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Abstract—The results of experimental studies of the effect of the shape of an organic water–coal fuel (OCWF)
particle on its ignition delay time and the time of its complete burnout in a hot air f low are reported. Three
most common shapes of real particles, such as spherical, ellipsoidal, and irregular-polyhedron-like, are con-
sidered. It is shown that the shortest ignition delay time and the time of complete burnout correspond to poly-
hedron-shaped OCWF particles. Conditions are identified under which this factor significantly influences
the ignition characteristics. The experiments were carried out at initial particle sizes (averaged maximum val-
ues) of 0.5–5 mm and temperatures and velocities of the oxidant f low of 600–900 K and 0.5–5 m/s, respec-
tively. The main components of the studied fuels were coal processing wastes and waste motor, turbine, and
transformer oils.
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INTRODUCTION
The priority direction of development of engineer-

ing and technology “Energy efficiency, energy saving,
and nuclear energy,” as well as the critical technologies
“Creation of efficient systems of transportation, dis-
tribution, and use of energy” and “Efficient produc-
tion and conversion of energy from fossil fuels” [1]
stress the importance of the issues of resource effi-
ciency and energy saving in our country. This aspect
motivates research and design work aimed at optimiz-
ing all stages of preparation and use of fuels for energy
production. In the first place, it is advisable to effec-
tively use fossil fuels (coal, oil, gas). It is worthwhile to
mention a large group of works (see, e.g., [2–16]) on
the development of new fuel compositions based on
coals of different brands (including low-grade). Due to
high environmental (and sometimes economic) indi-
cators in comparison with solid fuels in their initial
(coal-dust) state, coal–water fuels (CWF) and organic
coal–water fuels (OCWF) or composite liquid fuels
(CLF) are of considerable interest [7–12]. The latter
can be composed [7–12] of coal dust, process or waste
water, waste of coal and oil refining, waste oils, and
other f lammable liquids. At present, experimental
data on the ignition of such fuels are scarce, being
actually limited to those reported in [7–12]. As a con-
sequence, the necessary conditions for the effective
ignition and subsequent combustion of typical

OCWF-based compositions remain insufficiently
known.

The works [7–12] are devoted to studying the mac-
roscopic characteristics of the combustion of OCWF
at temperatures (typically below 1000 K) correspond-
ing to the operation parameters of the boilers of mod-
ern power plants. An analysis of these works and the
properties of the main components of OCWF suggests
that, in order to optimize the cost of burning of such
fuels in power plants, it is advisable to determine the
limiting (necessary) conditions and relevant charac-
teristics of sustainable ignition (in particular, low-
temperature [17, 18], or limiting initiation of the com-
bustion process at lowest possible temperatures suffi-
cient for stable ignition). Low-temperature ignition
[17, 18] is the initiation of the combustion of fuel at
temperatures (600–800 K) significantly lower than
those commonly used at power plants (typically above
1000 K). From the practical point of view, the main
advantages of low-temperature ignition is the possibil-
ity to reduce the output of nitrogen and sulfur oxides
and lower energy expenditures on the heating of the
initiating its combustion.

The main purpose of the technologies of prepara-
tion and burning of OCWF is to effectively utilize typ-
ical waste of the chemical, petrochemical, coal, trans-
portation, and other industries. Low-quality raw
materials for OCWF accumulate annually in large
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amounts. For example, only in Kuzbass, the stocks of
low-grade coal and coal slurries exceed 20–30 million
tons [19–21]. The volume of waste motor oil in the
Siberian Federal District increases by a few hundred
tons per year [19, 20]. Stocks of other possible OCWF
components also constitute tens and even hundreds of
tons in virtually every region of the country having the
corresponding industries [19–21].

