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Abstract: Raw materials are used in many industrial technologies. The raw material frequently has
to be prepared as an intermediate with an appropriate particle size distribution, which requires the
use of grinding. In grinding processes, energy consumption is a very important profitability criterion
for the applied particular size reduction technology. The paper describes the comminution process
that takes place in the jet mill using a modified form of the thermodynamic theory of grinding. In
this theory, new material characteristics have been added: the surface and volumetric density of
grinding energy. The thermodynamic theory is a combination of the classical Kick’s theory and the
modified form of Rittinger’s theory. The tested physical magnitudes are a measure of the energy
consumption of the grinding process. They describe the energy that must be provided in the grinding
process to overcome interactions between particles related to the volume and surface of the material.
Knowledge of these magnitudes is necessary to model thermomechanical phenomena in the solid
state. The paper presents the results of research on comminution in a jet mill, on the basis of which
the values of the tested material magnitudes were determined. It is graphically shown how the
values of the tested magnitudes depend on the grain size of the ground samples.

Keywords: comminution; grinding energy; jet mill

1. Introduction

Currently, there are efforts to implement technological processes that would fit into
the model of the closed cycle economy. The existing models of manufacturing of various
goods have not always led one to seek savings, both in terms of the used raw materials and
energy saving. The product of such manufacturing processes was valuable as long as it
met specific needs. After this period, it became a waste and most often was subjected to the
disposal process without also analyzing the problem of the recovery of its possible material
components and energy. Such an approach has a significant influence on the economy. The
faster the economy started to gallop in its development, the faster it led to the depletion of
raw materials and a growing demand for energy.

It was then necessary to stop these trends, resulting in the development of assump-
tions for the circular economy [1–3]. The idea of a new way of looking at the process of
manufacturing goods has become, among other things, the tendencies to look for raw
materials and energy savings. The process of manufacturing new goods began to include
as many components of already used goods as possible in order to save primary raw
materials. For example, [4] presents the possibility of using lime waste in the production
of alternative sorbents for flue gas desulphurization. Unnecessary goods have come to be
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seen in the context of the potential recovery of energy used in the prior generation phase
in order to save the amount of energy needed to produce a new good. Another aspect
of the circular economy is looking for solutions that reduce the energy consumption of
production processes for their energy optimization.

In industrial technologies, raw materials are used that must meet a number of re-
quirements: a homogeneous chemical composition, specific properties obtained by heat
treatment, a defined geometric shape that is the effect of machining, etc. The raw material
frequently has to be prepared as an intermediate with an appropriate granularity [5], which
requires the use of grinding. Biobased materials such as wood or plant particles will have
a significant length-to-width ratio because during grinding the material will break more
easily perpendicular to the fiber than along the fiber direction. This is due to the orthotropic
viscoelastic properties of biobased materials [6]. The influence of lignocellulosic biomass
milling on the properties of particles (size, shape, surface area) is discussed in [7].

In grinding processes, energy consumption is a very important profitability criterion
for the applied particular size reduction technology. The energy consumption of grinding
is the subject of many studies, especially in the case of ball mills for grinding clinkers [8,9],
fuels [10], iron ore [11], hematite ore [12], sulfide ore [13], wet ores [14], and in the case of
stirred mills for grinding ores [15–17] and wet quartz [18]. In [19,20], the energy efficiency
of various coals grinding in the ball-and-race mills is studied experimentally. The grinding
process of cement in a vertical roller mill over ball mills is optimized by the authors
of [21] in order to minimize power consumption. The energy consumption is also studied
in semi-autogenous mills [22–24], autogenous mills [25] and rotary mills [26]. Biomass
grinding is investigated by many researchers. The energy consumption under vegetal
biomass grinding is studied using hammer mills [27–30], multi-disc mills [31], vibratory
mills [32] and jet mills [33]. The authors [34] performed the optimization of corn stover
grinding in a Wiley knife mill with the use of a hybrid genetic algorithm. Research on
energy consumption in the grinding process is also carried out in special mills, for example
in an electromagnetic mill [35].

