prob-
lem of the  so-called sludge sites with ‘obsolete’ 
sludge, which has been stored for many years and 
almost completely removed organic impurities, 
greatly complicating the cleaning process. ‘Active’ 
sludge contains about 80% of organic and 20% of 
mineral impurities  [9]. In most cases, the  areas 
provided for storing sludge in Ukraine are over-
crowded and do not cope with the  continuous 
flow of sediments that require additional area 
(over 120 hectares per year)  [10]. For example, 
in Kyiv and Kherson, the sediment has not been 
removed for more than 25 years, and in Smila for 
over 30 years.

The aim of the work was to study the process 
of combustion of obsolete sludge deposits in 
a  separate particle and in a  two-stage fuel com-
bustion device.

The combustion of a particle of sludge allows 
determining both the combustion process itself 
and its components: fuel ignition, flame struc-
ture, fuel burnout, and its attenuation. The  re-
sults obtained can be used in the combustion of 
fuel in various combustion methods: in a flare, 
in a bed, etc., or the creation of new combustion 
methods.

Obsolete sludge from the  city of Fastiv in 
Ukraine was used to conduct incineration ex-
periments. Before the study, obsolete sludge was 
dried (Table  1). The  initial moisture content of 
the sludge before drying was 63.1% [11]. 

Technical analysis of sludge was based on 
the  method that allows determining the  hy-
groscopic moisture, ash content, and volatile 
content [12]. 

Hygroscopic moisture was determined by 
the formula, %:

2 3
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– 100,
–

m mW
m m

= ⋅  (1)

where m1 is the mass of an empty box (with lid), 
g; m2 – weight of boxes with a sample before dry-
ing, g; m3 – weight of boxes with a sample after 
drying, g

Ash content was determined by the formula, %:
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= ⋅  (2)

where m1 is the crucible weight, g; m2 – the weight 
of the crucible with breakdown, g; m3 – weight of 
the crucible with ash, g.

The yield of volatiles was determined by 
the formula, %:
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where m1 is the  weight of the  crucible, g; 
m2 – weight of the crucible with breakdown to be 
determined, g; m3  –  weight of the  crucible after 
determination, g; Wa – analytical moisture, %.

The yield of volatiles on the combustible mass 
of fuel (with no ash and no water mass) was de-
termined by the formula, %:

100 ,
100 – ( – )

a
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=  (4)

where Va
 is the yield of volatiles, %; Wa – analyt-

ical moisture, %; Аа – analytical ash content, %.
Figure 1 shows the  appearance of obsolete 

sludge and its remains after technical analysis. 
As shown in Fig. 1, during the technical analysis, 
after the  yield of volatiles from obsolete sludge 

Fig. 1. The types of sludge and its residues after technical analysis: a – obsolete sludge, b – obsolete sludge after removal of volatile, 
c – ash obsolete sludge
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(Fig. 1b), the remaining coke residue and deter-
mination of ash content (Fig. 1c) was ash. 

The results of the technical analysis are shown 
in Table  1. As presented, the  combustible mass 
of sludge (sludge without moisture and ash) is 
58.49%. The content of volatiles for the combus-
tible mass is 66.86%. These parameters should en-
sure easy flammability of sludge and high heat of 
combustion.

The heat of combustion was determined by 
a method that corresponds to standard methods 
for solid fuels DSTU ISO 1928: 2006 ‘Solid min-
eral fuels. Determination of the  highest heat of 
combustion by combustion in a  calorimetric 
bomb and calculation of the lowest heat of com-
bustion’, GOST 147-95 (ISO 1928-76) ‘Interstate 
standard. Solid mineral fuel. Determination of 
the highest heat of combustion and calculation of 
the lowest heat of combustion’, and the European 
standard EN 14918: 2009 ‘Solid Biofuels  –  Me-
thod for the determination of calorific value’ [13–
15]. The  calorimetric complex KTS-4 (Institute 
of Engineering Thermophysics of the  National 
Academy of Sciences of Ukraine, Ukraine) was 
used to conduct a  large number of experiments 
to determine the calorific value of biofuel samples 
of different physical states  [16–23] to determine 
the heat of combustion.

