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Abstract: This paper presents an original method for the micronization of coal particles in a hydro-jet
mill, which allows effective comminuting of coal in the pressure range of 100–250 MPa, at a variable
water flow rate of 0.2–0.5 dm3/s. The discussed high-pressure water jet mill (HPWJM) allows the
comminution of standard fines, with a grain size up to 2 mm, and at a relatively high comminuting
efficiency of 8 to 55 g/s. In addition, the paper presents energy-consumption ratios, and indicates the
advantage of this method over mechanical grinding in a planetary ball-mill. At optimum conditions,
coal comminution at an efficiency of Qc = 38.4 g/s and at an energy input of EH = 1.1 MJ/kg
provides an average particle size of about 40 µm. The degree of comminution was further improved
by applying roto-turbulent micronization, which resulted in an average size of comminuted coal
particles of only 17 µm. As an additional result, the actual surface area of the particles increased by
10–30 thousand times when compared to ground fines—this fact is of significance for the application
of micronized particles in quasi-liquid coal-water fuel.

Keywords: coal comminution; coal micronization; hydro-jet mill; high-pressure water jet

1. Introduction

Until recently, hard coal has been widely used as the basic fuel in various industries.
It is also the dominant fuel in the municipal power generation industry, which employs
diversified technical solutions in a number of various heating systems. Specific examples of
industrial uses of coal include the most energy-intensive branches of the steel and cement
industries [1].

As hard coal is a non-renewable source of energy, its more environmentally friendly
applications are currently being sought. However, the industrial conversion of coal is
neither easy to implement nor economically beneficial. This fact is well-exemplified by
the production of synthetic gasoline by using the SASOL method, which, after nearly
100 years, has become only moderately disseminated [1], and only in countries with limited
economic alternatives. The case of underground (in situ) coal gasification is even less
promising. Despite regular declarations from experts, such processes have not been (for
safety reasons) implemented in industry-scale extraction since the early 1930s. However,
efforts are still being made worldwide and in Poland [1,2] to find an effective method
for carrying out such activities with the use of clean coal technologies [3] or of slurry
fuels produced underground in power coal beds in order to ensure safe coal gasification
processes [4].

There are also increasing efforts to use coal to produce a more ecological type of
fuel. The production of coal-water slurry (CWS) fuel can be a good example of such
attempts [5–7]. However, meeting such needs requires improved methods for efficient coal
comminution [8–11] and for appropriate coal sorting—such that would depend on and
allow for its future application [12].
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However, considerations of various coal conversion or modification methods should
be based on an in-depth knowledge of the global resources of this relatively cheap and
widely available fuel [13]. Avoiding significant errors is possible only by relying on proven
and accepted methods of coal sampling and testing [14], as well as on comprehensive
forecasts of its energy usefulness [15]. A proper qualification of coal with a view to its
appropriate technical application requires not only multi-aspect analyses of those of its
characteristics which facilitate micronization, but also extensive investigations of their
synergistic effect on the efficiency of the combustion process [16], and also examinations of
other technological properties of this fuel [8]. Such analyses should importantly include the
structure and petrography of coal, as well as its technological properties [17]. Due to the use
of a high-pressure water jet and various procedures performed in a water environment, it is
important to appropriately separate the particles of the pulverized coal from the excessive
technological water [18].

While taking into consideration the above conditions and requirements, a thorough
analysis should also be carried out on the one hand into the usefulness of the currently used
industrial mining equipment [19] and its modernization potential in terms of pneumatic
and especially water segregation of both coal particles [20] and fines of the smallest size [21],
and on the other hand into the chemical treatment of the surface of coal particles [22]. One
of the key issues in this context includes the possibility of using multistage rotary pneu-
matic devices [23] for the micronization of coal particles and the technology of producing
nanoparticles with the use of a high-pressure water jet [24]. All of the above aspects may
have a decisive influence on the future of the coal mining industry worldwide [25].