The determination of the conditions of low-tem-
perature [17, 18] stable ignition of OCWF involves
solving a group tasks, from analyzing the impact of
each component on the ignition characteristics to
finding the optimal values of the basic parameters of
heat and mass transfer, phase transformations, and
chemical reactions in the OCWF drop (particle)–oxi-
dant. For example, it is useful to determine an optimal
relationship between temperature and the oxidant
flow rate and the size and shape of OCWF particles. In
the first approximation, studies can be carried out for
typical components OCWF such as filter cakes (FC),
process water (or wastewater), and waste motor, tur-
bine, and transformer oils. To analyze the effect of the
oxidant parameters, temperature and speed, it is
advisable to select somewhat wider ranges of their vari-
ation than those typical of the power industry: for
example, 600–900 K and 0.5–5 m/s, respectively.
This will set the conditions and integral characteristics
of the low-temperature (or limiting) [17, 18] ignition
of OCWF. However, the range of speeds of the oxidant
flow should be limited to values at which fuel particles
begin to be carried away by f low, which make it diffi-
cult to monitor the process. It is reasonable to select the
sizes (diameters) of drops from those typical of standard
power plant injectors (0.5 mm) to those at which the
dispersion conditions are not realized (3–5 mm) [22–
24]. The least studied (as can be judged by the works
[25–27]) is the effect of the shape of particles (drop-
lets) of composite fuels on the conditions of ignition in
the oxidant f low.

It is interesting to examine how this factor influ-
ences the conditions of the low-temperature ignition
of OCWF drops (particles). An analysis of the results
obtained in [25–27] for typical OCWF shows that,
most likely, it is appropriate to use the term “particle”
instead of “drop,” since the aggregate state of such
fuels are generally pasty (jelly-like). In what follows,
for the fuel compositions investigated, we will use the
term “particle” instead of “drop.”

The aim of the present work was to experimentally
study how the shape of the OCWF particle influences
the conditions and characteristics of its ignition in a
heated air f low.

EXPERIMENTAL FACILITY 
AND PROCEDURES

The experiments were carried out on a setup sche-
matically depicted in Fig. 1. In its main elements, it is

similar to that used in [28–31]. The OCWF particle–
oxidant f low system was considered (Fig. 1).

The main components of various OCWF composi-
tions were offals (FC) of coal processing (Tables 1–3.)
from the “Severnaya,” “Kaltanskaya-Energeticheskaya,”
and “Chernigovskaya-Koksovaya” coal enrichment
plants in the Kemerovo region. This approach made it
possible to draw appropriate conclusions on the char-
acteristics of the ignition of wastes of processing of
solid fuels with significantly different properties [32–
34]. All the FC had a jelly-like structure. These sub-
stances are a byproduct of coal beneficiation, whereby
coal rock is washed with water containing surfactants.
Water used for washing the rock is fed into special con-
tainers, where fine coal particles precipitate. Coal–
water slurry is then pumped out and passed through
press filters for water extraction. The moist residue (a
mixture of water and coal) is known as filter coal. The
average size of the coal dust particles in FC does not
exceed 100 μm.

OCWF are prepared from liquid combustibles
(Table 4), such as waste engine, turbine, and trans-
former oils. The components of different composi-
tions were mixed for 10 min using a MPW-324 labora-
tory homogenizer.

The methodology of studying the integral charac-
teristics of the ignition process included the following
steps. An OCWF particle was heated in an air f low
generated in quartz cylinder 1 with a length of 1 m and
an internal diameter of 0.1 m (Fig. 1). The temperature
Tg and speed Vg of the oxidant were varied within 600–
900 K and 0.5–5.0 m/s, respectively, with blower 2
and heater 3. The value of Vg was determined at an oxi-
dant temperature of ~300 K using a UnionTest AN110
anemometer with a permissible systematic error of
0.05%. Preliminary experiments were carried out
(assessments) at a f low rate above 10 m/s showed that
OCWF particles are carried away from holder 4 (junc-
tion of low-inertia thermocouple) within a few milli-
seconds. Even the use of a high-speed video camera
(105 frames/s) has not enabled to determine the igni-
tion delay time, since the particle f lew throughout a
1-m-long channel within a time tens times shorter
(less than 0.1 s) than the ignition delay time. Such pro-
cesses can only be studied in channels longer than
10 m, which are difficult to build in a laboratory. To
record the ignition of moving particles, it would be
necessary to use high-speed tracking systems and
premises for their accommodation severalfold larger
than the combustion camera (channel). In addition,
the characterization of the ignition of a moving fuel
particle involves large uncertainties in measuring the
delay time, more specifically, it is difficult to identify
conditions under which slow smoldering decay or
intense heterogeneous combustion is realized.