The results of determining the heat of combus-
tion of sludge are presented in Table 2.

As shown, the heat of combustion of sludge is 
quite high, and its indicators are close to those of 
peat, the  fuel close to it. Thus, peat (in the state 
of delivery) has an average lower heat of com-
bustion of 15.00 MJ/kg with a volatile amount of 
42.2% [24], and sludge 11.964 MJ/kg with a vola-
tile amount of 39.11%. 

An experimental setup created for this purpose 
was used to conduct experiments on the combus-
tion of a certain proportion of sludge.

Figure 2 shows an experimental installa-
tion and its scheme for studying the  combus-
tion of a  single solid fuel particle. The  instal-
lation includes a  grate fuel holder 2 mounted 
on rack 1 and a  camera 3 for photo and video 
recording of the  combustion process of a  sep-
arate fuel particle located on the  grate holder 
(Fig.  2). The  Sony DSC-W130 camera (Sony, 
China) with the  following characteristics was 
used: focal length (mm) 5.35–21.4, focal ability 
2.8–5.8. A thermocouple was also used to meas-
ure the  temperature of combustion products. 
The  grate fuel holder was made of a  frame on 
which the wire – the grate –  is wound (Fig. 2). 
The frame was made of copper wire with a dia-
meter of 0.15  mm; the  grate, to reduce heat 
dissipation from the  fuel particles during com-
bustion, was made of constantan wire with 
a diameter of 0.1 mm, which had a  lower ther-
mal conductivity than copper.

Ta b l e  1 .  Technical analysis of sludge

Component Moisture Ww, % Ash content Аw, % Combustible mass, %
The yield of volatiles

Va, % Vc, %

Sludge 2.53 38.98 58.49 39.11 66.86

Ta b l e  2 .  Heat of combustion of obsolete sludge

Characteristic
Obsolete sludge

MJ/kg

Higher heat of combustion of the analytical sample 12.678

Higher heat of combustion in the dry state 13.124

Higher heat of combustion in the state of delivery 12.792

Lower heat of combustion of the analytical sample 11.835

Lower heat of combustion in the dry state 11.814

Lower heat of combustion in the state of delivery 11.964
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Investigation into the  combustion of indi-
vidual sludge deposits included fuel ignition, 
flame structure, fuel combustion, and attenua-
tion. In addition, the  effect of heat dissipation 
on the combustion process was studied.

A video recording of the process determined 
the  burning time of the  particle. The  temper-
ature of the  combustion products was meas-
ured directly near the  front of the  torch (Fig. 3) 
with an armoured chromel-alumel thermocou-
ple (Ukraine) with a  joint diameter of 0.1  mm. 
The  thermocouple is attached to an M-64 

millivoltmeter (Armenia). The mass of sludge par-
ticles in the experimental study ranged from 0.02 g 
to 0.25 g. The weight of the material was measured 
on scales VLR-200 and VLR-20 (Ukraine).

A burner device for two-stage fuel combus-
tion is shown in Fig. 4. The combustion process 
in the  burner device was the following: the  fuel 
burned partially, heated up to spontaneous com-
bustion temperature, and burned in the  torch 
when in contact with the oxidant. The combus-
tion process was stable and did not depend on 
the ratio of fuel and oxidant.

RESULTS AND DISCUSSION

Investigation of the  combustion process. Igni-
tion of a  separate particle of sludge was carried 
out by its intensive heating by an external heat 
source (Fig. 5). This led to the release of volatiles, 
which created a flame front around the particle of 
the zone in which the chemical reaction of the ox-
idant and fuel with the release of heat and com-
bustion products, which diffused to the  surface 
of the particle, supported its heating and ignited 
the  particle. As presented, due to the  combus-
tion of volatiles, the complete ignition of a parti-
cle weighing 0.12225 g took 1.85 s. Experiments 
showed that the  latter depended on the  particle 
mass: with increasing mass, time increased.