Research on an original method of coal grinding with the use of high-pressure hydro-
jet technologies was preceded by a meticulous analysis of all the designs of such equipment
used for the comminution of brittle materials, and in particular of coal. This analysis
included not only the earliest designs [26–28], which served as a basis to perform our own
preliminary research [10], but also similar equipment built in China [29–32]. The analyzed
subsequent designs included equipment for ultra-pure coal micronization with the use
of a high-pressure water jet [33] and of coal-water slurry flowing through a labyrinth-
shaped comminuting channel [34]. The review also covered other coal micronization
devices [6,35], as well as a test rig developed for investigating cavitation-supported hydro-
jet comminution of coal for the production of ultrafine coal particles [36,37], together with
its technical characteristics presented in [38]. Consideration was also given to [39], which
offers a detailed and comprehensive description of the methods for the fabrication and
processing of various fine particles. Based on this prior knowledge and experience, an
original design of a hydro-jet mill was developed [11,40].

Tests performed as part of the defined research program demonstrated the usefulness
of a vibrating mill in the micronization process of two types of coal fine [7], intended for
the production of CWS fuel. They also confirmed a positive effect of the comminution
degree of brittle materials on the shape of their particles under mechanical grinding in
an electro-hydraulic mill [41]. On the other hand, the tests showed a limited usefulness
of ultrasound treatment for coal comminution in an aqueous environment [42]. Still, the
usefulness of a fractal model to characterize the degree of the particle size distribution of
coal [37] comminuted in a hydro-jet mill was positively evaluated.

Due to the use of high-pressure hydro-jet coal comminution technologies, research
into the energy of such hydrodynamic water strokes [43–45] plays an important role in
analyzing the mechanism of coal comminution [43]. This mechanism is complex and
involves a number of phenomena. As the water jet hits the particles of the comminuted
material, it penetrates their fracture system, causing tensile stresses to develop inside the
particles [26,33]. Coal is several times less resistant to such stresses than to compressive
stresses, which are dominant during the process of grinding in mechanical mills. Under
the pressure of a hydraulic wedge, these fractures propagate relatively easily, causing the
particles of such a material to disintegrate. Therefore, the most interesting comminution
results are observed when the mechanical impact is applied simultaneously with the impact
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of a high-pressure water jet [29,33], which is the case in a hydro-jet mill [10,30,32]. The
application of a high-pressure water jet is thus advantageous in the disintegration process
of brittle minerals [27], especially of hard coal [11,16], in which it induces the formation of
multiple fractures [35,43] adequate to its lamellar structure [17].

For these reasons, water jet methods of milling brittle materials [29,30] and especially
coal [31] were analyzed carefully, which has indicated a need for implementing an alter-
native, original technology based on a high-pressure water jet. These investigations are
intended to offer a technology which would allow the production of fuel from pulverized
coal in a water slurry [5] or in such low-viscosity energy liquids as methanol or oils [28].

This article discusses the usefulness of the high-pressure water jet method in the
comminution of hard coal and of roto-turbulent micronization in its processing into new-
generation, coal-water, pro-ecological fuels.

2. Mineralogical Characteristics of Hard Coal

This research was performed for the case of hard coal. The material is a sedimentary
rock of plant origin, formed mainly in the Paleozoic era from plant remains which were
carbonized in the absence of oxygen. It has a black color and a dull luster. Coal rock
contains 75–97% carbon, 2.5–5.5% hydrogen, 2.5–18% oxygen, as well as traces of sulfur
and nitrogen and other minerals, including water (1–8%). The calorific value of pure
elemental coal is 33.2 MJ/kg, and in the case of hard coal, it ranges from 16.7 to 29.3 MJ/kg,
depending on the ash, sulfur, and moisture content.

Until about 10 years ago, hard coal was a commonly used fuel in Poland [3], and
its annual output was about 75 million metric tons. As an energy source of this type,
hard coal is classified as a non-renewable source and therefore more environmentally
friendly applications are currently being sought for it. One of the future directions of its
application is the production of coal-water slurry (CWS)-type fuels [5,6]. This application
requires hard coal particles to be comminuted to a substantial degree and transformed into
a homogeneous water suspension. Such a fuel can be ecologically combusted, not only in
power boilers [5] but also in experimental combustion engines [6], while ensuring several
times lower emission levels of such harmful compounds as SO2 and NOx.