From a theoretical aspect, the relationship that describes the relationship between
the energy necessary to carry out the grinding process and the process effect, most often
measured by the final surface of the grinding product, is called the grinding theory. The
grinding theories, also called hypotheses or laws, are known by the surnames of their
authors, such as: Rittinger [36], Kick [37–39], Bond [40–42] and Charles [43–45]. The
theory of Rittinger assumes that the energy introduced in the process of grinding once
is proportional to the increase in the surface resulting from the formation of new grains.
According to Kick, this energy is proportional to the volume of the fed substance. Bond
theory combines the hypotheses of Rittinger and Kick, and hence it is often referred to as the
surface-volume theory. Charles proposed a generalization of the three theories into one. An
alternative formulation of the energy hypotheses was proposed by Djingheuzian [46–48].
Djingheuzian’s hypothesis, known as the thermodynamical theory of comminution, was
developed by Guillot [49] and Mielczarek [50,51]. Theoretical and experimental analysis
performed on the basis of data adopted from the literature shows that Rittinger’s, Kick’s
and Bond’s hypotheses can be used for different materials [52]. The grinding theories can
also be applied to evaluate the efficiency of the grinding of food materials with varied
levels of moisture content [53]. The most popular grinding theories—Kick’s theory and
Rittinger’s theory—have a limited range of application. Kick’s theory is used to describe
the crushing processes, while Rittinger’s theory is used to describe grinding in mechanical
mills [33,52,54–56]. The paper describes the comminution process taking place in the jet
mill when using a modified form of the thermodynamic theory of grinding, which is a
combination of the Kick’s theory and the Rittinger’s theory.

An analysis of the literature shows that continuous research on grinding theories is still
needed. These studies are of particular importance for the implementation of technological
processes under the aspect of the circular economy. Understanding the complex grinding
processes will optimize these processes, saving both raw materials and energy.
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2. A Modified Form of the Thermodynamic Theory of Grinding

According to the thermodynamic theory of grinding, the energy supplied in the
grinding process is proportional to the total volume of the fed material and the surface of
the product [50,51].

Eks1 =
σ2

m
2E

V + α(A1 + ∆A) (1)

where: Eks1—initial kinetic energy of the grinding material, J; σm—the compressive stress
on the verge of destruction, N/m2; E—Young’s modulus, N/m2; V—the volume of fed
material, m3; α—the surface density of the grinding energy, J/m2; A1—the surface of the
feed, m2; ∆A—the increase of the total surface of the grinding material, m2.

The theoretical value of the breakage strength is determined by crystal structures
of brittle solid material. Regular crystals are difficult to observe in the internal structure
of solid materials. Microscopic observations show the presence of aggregates with an
incorrectly distorted spatial form and randomly distributed clusters of crystals, called
crystallites [57,58]. In addition, defects in the internal crystal lattice structure, along with
micropores, microcracks, the inclusions of other defects or other minerals, often constitute
the natural structure of these materials. The theoretical value of the stress causing the
destruction of solid particles is 102–104 times greater than the actual strength [58].

Griffith [59] postulated that in any solid material there are small fissures that weaken
its structure. When the appropriate stresses are applied, the fissure increases and the
material cracks. According to the model of the weakest link, the material is torn apart if the
local breaking stress exceeds the critical one.

Based on the analysis above, a modification of the thermodynamic theory of grinding
was proposed:

Eks1 =

(
σ2

m
2E
− C

)
V + α(A2) (2)

where: C—volumetric density of the energy of material weakening as a result of the
existence of defects in the internal construction of the substance, J/m3; A2—total final
surface of the ground material, m2.

The volumetric density of the energy C determines the impact of the existing defects
in the solid internal structure on the elastic limit strain.

In the case of comminution in a jet mill, absolute physical quantities are not used to
describe the process, but their streams:

.
Eks1 =

(
σ2

m
2E
− C

)
.

V + α
( .

A2

)
(3)

where:
.
Eks1—stream of the initial kinetic energy of the grinding material, J/s;

.
V—stream

of the volume of material, m3/s;
.
A2—stream of the total final surface of the ground

material, m2/s.
It is assumed that:

σ2
m

2E
− C = β (4)

then: .
Eks1 = β

.
V + α

( .
A2

)
(5)

3. Determination of Material Characteristics

In order to determine the input energy necessary for the grinding process, the follow-
ing strength material characteristics of brittle substances should be designated:

• the surface density of the grinding energy α,
• the volumetric density of the grinding energy β.
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When the volume of the substance is constant, Equations (1) and (3) describe a straight

line in the coordinate system
.
Eks1 −

.
A2 [50,60]. Then, the material characteristics σ2

m
2E

.
V and(

σ2
m

2E − C
) .

V are the energy values for the surface of the product, equal to A2 = 0 (Figure 1).
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From Figure 1, it follows that:

∆
.
Eks =

.
Eks1

( .
A1

)
−

.
Eks1(0) = α

.
A1 +

(
σ2

m
2E
− C

)
.

V −
(

σ2
m

2E
− C

)
.

V = α
.
A1 (6)

and:

tgγ =
∆

.
Eks1
.
A1

=
α

.
A1
.
A1

= α (7)

Thus, the surface density of the grinding energy, related to the state and physicochemi-
cal properties of the ground material, will be equal to the tangent of the angle of inclination
of the straight line

.
Eks1 = f

( .
A2

)
.