Cylinder 1 (Fig. 1) had three technological holes
located at the sidewall 0.4 m apart along the symmetry
axis. The first and third holes, as countered in the
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direction of the air f low, were used to mount chromel-
alumel thermocouples 5 (measuring within 273–1373 K
with a systematic error of 3 K and a time constant of
less than 10 s). Through the second hole, a 0.1-mm-
diameter-junction platinum-rhodium–platinum ther-
mocouple 4 (measuring within 273–1873 K to ±1 K with
a time constant less than 1 s) was introduced into the
cavity of cylinder 1 with coordinate mechanism 7 at a
speed of 0.5 m/s. The signals from transducers 4 and 5
were fed into recorder 6 and used for monitoring the
temperature Td of fuel particle 8 the oxidant tempera-
ture in the respective sections of cylinder 1.

OCWF particles were generated with a doser (with
minimum and maximum volumes produced of 1 and

10 μL, respectively, and a dosing step of 0.1 μL). Using
special dosing tips, particles of three shapes (spherical,
ellipsoidal, and irregular polyhedron) under different
operational modes (instantaneous f low rate, f low rate
of supply of the composition, etc.) could be prepared.
A particle was considered to be a irregular-shaped
polyhedron if it had several (typically 5–7) well-pro-
nounced vertices and faces. Before the experiment,
the test particles were weighed using ViBRA HT
84RCE analytical balance.

A Phantom Miro M310 video cameras 9 (Fig. 1),
with a filming speed of over 3000 frames/s and a full
resolution of 1280 × 800 pixels) recorded the processes
occurring during the induction period. Analyzing the

Table 1. Main characteristics of filter cakes (FC)

Sample Mass fraction of dry coal, %  MJ/kg

FC (wet) prepared from bituminous coal of grade “K,” “Severnaya” 
coal enrichment plant, Kemerovo region

56.5 14.03

FC (wet) prepared from bituminous coal of grade “T,” “Kaltanskaya-
Energeticheskaya,” Kemerovo region

60.9 16.4

FC (wet) prepared from bituminous coal of grade “SS,” “Chernigov-
skaya-Koksovaya” coal enrichment plant Kemerovo region

62.1 9.46

a
s ,Q

Fig. 1. Schematic diagram of the experimental setup: (1) hollow quartz glass cylinder, (2) blower, (3) heater, (4) low-inertia thermo-
couple, (5) thermocouple, (6) recorder, (7) coordinate mechanism (8) OCWF particle, (9) high-speed video camera, (10) cross-cor-
relation camera, (11) two-pulse solid-state laser, (12) laser radiation generator, (13) synchronizer, and (14) personal computer.
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data from recorder 6 and video camera 9 made it pos-
sible to determine the time evolution of the tempera-
ture Td during the successive stages of the ignition of
OCWF particles. The Tema Automotive specialized
software [35, 36], incorporating an algorithm of con-
tinuous tracking of the videorecording area was used to
determine the characteristic size of particles 8 and

their position relative to the junction of low-inertia
thermocouple 4, as well as specific features of the igni-
tion of fuel compositions. Processing of images to
determine the particle size involved measuring four
maximum sizes (irrespective of particle shape). For
spherical particles, their diameters were determined.
For ellipsoidal and polyhedron-shaped particles, axes

Table 4. Basic characteristics of waste oils

Sample
Density at 293 К, 

kg/m3 Humidity, % Ash content, % Flash 
temperature, K

Ignition 
temperature, K

Heat of 
combustion, 

MJ/kg

Waste motor oil 871 0.28 0.78 405 491 44
Waste turbine oil 868 – 0.03 448 466 44.99
Waste transformer oil 877 – – 421 442 44.98

Table 2. Results of technological analysis of FCs and coals

Sample Wa, % Ad, % Vdaf, %  MJ/kg

FC (dry) prepared from bituminous coal of grade “K,” 
“Severnaya” coal enrichment plant, Kemerovo region

– 26.46 23.08 24.83

Bituminous coal of grade “K,” “Severnoe” coal field, 
Kemerovo region

2.05 14.65 27.03 29.76

FC (dry) prepared from bituminous coal of grade “T,” 
“Kaltanskaya-Energeticheskaya,” Kemerovo region