The material investigated in the present study was typical fines. The particle size
percentage composition of such fines is shown in Figure 1.
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3. Equipment and Research Methodology

Prior experience [11,27,28,32] allowed a simulation of the functioning of the main
components of the hydro-jet mill. On this basis, a vertical mill design was selected, as it
offered the most advantageous operating characteristics. The design served to develop and
build an original prototype of a vertical hydro-jet mill. The prototype of this mill, together
with a high-pressure hydraulic monitor based on the Hammelmann HDP 164 pump, are
the main units of the research installation designed for the comminution of coal (Figure 2).
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water inlet, 2—raw coal inlet, 3—water nozzle, 4—comminuting nozzle, 5—homogenizing nozzle, 6—comminuting disk,
7—shredding chamber, 8—coal slurry outlet.

Basic efficiency tests of hydro-jet comminuting of hard fine coals were performed
under the following conditions:

• Nominal water jet pressure, p = 100, 150, 200, and 250 MPa.
• Water nozzle diameter, dw = 0.6, 0.7, 0.8, 0.9, and 1.0 mm.
• Type and diameter of the comminuting nozzle made by Kennametal: nozzles type

TL (with conical-cylindrical opening), dc = 1.57, 2.4, and 3.4 mm, and nozzle type TR,
with a larger cone and a stepped opening edge having diameter, dc1 = 2.4 mm.

• Homogenizing nozzle length (with the opening diameter, dh = 4.5 mm), l = 100, 150,
200, and 250 mm.

• Distance between the outlet of the homogenizing nozzle and the comminuting disc:
s = 10, 20, 30, and 50 mm.

The comminution degree of hard coal particles was increased by constructing an
additional technological installation (Figure 3) based on a roto-turbulent micronizer. A
highly diluted coal suspension obtained in the previous operation (comminution) under-
goes a thickening process in a block of dedicated hydro-cyclones. It is then fed to the
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micronizer (Figure 3b), in which coal particles undergo multistage micronization between
three concentric circles of striking pins placed in counter-rotating rotors.
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Figure 3. Roto-turbulent micronizer: (a) General view of micronizing installation; (b) Diagram of roto-turbulent micronizer.

The macro- and micro-structure of the surface of coal particles at various stages
of the comminuting process were analyzed with the use of an FEI Quanta 200 Mark 2
scanning electron microscope. The effects of the comminuting of hard coal particles were
measured with the Analysette 22 MicroTec Plus laser particle size meter, equipped with
two semiconductor lasers providing particle size distributions in the range of 0.08–2000 µm.
As a rule, such particle size distributions are prepared in a logarithmic order of their
dimensions, as illustrated by a typical plot in Figure 4a. However, in the case of micronized
coal particles, the analysis is more effective if performed on charts with a linear system
of dimensions, as it allows a number of different charts to be considered simultaneously
(typical example in Figure 4b).
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Twenty parallel measurements were performed for each test series. Subsequently,
their histogram charts, prepared on a logarithmic scale, served to prepare a summary of
the distributions of comminuted particles on a linear scale, as well as to plot the average
cumulative particle quantity (up to 100%) (Figure 4b). In order to facilitate the graphic
evaluation of the test results, one average distribution was prepared from the twenty
parallel distributions. Such average distributions of the comminuted particles were used in
all subsequent diagrams illustrating the test results discussed below.

4. Hydro-Jet Comminution of Hard Coal

The tests of the comminution of hard fine coals allowed an observation that an increase
in the pressure of the water jet results in an intensified coal comminution. This phenomenon
is illustrated by the average size distribution of hard coal particles comminuted in the
hydro-jet mill without the homogenizing nozzle, as illustrated in Figure 5a. It shows that at
the water jet pressure of 100 MPa, the average size of the comminuted hard coal particles is
about a = 117 µm, at 150 MPa the size of such particles is a = 85.2 µm, for p = 200 MPa it is
a = 74.8 µm, while for the maximum pressure (250 MPa), the size reaches a = 60.5 µm.