4. Research in the Jet Mill

This paper presents the results of research on the comminution process in a jet mill.
The jet mill presented schematically in Figure 2 allows for impact loading of the material
without the cooperation of the elements of the device, which is the result of using the kinetic
energy of the colliding grains. The stream of working air

.
mp is compressed so that its energy

is sufficiently high. The compressed medium flows into the nozzles (3) of the grinding
chamber (1), where it expands to reach the speed of sound in the nozzles’ outlet section.
This allows a negative pressure to develop in the suction chambers (4), which determines
the suction of the solid phase material

.
ms. Then, the two-phase gas-solid mixture flows

through the acceleration tubes (2), wherein the flow velocity of the gas particle sand solid
grains is equalized. The solid grains flowing out of the acceleration tubes have a sufficiently
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high kinetic energy, which allows, upon a collision with an identical stream flowing from
the opposite direction, for the grinding of the material.
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(4)—suction chamber.

The geometric parameters of the jet mill were as follows [61]: nozzle diameter—
2.4 mm, diameter of acceleration tube—10 mm, length of acceleration tube—100 mm,
diameter of milling chamber—120 mm and distance between acceleration tubes—48 mm.
The jet mill consists primarily of metal components that are made of St3S weldable struc-
tural steel.

Samples of silica sand with the following grain size ranges: 300–800 µm; 200–500 µm;
100–360 µm; 70–180 µm; and 20–110 µm were used in the study to analyze the modified
form of the thermodynamic theory of grinding [62]. The material was subjected to a one-
off comminution in the jet mill stand. During the tests, the following parameters were
measured: the working air pressure and temperature; the ambient air humidity, pressure
and temperature; and the time of the measurement. The values of these parameters were
used as the input magnitudes of the basic calculation algorithm. After the tests, the particle
size distribution of the feed and comminution products was measured in order to determine
the final surface of the products.

5. Analysis of the Obtained Results

Using the methodology for determining the material characteristics (Section 3), appro-
priate calculations were carried out. The values of the material characteristics are shown in
Figures 3 and 4.

When analyzing the values of the surface density of the grinding energy for various
feed grain sizes, it should be stated that, in this case, the susceptibility to grinding depends
on the grain size of the ground material. The values of the surface density of the grinding
energy are the highest for the coarsest material. For finer materials, the characteristic value
decreases successively with an increase in the value of the average grain size.

The surface density of the grinding energy is described by the relation [50,60,63]:

n1

aV1
εI = α (8)

where: aV1—the surface density of the input material, m2/m3; n1—the total number of
particles on the surface of the ground substance; εI—the average value of the bond energy
of one surface particle.

εI =
npεp + nkεk + nwεw

n
(9)

where: n = np + nk + nw—the total number of particles on the border of phases in a unit of
volume; εp, εk, εw—the bond energy of surface particles, edge particles and apex particles,
respectively.
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Quotient n1/ aV1 is constant, while its value depends very much on the state of the
surface; it fulfills the condition: ∣∣εp

∣∣〉 |εI |〉|εw| (10)
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The averaged energy of bonds of the surface particles εI will be closer to the value of
the bond energy of surface particles εp for large monolithic blocks of substances, while in
the case of subcolloidal grinding the value of εI will approach the bond energy of the apex
particles εw. The value of this physical magnitude also depends on the mutual ratio of the
number of surface particles, edge particles and apex particles. In turn, this dependency
is determined by the grain size of the ground substance. The number of apex and edge
particles in relation to the number of surface particles increases for smaller grains, thus
reducing the average bond energy and, thus, the value of the magnitude α. This means
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that a representative “average” particle can more easily (lower energy value) be detached
from smaller grains than larger ones.

A similar effect of the grain size of the feed can be observed in the case of the volumet-
ric density of the grinding energy. The actual value of the elastic limit stress decreases with
a decrease in the average grain size of the feed.

The theoretical value of the elastic limit stress has a constant value. Thus, the decrease
in the value of the actual elasticity is the result of an increase in the influence of material
defects in the internal structure of the substance, together with a decrease in the grain
average size of the feed. The finer the grains, the greater the impact of material defects
on the actual value of elastic stresses and the greater the material weakening. The surface
interaction energy, determined by the magnitude α, plays a decisive role in the process of
grinding fine-grained materials. It has a decisive influence on the magnitude of the energy
required for grinding.

6. Conclusions

From the general analysis of the modified form of the thermodynamic theory of grind-
ing, it appears that the value of the grinding energy basically depends on two magnitudes—
one related to the surface interaction energy (feed granularity) and the other related to the
strength properties of the substance and its volume. These two components have different
effects on the magnitude of the grinding energy depending on the state of the substance
before grinding. The research proved that even slightly different feeds in terms of size
distribution are characterized by different susceptibilities to grinding. Thus, averaging the
tested material characteristics is a great simplification and leads to an incorrect analysis of
the process.

Knowledge of tested material magnitudes is necessary for modeling thermomechani-
cal phenomena in the solid state.
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