– 21.20 16.09 26.92

Bituminous coal of grade “T,” “Kaltanskii” coal strip 
mine, Kemerovo region

2.89 18.07 15.07 27.65

FC (dry) prepared from bituminous coal of grade “SS,” 
“Chernigovskaya-Koksovaya” coal enrichment plant, 
Kemerovo region

– 50.89 30.16 15.23

Bituminous coal of grade “SS,” “Chernigovets” coal 
strip mine, Kemerovo region

2.76 21.68 27.40 26.23

a
s ,Q

Table 3. Results of elemental analysis of FCs and coals

Sample Cdaf, % Hdaf, % Ndaf, % Sdaf, % Odaf, %

FC (dry) prepared from bituminous coal of grade 
“K,” “Severnaya " coal enrichment plant, Kemerovo 
region

87.20 5.090 2.05 1.022 4.46

Bituminous coal of grade “K,” “Severnoe” coal 
field, Kemerovo region

79.79 4.486 1.84 0.868 12.70

FC (dry) prepared from bituminous coal of grade 
“T,” “Kaltanskaya-Energeticheskaya”, Kemerovo 
region

90.13 4.255 2.31 0.441 2.77

Bituminous coal of grade “T,” “Kaltanskii” coal 
strip mine, Kemerovo region

87.97 4.104 2.23 0.526 5.03

FC (dry) prepared from bituminous coal of grade 
“SS,” “Chernigovskaya-Koksovaya” coal enrich-
ment plant, Kemerovo region

87.47 5.039 2.15 0.444 4.77

Bituminous coal of grade “SS,” “Chernigovets” coal 
strip mine, Kemerovo region

77.30 4.783 1.93 0.326 15.32
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were drawn through the conventionally fixed center of
mass at an angle of 45° (with a step relative to one
another), and the maximum size of the particle was
determined along each axis, after which algebraic aver-
aging was performed. In this manner, the average values
of the maximum sizes Dd of the particles were calculated.
The initial sizes Dd ranged within 0.5–5.0 mm. The sys-
tematic error in determination of Dd at an appropriate
resolution of high-speed videorecording did not
exceed 4%. Controlling the process of enveloping the
thermocouple junction with the OCWF film, with a
permissible uncertainty in the film thickness is not more
than 10% relative to the mean, makes it possible to rea-
sonably claim that the centers of particle 8 and junction 4
coincide (Fig. 1). In the first approximation, the
recorded data correspond to the temperature Td at the
center of the fuel composition particle. The systematic
errors in determination of Td and Tg for the channels
comprised of thermocouples 4 and 5 and recorder 6, were
below 0.2 and 0.3%, respectively.

A time-lapse analysis of the videorecordings (at a
rate of 1000 frames/s) of the processes under study
enabled us to establish the instants of initiation and
combustion termination, as well as the corresponding
values of the ignition delay time td and the time of
complete burnout tc of the OCWF particle, counted from
the moment particle 8 enter channel 1. The systematic
error in determination of td and tc was 0.5 × 10–3 s. The
events were identified according to a program in the
image trigger mode. The tracking algorithm con-
trolled the intensity (from 0 to 255) of shades of gray
(from black to white) in the videorecording area. The
combustion of the sample corresponded to an inten-
sity range of 220–255. The moment of ignition is
defined as the timing of first detection of a value from
this range in any point located within the contour of
the particle during the induction period. After com-
bustion completion, the moment of decrease of the
intensity at all points of the particle image to the value
corresponding to the lower limit of the combustion
range (less than 220) was fixed. An analysis of the data
(values of td and tc) and their comparison with the cor-
responding results on the change with time of the tem-
perature of the particles (Fig. 2) made it possible to
formulate criteria of initiation and termination of
combustion. The ignition sets in when the following
two conditions are met: the temperature of the particle
exceeds the temperature the heating source (heated air
f low, Td > Tg) and the rate of change of particle tem-
perature dTd/dt exceeds 10 K/s. The end of the exo-
thermic process is characterized by the reduction of
the temperature of the solid residue to the temperature
of the oxidant (Tg ±  where  is the max-
imum temperature of the particles during the combus-
tion process).