Energies 2021, 14, x FOR PEER REVIEW 6 of 15 
 

 

4. Hydro-Jet Comminution of Hard Coal 
The tests of the comminution of hard fine coals allowed an observation that an in-

crease in the pressure of the water jet results in an intensified coal comminution. This 
phenomenon is illustrated by the average size distribution of hard coal particles commi-
nuted in the hydro-jet mill without the homogenizing nozzle, as illustrated in Figure 5a. 
It shows that at the water jet pressure of 100 MPa, the average size of the comminuted 
hard coal particles is about 𝑎ത = 117 µm, at 150 MPa the size of such particles is 𝑎ത = 85.2 
µm, for p = 200 MPa it is 𝑎ത = 74.8 µm, while for the maximum pressure (250 MPa), the 
size reaches 𝑎ത = 60.5 µm. 

  
(a) (b) 

Figure 5. Effectiveness of the comminution process and efficiency of hydro-jet milling for hard coal 
in relation to: (a) pressure, at water nozzle diameter dw = 0.7 mm, and (b) water nozzle diameter, at 
p = 200 MPa. Common test conditions: dc1 = 2.4 mm, s = 10 mm. 

Similarly, increasing the diameter of the water jet also has a positive effect on the 
comminution degree of hard coal particles. An example of this phenomenon is presented 
in Figure 5b, which shows a set of averaged size distributions of hard coal particles com-
minuted in the hydro-jet mill at 200 MPa. With the water nozzle diameter of 0.6 mm, the 
average size of the comminuted hard coal particles is 𝑎ത = 91.3 µm, for the nozzle diameter 
of 0.7 mm, the average is limited to 𝑎ത = 74.8 µm, for the nozzle diameter dw = 0.8 mm, the 
average is 𝑎ത = 72.6 µm, for dw = 0.9 mm, the average is 𝑎ത = 69.1 µm, and for dw = 1.0 mm, 
the particle size is the smallest (𝑎ത = 60.6 µm). 

After analyzing all of the test results and considering most of the relevant evaluation 
criteria, the water nozzle with dw = 0.7 mm was selected, as it allows the most effective coal 
comminution. This choice was confirmed by analyses of both the efficiency of the coal 
milling process and of the optimal values of specific energy consumption of this process. 

The comminuting nozzle diameter has an opposite effect. An increase in the diameter 
of the TL-type nozzle results in a decrease in the degree of hard coal comminution. On the 
other hand, the greatest effectiveness was obtained with the use of a TR-type comminut-
ing nozzle with a stepped opening edge, which intensifies the comminution process. For 
the above reasons, the TR-type nozzle was used in all of the subsequent tests. 

The use of a homogenizing nozzle is important for the efficiency of hard coal commi-
nution. This observation applies to the type of the opening in such a nozzle, and in partic-
ular to its length. Figure 6 shows illustrative results obtained with the use of such a nozzle 
with an opening diameter of dh = 4.5 mm. The upper graph illustrates the results of com-
minution of fines using a homogenizing nozzle with a smooth opening, and the lower 
graph was obtained for the bore with grooves in the form of coarse threads, similar to 
those used in the barrels of pneumatic weapons. This diagram shows that the highest de-
gree of coal comminution is obtained with the use of such a nozzle, having a length of 
approximately 200 mm. Importantly, the use of nozzles with threaded grooves in the 
opening results in coal particles being 7–12% finer than in the case when nozzles with a 
smooth opening are used. 

Figure 5. Effectiveness of the comminution process and efficiency of hydro-jet milling for hard coal in relation to: (a) pressure,
at water nozzle diameter dw = 0.7 mm, and (b) water nozzle diameter, at p = 200 MPa. Common test conditions: dc1 = 2.4 mm,
s = 10 mm.