A study of a certain burning particle of sludge 
revealed that the  combustion process occurred 
in the  ascending convective oxidant flow behind 
the double boundary layer. As presented in Fig. 6, 

Fig. 2. Experimental installation and scheme for the study of the combustion process of a single particle of solid 
fuel: 1 – rack; 2 – grate fuel holder; 3 – camera; 4 – a frame; 5 – grate
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Fig. 3. Measurement of the torch temperature
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there is a high-temperature zone around the parti-
cle of sludge, in which the combustion of the gas 
phase is the flame front (shown in dotted lines). It 
occurs when the  particle ignites due to the  com-
bustion of volatiles 3, which move from the fuel to 
the flame front, to which the oxidant moves outside 
oxygen 1. The flame front is set in the stoichiomet-
ric ratio of the oxidant and fuel [25], and the tem-
perature in the combustion reaction zone is deter-
mined by the heat of combustion of the fuel. Thus, 
there is a normal combustion process, deflagration.

Combustion products 2 (Fig. 6) diffuse from 
the  flame front in both directions. Their main 
component is carbon dioxide СО2. The  com-
bustion process at the  flame front takes place 
between the gas phases oxidizer and fuel and is 
homogeneous.

After the  sludge particle heats up, СО2 that 
diffuses toward the  fuel particle interacts with 

Fig. 4. Burner device for two-stage fuel combustion: 1 – outer casing; 2 – internal casing; 3 – vanes; 4 – fuel supply; 5 – air supply connection
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Fig. 5. The process of ignition of a separate particle of sludge (particle weight 0.11225 g)

τ, s                        0                                   0.07                                0.87                                 1.85   

Fig. 6. The process of burning a particle of sludge on the dou-
ble boundary layer
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the  carbon surface, resulting in carbon gasifica-
tion and carbon monoxide CO, which diffuses to 
the flame front and burns out instead of volatiles. 

The formation of CO occurs during the  in-
teraction of the  gas phase and the  surface of 
the particle. As a result, the process is heteroge-
neous, and, in general, the combustion process 
occurs in the double boundary layer [26]. 

As clearly seen in Fig. 6, during combustion, the 
flame front expands and intensifies the combustion 
process due to autoturbulation. The area between 
the  solid phase and the  flame front is eventually 
filled with combustion and gasification products 

Fig. 7. Combustion of a particle of sludge

Fig. 8. Extinguishing the flame of burning of a particle of sludge

(Fig. 7), the excess of which moves upward, con-
tacts oxygen, and creates a sharp flame tail.

As the  measurements show, the  temperature 
of the  combustion products of individual parti-
cles of sludge was in the range of 690–750°C. This 
temperature does not correspond to the  heat of 
combustion of sludge; it is low due to heat loss 
into space. In the  case of group combustion of 
sludge particles (in a  torch), the  temperature of 
combustion products must be higher.

Figure 8 shows the temporal process of extin-
guishing the flame of the sludge deposits, which 
occurs due to the  burning of the  combustible 

τ, s                 1.89                              3.02                                3.86                                3.89

τ, s                       0                                  0.06                              1.16                                1.20

τ, s                       1.99                                  2.11                              2.12                                2.13
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Fig. 9. Fuel on the grate covered: a – aluminium foil, b – ash residue

Fig. 10. Fuel for combustion on the grate: a – without aluminium foil; b – ash residue

mass. At the same time, heat release at constant 
heat losses decreases, temperature decreases, and 
the speed of chemical reactions of the interaction 
of components, according to Arrhenius’s law, de-
creases accordingly. 

Given that the process of combustion of sludge 
occurs in the double boundary layer, the attenu-
ation of combustion of the particle occurs when 
reducing the speed of the heterogeneous process. 
The  latter is due to the  loss of heat to the  envi-
ronment and the  reduction of heat supply from 
the  flame front  –  a  homogeneous process. This 
slows down the gasification reaction on the sur-
face of the  particle, which gradually attenuates, 
reducing the  flame size and attenuation. As 
shown in Fig. 8, the combustion zone decreases 
over time and finally disappears when the fuel is 
extinguished.