To determine the specifics of the oxidant f low
around the OCWF particle when its shape changes,

max
d0.05 ,T max

dT

particle image velocimetry (PIV) experiments were
performed [37–41]. For this, special tracers were
introduced into the air f low. Similarly to the experi-
ments carried out in [28–31], 80- to 100-nm titanium
dioxide particles were added. During the movement in
the cavity of cylinder 1, the trajectory of the tracer par-
ticles corresponded to that of the air f low, which made
it possible elucidate how the OCWF particle interacts
with the heating source. To perform PIV measure-
ments, cross-correlation camera 10 and two-pulse
solid-state laser 11 were positioned near the particles,
perpendicular to each other. The main elements of the
cross-correlation videorecording system and the
parameters of their operation were similar to those
presented in [28–31]. The instantaneous field of oxi-
dant f low velocity near the OCWF particle was mea-
sured by recording the movement of tracer particles
within a fixed time interval. The measurement area of
the dispersed f low was the laser knife plane dissecting
the particle along its axis of symmetry. The tracer par-
ticles were repeatedly illuminated. Their images were
recorded by the digital cross-correlation video camera.
The subsequent processing of the images enabled to
calculate the displacements of the tracer particles
within the time between illuminations [37–41]. A
detailed description of the method for calculating the
velocity field of a gas flow with tracers is given in [30, 31].
According to the recommendations given in [30, 31],
the concentration of tracer particles in the oxidant
flow was 0.001–0.0012 m3 per m3 of gas. After refine-
ment of the tracer velocity field near the OCWF parti-
cle, the main series of experiments on the ignition of
OCWF particles (without adding tracer particles to the
oxidant f low) were performed. In these experiments,

Fig. 2. Typical time evolution of the temperature of an
ellipsoidal OCWF particle (95% FC (wet) prepared from
bituminous coal of grade “K” + 5% waste motor oil) in the
course of its interaction with the heating source at Tg = 870 K,
Vg = 5 m/s, and Dd = 3 mm.
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the cross-correlation videorecording elements were not
used. The maximum systematic error in determining
the oxidant velocity by PIV did not exceed 0.06 m/s (the
elements of the cross-correlation instrumentation
were tuned as described in [28–31]).

RESULTS AND DISCUSSION

Figure 3 shows typical images of a particle of one of
the tested fuel compositions during its ignition and
subsequent combustion in the oxidant f low. Observa-
tion by means of high-speed videorecording made it
possible to identify the following stages of this process:
reactionless heating of the OCWF particles; evapora-
tion of moisture from its surface layer (accompanied
by a reduction in its size and the change of the appear-
ance of its surface from gloss to matt); intense evapo-
ration of the liquid fuel component; transport of the

thermal decomposition products of the coal organics;

their heating, mixing, and intense gas-phase oxidation

in the hot air; combustion of volatiles and evaporated

flammable liquid; and heating and heterogeneous igni-

tion of carbon and its burning to form an ash residue.

The corresponding stages were identified according to

the temperature Td, which characterizes the absorption

or release of energy in the fuel particle–air system.

The durations of the process seen in Fig. 3 for

OCWF particles of different shapes make it possible to

estimate the durations of the individual stages. These

varied within 20–35% relative to the average values for

the tested formulations (under identical conditions of

heat transfer). However, the sequence of the stages

persisted. This result enables to conclude that the

overall mechanism of initiating the combustion of

OCWF for different particle shapes and compositions

Fig. 3. Videorecordings of the heat-up, ignition, burning, and extinction of (a) spherical and (b) irregular-polyhedron-shaped
OCWF particles (95% FC (wet) prepared from bituminous coal of grade “T” + 5% turbine waste oil) at Tg ≈ 870 K and Vg ≈ 3 m/s.
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of the formulation in the above conditions of interac-
tion with the oxidant f low.

The experiments with particles of different shapes
(spherical, ellipsoidal, irregular polyhedron) have
shown that the configuration of the surface produces a
significant effect on the duration of almost all of the
identified stages of the studied processes. In particu-
lar, the results presented in Fig. 4, obtained using the
PIV method, illustrate the specifics of the oxidant
flow around an OCWF particle.