Similarly, increasing the diameter of the water jet also has a positive effect on the
comminution degree of hard coal particles. An example of this phenomenon is presented
in Figure 5b, which shows a set of averaged size distributions of hard coal particles
comminuted in the hydro-jet mill at 200 MPa. With the water nozzle diameter of 0.6 mm, the
average size of the comminuted hard coal particles is a = 91.3 µm, for the nozzle diameter
of 0.7 mm, the average is limited to a = 74.8 µm, for the nozzle diameter dw = 0.8 mm, the
average is a = 72.6 µm, for dw = 0.9 mm, the average is a = 69.1 µm, and for dw = 1.0 mm,
the particle size is the smallest (a = 60.6 µm).

After analyzing all of the test results and considering most of the relevant evaluation
criteria, the water nozzle with dw = 0.7 mm was selected, as it allows the most effective
coal comminution. This choice was confirmed by analyses of both the efficiency of the coal
milling process and of the optimal values of specific energy consumption of this process.

The comminuting nozzle diameter has an opposite effect. An increase in the diameter
of the TL-type nozzle results in a decrease in the degree of hard coal comminution. On the
other hand, the greatest effectiveness was obtained with the use of a TR-type comminuting
nozzle with a stepped opening edge, which intensifies the comminution process. For the
above reasons, the TR-type nozzle was used in all of the subsequent tests.

The use of a homogenizing nozzle is important for the efficiency of hard coal com-
minution. This observation applies to the type of the opening in such a nozzle, and in
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particular to its length. Figure 6 shows illustrative results obtained with the use of such a
nozzle with an opening diameter of dh = 4.5 mm. The upper graph illustrates the results
of comminution of fines using a homogenizing nozzle with a smooth opening, and the
lower graph was obtained for the bore with grooves in the form of coarse threads, similar
to those used in the barrels of pneumatic weapons. This diagram shows that the highest
degree of coal comminution is obtained with the use of such a nozzle, having a length
of approximately 200 mm. Importantly, the use of nozzles with threaded grooves in the
opening results in coal particles being 7–12% finer than in the case when nozzles with a
smooth opening are used.
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As can be seen from the above tests, the optimum length of the homogenizing noz-
zle is 190 mm. Therefore, a homogenizing nozzle of this length was used in all of the
subsequent tests.

5. Results and Discussion

Considering the use of a homogenization nozzle with an optimized length of l = 190 mm
in the hydro-jet mill, example results are shown in Figure 7. It shows illustrative results of
tests on how the efficiency of hard coal comminution is influenced by the distance from the
homogenizing nozzle outlet to the comminuting disk.

The tests clearly show that the distance from the homogenizing nozzle outlet to the
comminuting disk is an important geometrical parameter determining the efficiency of hard
coal comminution in such a hydro-jet mill. For the above reasons, the smallest technically
possible distance, s = 10 mm, is the most advantageous solution, and it was used in all of
the subsequent tests. Analogous effects were obtained in [44] performed with the use of
slightly different technological equipment.

An example of such results can be presented in diagrams of averaged size distributions
of hard coal particles comminuted in a hydro-jet mill equipped with a homogenizing nozzle,
having a length l = 190 mm, at various water pressure values (Figure 8a). The diagrams
served as a basis to conclude that in such comminution conditions, at the water jet pressure
of 100 MPa, the average size of the comminuted hard coal particles is approximately
a = 105.2 µm, at the water pressure of 150 MPa, the size of such particles is a = 57.8 µm,
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for p = 200 MPa, it is a = 39.4 µm, while for the maximum pressure of 250 MPa, the size
reaches a = 31.8 µm.
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As indicated by the graphs in Figure 8a, particle sizes obtained using a hydro-jet mill
equipped with a homogenizing nozzle having length l = 190 mm are much finer than the
particle sizes obtained in a mill without this nozzle. For example, if the effectiveness of the
comminution shown in Figure 8a is compared with earlier results (Figure 5a), depending
on the test conditions, the degree of coal comminution in a hydro-jet mill equipped with a
homogenizing nozzle is from 11% to 47% more favorable.