Experiments were conducted on the effect of 
heat on fuel burnout during combustion. For this 
purpose, the  fuel was burned on a  grate holder 
covered with aluminium foil (Fig. 9) and without 
it (Fig. 10).

The results of the  experiment are presented 
in Table 3. They show that fuel particles differ in 
weight; despite the heat dissipation through the al-
uminium foil, they burn at almost the same rate.

According to the  mass ratios, the  fuel on 
the aluminium foil had to burn longer. However, 
the combustion process was completed earlier as 
a result of heat dissipation, which led to the me-
chanical underburning of fuel by almost 20%, 
while fuel burned completely when burned on 
a grate without aluminium foil. 

It is evident that the temperature of the com-
bustion products during the combustion of a par-
ticle of sludge deposits with increased heat dissi-
pation is lower by almost 30°C. 

In the complete combustion of sludge, the ash 
residue consists of oxides of calcium, magnesium, 
silicon and other mineral components (Fig. 10b), 
and in the case of incineration of many coke resi-
dues, as seen in the ash (Fig. 10b).

Experiments on the  combustion of a  sin-
gle particle of sludge showed that as a  result of 
burning sludge in the  double boundary layer, 

a

a b

b
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the burning rate per unit surface area of the par-
ticle is the same, regardless of its size. This can 
be seen from the graph (Fig. 11), where parti-
cles of different masses burn at the  same rate, 
and confirmed by the burning time of particles 
(Fig. 12): larger particles burn for a longer time.

Mechanical afterburning of fuel is great-
er in larger particles (Fig. 13). This is because 
the  size of the  surface on which the  hetero-
geneous combustion process takes place per 
unit of mass decreases with increasing particle 
mass.

Ta b l e  3 .  The effect of heat dissipation on fuel combustion

Fuel holder Initial mass 
M, g

Mechanical incomplete 
combustion q4, %

Burning speed u, 
kg/hour

The temperature of 
combustion products, °С

Burning time 
τ, s

Aluminium substrate 0.04455 19.94 7.2 690 11

Grids 0.08825 0 7.43 720 28

Fig. 11. The burning rate of sludge

Fig. 12. The burning time of sludge particles
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Torch burning of sludge. Taking into account 
the  results of the  experiments on the  combus-
tion of a certain particle of sludge, torch burning 
was carried out.

For torch burning, sludge deposits were 
ground to the  state of dust. Then, the  parti-
cle-size distribution of sludge was determined, 
which significantly affected fuel combustion ac-
cording to the method described [27].

The particle-size distribution of fuel was de-
termined by sieving the fuel on several standard 
sieves. For this purpose, sieves with hole sizes 
of 0.1, 0.315, 0.5, and 1.0 mm in diameter were 
used.

Quantitative characteristics of the  parti-
cle-size distribution are the  residues on sieves 
with different sizes of sludge particles. The total 
residue on the sieve with hole size x is denoted 
by Rx and is the ratio of the mass of fuel remain-
ing on the sieve to the mass of the whole sample.

When burning solid fuel, depending on its 
type, it is crushed to a particle size of less than 
90 microns, which makes up 95–75% of the total 
amount. As we can see from the curve of total 
residues, it shows heterogeneity in the composi-
tion of sludge; particles of the size of 0.1 mm are 
Rx = 12% (Fig. 14), while all others, coarser (up 
to 1 mm) are 88%. 

The heterogeneity of crushed fuel from 
sludge is confirmed by the  curve of fraction-
al fuel residues (Fig. 15), where the position of 

the maximum of the differential curve relative to 
the abscissa determines the most characteristic 
values of the particle size: the sharper the max-
imum, the more homogeneous the particle-size 
distribution of the fuel.

The heterogeneity of the  distribution of 
the particle size of the fuel affects its combustion 
process in the  torch. It is known and shown in 
Fig. 15 that small particles burn out in the torch 
at the  beginning when burning a  separate par-
ticle of sludge. Gas was sampled from the flare 
with a cooling sampler, and further analysis was 
performed on a  gas analyser chromatograph 
Gasochrome 3101 (Ukraine). At the same time, 
the  amount of oxygen in the  torch decreased, 
which complicated the process of burning large 
particles that burned out outside the  torch, 
which could further lead to mechanical burnout.