For smooth-surface particles (spherical and ellip-
soidal), the incoming f low separates occurred at the
“equator” of the particle, which was accompanied by
the formation of vortices behind the particle in the
entire range of velocities Vg, from 0.5 to 5 m/s. In this

zone, the air f low velocity (Fig. 4) was found to be sub-
stantially lower. For rough-surface particles (in partic-
ular, a polyhedron), the f low separation occurred near
the frontal local zones of deceleration corresponding
to the protrusions from the surface of the fuel particle.
At the same time, local vortices arose near the rear side
of the projections, with the subsequent formation of
the main vortex behind the particle along the direction
of the f low. The established specifics of the interaction
of particles of different shapes with a hot air flow makes
it possible to analyze the impact of this factor on the
characteristics of the ignition of OCWF particles, such
as the location of the combustion zone (if any) of the gas
mixture (vapors, volatiles, and oxidant), the zone of
ignition of the carbonaceous residue of the particle, and
the delay time of ignition of the latter.

Heating the OCWF particle initiated the evapora-
tion and thermal decomposition of its solid and liquid
components. These two processes occurred more
intensely on the frontal side of the particle and less
intensely, on the rear side, in the region of lower air
f low rates (Fig. 4). The vapor and volatiles released
were partially carried away by the f low, with the max-
imum concentration of combustible gas mixture being
achieved in the area of formation of vortices near the
rear side of the particle. In some experiments, a gas
mixture f lame was observed in this area.

Because of the evaporation of moisture and release
of volatiles, in a small area on the frontal surface of the
particle, the conditions for the ignition of the carbona-
ceous residue were achieved (Fig. 3). The combustion
front propagated over the surface of the particle in the
direction of movement of the air f low. The conditions
for the propagation of the combustion front and burn-
out of the carbon residue were identical for the parti-
cles of different shapes, in contrast to the initial stage
of the process.

Irregularly shaped particles are characterized by
shorter ignition delay times (Fig. 5). This result can be
explained by a more intense heating of the individual
projections of rough-surface particles. In contrast to
particles with smooth surface, such protrusions facili-
tate the process of ignition. The duration of the heat-

Fig. 4. Image of (a) spherical, (b) ellipsoidal and (c) irreg-
ular-polyhedron-shaped OCWF particles (95% FC (wet)
prepared from bituminous coal of grade “K” + 5% waste
transformer oil) (left) and the air f low velocity distribution
(right) nearby.
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Fig. 5. Dependences of the ignition delay time on the ini-
tial size of OCWF particles of the following compositions:
(a) 95% FC (wet) prepared from bituminous coal of grade
“K” + 5% waste motor oil; (b) 95% FC (wet) prepared
from bituminous coal of grade “T” + 5% waste motor oil;
and (c) 95% FC (wet) prepared from bituminous coal of
grade “SS” + 5% waste motor oil. Tg ≈ 870 K, Vg ≈ 5 m/s.
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up of an individual projection until the carbonaceous
residue is ignited is significantly shorter than the dura-
tion of the induction period before the formation of
local zones of ignition of spherical and ellipsoidal par-
ticles. This result can be explained by the fact that, for
such particles, in contrast to rough-surface particles,
characterized by an intense heat f lux from the heating
zone of the near-surface layer into the bulk of the par-
ticle, which leads to an increase in the duration of the
reactionless heating stage.

With increasing size of the OCWF particle, the
above effects its shape on the ignition characteristics
become more pronounced. This is due to an increase
in the aerodynamic forces acting on the particle, a rise
in the mass f lux of f lammable liquid vapors and ther-
mal decomposition products from its surface, and an
increase the rate of their chemical interaction with the
oxidant f low.

It is found that, large-size particles, combustion
can be initiated at lower temperatures of the heat
source as compared to small particles (e.g., for 1.5-mm
particles, the minimum temperature required for
their ignition is by 70–90 K lower than that needed
for 0.5-mm particles). Along with this, under identical
heating conditions, small particles ignite more quickly
(with a shorter delay) as compared to larger particles
(Fig. 5). An analysis of videorecordings of the experi-
ments performed suggests that this is due to the pecu-
liarities of the formation of local ignition zones in the
near-surface layer of small particles. With increasing
size Dd increases the mass f lux from the surface of

thermal decomposition products and vapors of liquid
components. This increases the concentration of com-
bustible gases in the near-surface layer of the OCWF
particle. Particles with small Dd are characterized by

shorter reaction less heat-up inert times. However, the
concentration of f lammable gases released from small
particles is insufficient for sustained ignition. In exper-
iments with particles with Dd ≤ 0.5 mm, local ignition

hotspots are formed in the initial stage of heating with-
out initiation of the stable combustion of OCWF. Vid-
eorecordings of the process have shown that volatiles
and vapors of combustible and incombustible liquids
are entrained by the oxidant f low more rapidly than in
the case of large particles. These processes hamper the
ignition of fine OCWF particles at relatively low tem-
peratures, at which large particles are ignited.