As illustrated by the above diagrams, an increase in water jet pressure has a positive
effect on the coal comminution efficiency, measured by the average size of the obtained
particles. Increasing the water jet pressure also increases the efficiency of the hydro-jet
comminuting process, as illustrated in Figure 8a. This phenomenon is due to an increase
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in both the water flow and in the velocity of the comminuted coal particles, which causes
an increase in their energy. At the pressure of 100 MPa, the efficiency of the hydro-jet
comminution process is approximately 27.8 g/s, for the pressure of 150 MPa, the efficiency
is 31.9 g/s, and for p = 200 MPa, it is 38.4 g/s, while at the maximum water pressure
(250 MPa), the efficiency increases to 41.3 g/s.

Similar effects are also obtained by increasing the diameter of the water nozzle. This
manipulation also results in an increase of the water flow rate, contributing to the im-
provement of hard coal comminution mechanisms, and thus, in an increase of the com-
minution efficiency. This fact is confirmed by specific dependences between the increase
in the comminution efficiency and the water nozzle opening diameter, as presented in
Figure 8b. For example, for a water nozzle with a diameter of 0.6 mm, the efficiency is
35.7 g/s, while for the diameter dw = 0.7 mm, it is equal to 38.4 g/s. With the nozzle
diameter further increased to 0.8 mm, the comminution process efficiency is increased to
39.8 g/s, and in the case of a nozzle of 0.9 mm in diameter, the average process efficiency
is 40.6 g/s. The maximum diameter of the water nozzle used, equal to 1.0 mm, allows a
comminution efficiency of 42.3 g/s. A similar influence of the water nozzle diameter was
also observed in a study [38] performed using different technological equipment.

In the search for more effective ways of coal comminution, attention must be paid
to the evaluation of energy expenditures incurred in such processes. Specific energy
consumption for the comminution of fines in a hydro-jet mill can be determined from the
following equation:

EH ∼=
p·Qw

Qc
(1)

Figure 9 shows an example of such a relationship between specific energy consumption
in the hydro-jet coal comminution method and water pressure. Figure 9a, on the other hand,
illustrates the effect of water pressure on specific energy consumption in the comminution
process of fines. An increase of the water pressure in a hydro-jet mill from 100 to 250 MPa
causes a nearly 3-fold increase of the energy consumption, and also a nearly 1.6-fold
increase of the water flow rate. Similar dependencies are observed when the diameter of
the water nozzle is increased from 0.6 to 1 mm (Figure 9b), in which case the water flow
rate increased nearly 2.8-fold.
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In the case of a planetary ball-mill, type PM 100, the energy expenditure incurred
in coal comminution is calculated differently. Such specific energy consumption of fines
grinding is described by the following equation:

EM =
P

Qc
=

P·t
mc

(2)

When analyzing the results of earlier research works performed, following different
methods, on energy consumption in the comminution processes of various brittle mate-
rials [10,40], including hard coal [11], the energy consumption of hydro-jet comminution
of such materials was identified to be significantly lower than the energy consumption
in the case of mechanical grinding, e.g., in a planetary ball-mill. In order to objectively
evaluate such dependencies, an index was thus used which describes the multiplier of
benefits resulting from the reduced energy consumption in the process of hydro-jet coal
comminution. The index is calculated according to the following relationship:

WK =
EM
EH

(3)

The benefit multiplier thus calculated for the different types of the tested materials,
ground to such a degree that the average particle size is in the range a = 30.2–37.7 µm, is
best illustrated in the graph of Figure 10.
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Figure 10. Specific energy consumption of hard coal comminution to the level of a = 35.9 µm
performed in a hydro-jet mill (EH) and ground in a planetary ball-mill, type PM 100 (EM), together
with the benefit index (WK).

Such relationships are understandable, as the application of a high-pressure water
jet in hard coal comminution is particularly effective. This effectiveness results from the
fact that such dynamic conditions lead to the formation of a system of structural fractures
in hard coal [29,33,35] wedged by water, which easily opens their lamellar structure [17]
due to the relatively low strength of coal to tensile stresses [10,11,29,33] which occur under
such conditions. As a result, the energy consumption of the coal comminution process in
the hydro-jet mill is more than 12-fold lower than in the case of grinding in a mechanical
planetary ball-mill.