Figure 16 shows a  torch for burning sludge. 
The combustion process corresponds to the gen-
erally accepted process of burning solid fuel 
in a flare described above. In contrast, because 
sludge particles had a spontaneous combustion 
temperature, large particles that left the torch go-
ing beyond it burned completely. Fig. 16 shows 
the  tracks of particles that burn completely. At 
the  same time, mechanical underburning was 
absent.

The torch shown had a  thermal power of 
5  kW, the  average temperature of combustion 
products was 860°C.

Fig. 13. Mechanical underburning of sludge particles
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Fig. 14. The curve of total fuel residues

Fig. 15. The curve of fractional fuel residues
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CONCLUSIONS

Fuel characteristics of different types of sludge 
were determined and the combustion of sludge 
was studied. The  heat of combustion of sludge 
was quite high and, in its indicators, was close 
to peat, the fuel close to it. Peat has an average 
lower calorific value of 15.00  MJ/kg, and silt 
has a calorific value of 11.964 MJ/kg, 1.26 times 
lower than peat. However, the similarity of fuel 
characteristics of silt and peat, as well as their 
structure, make it possible to create composite 
fuels.

Studies have shown that the burning process 
of sludge occurs behind a double boundary layer. 
The combustion process between the gas phas-
es of the oxidizer – air oxygen and fuel – CO is 
homogeneous. That is, the  combustion process 
takes place at the  flame front, which is estab-
lished in the zone of the stoichiometric ratio of 
the oxidizer and fuel. The formation of CO oc-
curs during the interaction of the gas phase and 
the  particle surface. As a  result, the  process is 
heterogeneous. The  attenuation of sludge com-
bustion is due to a decrease in the rate of the het-
erogeneous process.

The combustion of sludge particles in the flare 
corresponds to the  generally accepted combus-
tion of solid fuel in the flare. In contrast to solid 
fuels, because the particles of sludge had a spon-
taneous combustion temperature, large particles 
that left the  torch going beyond it burned com-
pletely. At the same time, mechanical underburn-
ing was absent. The  determined curve of total 
residuals shows heterogeneity in the composition 

of silt deposits: particles of 0.1 mm in size make 
up 12%, while all other coarser particles of up to 
1 mm make up 88%.

Given the structure of sludge and the proxim-
ity of its fuel characteristics to peat, it will further 
create a composite fuel.
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PASENUSIO NUOTEKŲ DUMBLO DEGINIMO 
PROCESO TYRIMAS

Santrauka
Gamtos išteklių tvarus panaudojimas ir aplinkos ap-
saugos užtikrinimas yra neatidėliotinas žmonijos vys-
tymosi uždavinys. Ukrainoje susiduriama su sukaupto 
nuotekų dumblo problema – jis neigiamai veikia aplin-
ką, užteršdamas požeminį vandenį ir dirvožemį tok-
sinėmis medžiagomis. Daugumoje dumblo saugojimo 
vietų yra daugiau kaip 30 metų senumo dumblas, kuris 
vadinamas pasenusiu. Todėl šio darbo tikslas yra ištirti 
pasenusio dumblo deginimo procesą ir nustatyti šio 
kuro charakteristikas. Gautas dumblo savitosios degi-
mo šilumos rodiklis yra artimas durpėms ir gali būti 
naudojamas alternatyviajam kurui. Taip pat ištirtas 
atskirų dumblo frakcijų degimo procesas, kuris lėmė 
degimo trukmę ir greitį. Atsižvelgiant į gautus tam 
tik ros dumblo dalies teigiamus degimo eksperimentų 
rezultatus, buvo atliktas papildomas degimo tyrimas 
išpurškiant smulkintą dumblą degiklyje. Tyrimų rezul-
tatai parodė, kad dumblo dalelių degimo fakele proce-
sas atitinka visuotinai pripažintą kietojo kuro degimo 
fakele procesą.

Raktažodžiai: dumblas, deginimas, alternatyvusis 
kuras
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