It was also found that the effect of particle shape on
the ignition characteristics of OCWF might be pro-
nounced or rather moderate, depending on the com-
position of the fuel (Fig. 5). The experiments per-
formed have shown that this feature is due to the influ-
ence of the properties of the corresponding coal
components of the OCWF (Tables 1–4) at the stage of
ignition: FC of brand “K” is characterized by a fairly
similar humidity, small ash content, and the highest
content of volatiles as compared to brands “T” and
“SS”; the content of volatiles is a decisive factor in ini-
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tiating the process of combustion. In particular, when
using FC produced from bituminous coal of grade
“K,” the influence of the particle shape is quite signif-
icant (in Fig. 5a; variations in the time td reach 30% for

the considered shapes). For compositions based on
FC prepared from bituminous coal of grades “T” and
“SS,” such variations do not exceed 10–15%.

The td = f(Tg) dependences in Fig. 6 show that, with

increasing temperature of the oxidant and increasing
heat transfer intensity, the effect of particle shape on
the integral characteristics of the ignition of OCWF
diminishes. This result suggests that, for OCWF to be
applicable in the power industry, it is advisable to use
specialized sieves and devices for modifying the surface
of the particles (imparting them shapes of irregular
polyhedra) so as to make them burn at the lowest (in
sustainable ignition range) possible temperature, or
ignite them at higher temperatures (e.g., 900–1200 K),
at which the role of the shape factor is insignificant.

For the dependence displayed in Figs. 5 and 6, the
following approximation expressions were obtained:

—for a composition containing 95% FC of brand
“K” + 5% waste motor oil

td = 2.3  1 ≤ Dd ≤ 2.5 mm (sphere), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

td = 1.81  1 ≤ Dd ≤ 3 mm (ellipsoid), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

td = 1.39  1 ≤ Dd ≤ 4 mm (polyhedron), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

—for a composition containing 95% FC of brand
“T” + 5% waste motor oil

td = 2.21  0.5 ≤ Dd ≤ 3 mm (sphere), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

td = 1.89  0.5 ≤ Dd ≤ 2.3 mm (ellipsoid), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

td = 1.59  0.5 ≤ Dd ≤ 2.5 mm (polyhedron), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

—for a composition containing 95% FC of brand
“SS” + 5% waste motor oil

td = 2.97  0.5 ≤ Dd ≤ 3.5 mm (sphere), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

td = 2.61  0.5 ≤ Dd ≤ 3.5 mm (ellipsoid), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

td = 2.04  0.5 ≤ Dd ≤ 3.5 mm (polyhedron), 

Tg ≈ 870 K, Vg ≈ 5 m/s;

—for a composition containing 95% FC of brand
“K” + 5% waste motor oil

td = 5 ⋅ 1010  670 ≤ Tg ≤ 870 K (sphere), 

Dd ≈ 1.5 mm, Vg ≈ 5 m/s;

td = 5 ⋅ 1011  670 ≤ Tg ≤ 870 K (ellipsoid), 

Dd ≈ 1.5 mm, Vg ≈ 5 m/s;

td = 3 ⋅ 1012  670 ≤ Tg ≤ 870 K (a polyhedron) 

Dd ≈ 1.5 mm, Vg ≈ 5 m/s;

td = 5.29  0.5 ≤ Vg ≤ 5 m/s, 

Dd ≈ 1.5 mm (sphere), Tg ≈ 670 K;

td = 4.15  0.5 ≤ Vg ≤ 5 m/s, 

Dd ≈ 1.5 mm (ellipsoid), Tg ≈ 670 K;

td = 2.9  0.5 ≤ Vg ≤ 5 m/s, 

Dd ≈ 1.5 mm (polyhedron), Tg ≈ 670 K.