The morphology of coal particle surfaces is very important for the effectiveness of the
comminution process, especially in the case of producing coal-water fuel. A decrease in
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the grain size of the obtained coal particles causes their specific surface area to increase,
especially when, under the influence of the hydrodynamic impact, a system of structural
fractures is formed on their surfaces. Microscopic examination of the comminuted coal
particles indicates that when these fractures are penetrated by a high-pressure water jet,
the particle surfaces typically develop jagged lamellae. This phenomenon intensifies their
combustion process, being a factor decisive for the efficiency and power of a boiler unit.

Figure 11 shows examples of the morphology of such hard coal particles, which are
the main components of the new type of coal-water fuel.
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However, it should be kept in mind that in order to minimize the sedimentation of
coal particles in an aqueous suspension, an even more significant increase in the degree of
their comminution is required, down to a < 20 µm [10,11].

6. Roto-Turbulent Micronization of Hard Coal

The more intensive the comminution of coal, the higher the efficiency of the coal
combustion process. The comminution degree of hard coal particles was increased by
constructing an additional technological installation, which was based on a roto-turbulent
micronizer. Closer details of this solution are included in the description of Figure 3 above.

In order to thicken a relatively thin suspension of coal particles comminuted in the
hydro-jet mill, it is dewatered with the use of specially designed hydro-cyclones. Moreover,
impurities are removed from such suspensions and stabilizing additives are introduced
instead. A more intensive micronization of coal particles was obtained by using a roto-
turbulent micronizer at this stage. This device also allows the homogenization of such
water-coal pulp, limiting the sedimentation phenomenon of coal microparticles. Figure 12
shows examples of the effects of the comminution operations in the hydro-jet mill and the
subsequent micronization operations using a roto-turbulent micronizer.

In this figure, the results of comminuting hard coal particles in the hydro-jet mill are
shown in blue. The intersection of the screening cumulative curve, which corresponds to
this graph, with the indicated line Q(a) = 50%, occurs at the point illustrating the average
size of the comminuted hard coal particles, which is a = 39.4 µm. The red color indicates
the micronization plot of hard coal particles obtained after a single passing of the water-
coal pulp through the roto-turbulent micronizer. The intersection point of the screening
cumulative curve, which corresponds to this graph, with the indicated line Q(a) = 50%,
shows that the average particle size of the comminuted hard coal for such case is only
a = 17.0 µm. As can be seen, such a comminution degree of hard coal particles satisfies
the condition of the limit size a < 20 µm. A similar analysis performed for a ten-fold
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micronization process, represented by the green line in the graph, shows that under such
conditions, the average particle size of the comminuted hard coal is only a = 12.2 µm.
Obviously, after comminuting coal in a hydro-jet mill, an optimal technological solution is
to apply a single micronization procedure in a roto-turbulent micronizer, which is much
cheaper than the micronisation procedure with ten repetitions.
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Figure 12. Particle size distributions of hard coal after comminution in a hydro-jet mill and microniza-
tion performed in a roto-turbulent micronizer.

In these types of hard coal particles, the most important factors are their grain size and
surface morphology. Both characteristics can translate into an increase in the specific surface
area of these particles, which in turn translates into a more intensive combustion process.
Microscopic observations show that the hydro-jet micronization of coal causes specific
formations to develop on the surfaces of the particles. These surfaces frequently assume
the form of jagged lamellae, which significantly increase their total active surface area.

Figure 13 shows examples of the morphology of such particles produced for the
purpose of the new type of coal-water fuel.
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Estimated results of a simulation for the lamellar morphology of coal particles formed
during the high-pressure water jet comminution demonstrate that their actual surface area
increases by 10,000–30,000 times. In special cases, this surface area even increases several
times more, compared to the specific surface area of the particles of ordinary fines used in
hydro-jet comminution. This fact demonstrates the potentially significant possibilities for
intensifying the combustion efficiency of such a new coal-water fuel.

7. Conclusions

The developed and tested hydro-jet mill offers effective comminution of coal in the
pressure range of 100–250 MPa at a variable water flow rate in the range of 0.2–0.5 dm3/s.
The device allows the comminution of standard fines, with a grain size up to 2 mm and at
a relatively high efficiency of 8 to 55 g/s. Increasing the pressure of the water jet and the
diameter of the water nozzle has a favorable effect on the process of hydro-jet hard coal
comminution. However, it also nearly proportionally increases the energy consumption of
the comminution process and the technological water consumption. Based on the results
of multi-criteria analyses, the optimum conditions for hard coal comminution (a = 39.4 µm,
Qc = 38.4 g/s, EH = 1.1 MJ/kg) were found to exist for the following parameters of the
comminuting process and of the hydro-jet mill design:

− Water jet pressure, p = 200 MPa.
− Water nozzle diameter, dw = 0.7 mm.
− Diameter of the comminuting nozzle type, TR: dc1 = 2.4 mm.
− Diameter of the homogenizing nozzle, dh = 4.5 mm, and its length, l = 190 mm.
− Distance of the homogenizing nozzle outlet from the comminuting disc: s = 10 mm.

The use of a high-pressure water jet in the process of hard coal comminution is
particularly effective, as this effectiveness results from the fact that such dynamic conditions
lead to the formation of a system of structural fractures in hard coal wedged by water,
which easily opens their lamellar structure due to the relatively low strength of coal to
tensile stresses which occur under such conditions. As a result, the energy consumption of
the coal comminution process in the hydro-jet mill is more than 12-fold lower than in the
case of grinding in a mechanical planetary ball-mill. Moreover, the actual surface area of
such particles increases 10,000–30,000 times in comparison to the specific surface area of
the particles of normal fines used in hydro-jet comminution. This fact demonstrates the
potentially significant possibilities for intensifying the combustion efficiency of a coal-water
fuel subjected to such comminution.

On the other hand, the application of hydro-cyclone dewatering procedures to the
obtained coal slurry ensures that it is considerably thickened, thus enabling an intensifi-
cation of the comminution degree of coal particles in a roto-turbulent micronizer. Coal
particles in such a micronizer are subjected to multistage micronization between three
concentric circles of striking pins placed in counter-rotating rotors. Under such conditions,
the average particle size of the comminuted hard coal is only a = 17.0 µm, and this being
already after the first micronization cycle. As a result, the condition of the limit size of the
micronized coal particles at the level below 20 µm is satisfied, thus ensuring their effective
use in quasi-liquid coal-water fuel.

Author Contributions: Conceptualization, P.J.B.; methodology, P.J.B.; validation, P.J.B. and W.S.-B.;
formal analysis, P.J.B. and W.S.-B.; investigation, P.J.B.; resources, P.J.B.; data curation, P.J.B. and
W.S.-B.; writing—original draft preparation, P.J.B.; writing—review and editing, P.J.B.; visualization,
P.J.B. and W.S.-B.; supervision, P.J.B.; project administration, P.J.B.; funding acquisition, P.J.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2021, 14, 4745 14 of 15

Nomenclature

a nominal dimension of the coal particle (µm)
a average dimension of comminuted coal particles (µm)
dc diameter of the comminuting nozzle type TL (mm)
dc1 diameter of the comminuting nozzle type TR (mm)
dh diameter of the homogenizing nozzle (mm)
dw diameter of the water nozzle (mm)
l length of the homogenizing nozzle (mm)
mc mass of the crushed fines sample (kg)
p nominal water jet pressure (MPa)
q(a) frequency distribution of coal particle dimensions (a) (%)
s distance of the homogenizing nozzle outlet from the comminuting disc (mm)
t duration of the pulp grinding process (s)
EH specific energy consumption for pulp comminution in a hydro-jet mill (MJ/kg)
EM specific energy grinding for comminution in a planetary ball-mill (MJ/kg)
P drive motor power of a planetary ball-mill (kW)
Q(a) cumulative passing plots of coal particle dimensions (a) (%)
Qc comminuting efficiency of fines (g/s = 3.6 kg/h)
Qw flow rate of water (dm3/s = 3600 dm3/h)
WK index defining the benefit multiplier of hydro-jet comminution (-)
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