The dependencies of the ignition delay time on of
the three main parameters of the processes (Tg, Vg, and

Dd) suggest the oxidant f low rate is the least influential

factor. This result is important, since it demonstrates
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Fig. 6. Dependences of the ignition delay time of an
OCWF particle (95% FC (wet) prepared from bituminous
coal of grade “K” + 5% waste motor oil) on the (a) tem-
perature at Vg ≈ 5 m/s and (b) air flow velocity at Tg ≈ 670 K;
Dd = 1.5 mm in both cases.
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the possibility of fairly substantially optimization of
OCWF combustion technologies (due to lower expen-
ditures on the formation of the oxidant f low and its
acceleration). That the effect of Vg is smaller is due to

the relevant specific feature of the influence of con-
vective and radiative heat f luxes at the fuel particle–
oxidant interface. Theoretical evaluations based on the

expressions qc = α(Tg – Ts) and qr = εσ(  – ) show

that at Tg = 650 K, values of qr may exceed qc nearly

1.3- to 1.5-fold. With increasing Tg, the difference

between qr and qc grows nonlinearly. In particular, at

Tg = 900 K, qr is greater than qc by a factor of 2–3.

The above estimates of the influence of the shape
of the particle on the conditions and characteristics of
its ignition enabled us to establish their close correla-
tion with the aerodynamic drag coefficient kg for the

corresponding configurations [42–44]. In particular,
the values of this parameter [42–44] were found to be
0.47 for a sphere, 0.53 for an ellipsoid, and 0.83 for an
irregular polyhedron. For example, for the low tem-
perature ignition of an OCWF containing waste motor
oil (at an oxidant temperature of 650–800 K), the dif-
ferences td values of td for spherical and ellipsoidal par-

ticles constitute on average 10–14%. The values of kg

for these shapes differ by almost 13%. The values of kg

for irregular-polyhedron-shaped and spherical parti-
cles may vary by 35–45%. Experiments with thus
shaped OCWF particles showed that the values of td at

Tg = 800–900 K, for example, for these configurations

differ by 30–40%. At lower values of Tg, the difference

reached 60%. These features illustrate how the igni-
tion delay time of OCWF particles of different shapes
can be predicted in a simple way by using the respec-

4

gT 4

sT

tive values of kg and known values of td for one of the

shapes. Note, however, that this approach can be used
only at Tg < 800 K, since in this case the duration of the

reactionless heat-up of the OCWF particle constitutes
a large fraction of td (about half). With increasing Tg,

this effect becomes less important, so that the time td

can be evaluated based on known kg only with a rather

large uncertainty.

The temperature dependences displayed in Fig. 7
demonstrate the decisive contribution of the ignition
delay time (Fig. 6a) to the time of complete burnout
(tc) of OCWF particles. It is rather clearly seen that the

time td determines the monotony of the relevant

dependences of the time tc. The experiments showed

that, at oxidant temperatures above 800 K, the dura-
tion of the reactionless heat-up of the particles before
the active stage of its ignition is comparable to the total
time of combustion. Therefore, the contribution of td

to tc turns out to be somewhat reduced. At lower tem-

peratures, the value of td constitutes 50–75% of the

time tc. This shows the paramount importance of the

individual stages of the ignition of OCWF ignition in
studying of their combustion.

CONCLUSIONS

(1) The ignition delay times for irregular-polyhe-
dra-shaped particles are shorter as compared to spher-
ical and ellipsoidal particles.

(2) The effect of shape of the OCWF particle on its
integrated ignition characteristics is significant at Tg <

800 K and Dd < 3 mm.

Fig. 7. Time of complete burnout of OCWF particles (FC 95% (wet) prepared from bituminous coal of grade “K” + 5% waste
motor oil) on the air f low temperature at Vg ≈ 5 m/s and Dd = 1.5 mm.
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(3) The shape of the OCWF particle may substan-
tially affect not only the times td and tc, but also the

ignition mechanism. In particular, irregular-polyhe-
dron-shaped particles are prone to disintegration, fol-
lowed by the ignition of detached OCWF fragments.

(4) To minimize the expenditures on the burning of
OCWF in power plants, it is advisable to use special-
ized devices (e.g., sieves or gratings) for preparing
irregular-polyhedra-shaped particles.

(5) The effects observed extend the current under-
standing of the process of OCWF ignition. These
effects can be used in developing appropriate models
of heat and mass transfer in the conditions of phase
transitions and chemical reactions.
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