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Estimating the energy efficiency of the comminution process regards a limited range of particle size
classes and limited type of comminution equipment. On the basis of the proposed physical analogy
between the comminution and sublimation processes, a universal criterion for the energy efficiency of
the comminution process was developed. Description of the comminution process and estimation of its
energy is based on a phenomenological approach, using the fundamental thermodynamic characteristics
of the fed materials and the Rittinger hypothesis of comminution. This description was used to analyze
the energy efficiency during the comminution process of various materials conducted in different types
of mills, both laboratory and industrial ones. Introduced methodology can be used to compare the
comminution process of materials with different particle composition in different types of equipment.
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1. Introduction

Granular materials used in many industries are
obtained in the process of crushing mineral re-
sources in various types of milling equipment. Due
to the high complexity of the phenomena and en-
ergy consumption of the comminution process, a
universal theory that would enable the formulation
of a proper description of the comminution pro-
cess has been sought for many years. This descrip-
tion should take into account energy consumption,
which depends, among others, on the properties and
degree of fragmentation of the feed, as well as the
type and operational parameters of the mills used.
Currently used comminution theories describe the
course of the process of comminution various mate-
rials in various milling devices, but there is no com-
parative criterion that would allow the assessment
and optimization of various processes.

The article presents a description of the kinetics
of the comminution process, which is based on the
physical analogy between comminution and subli-
mation processes [1–3]. On the basis of this analogy,
a universal criterion for assessing the energy effi-
ciency of comminution has been developed. The in-
troduced methodology has been used to analyze the
energy efficiency during the comminution process
of various materials conducted in different types of
mills (both laboratory and industrial ones).

2. Methodology for determining energy
efficiency of comminution process

The sublimation process is considered to be phys-
ically similar to the comminution process. In the
sublimation process, as in comminution, the break-
ing of intermolecular bonds occurs, generated by the
energy supply. The thermodynamic characteristic
of the sublimation process [3] is the specific heat of
sublimation. It is obvious that the heat of subli-
mation represents the value of energy necessary to
break all the intermolecular bonds in a unit of mass
of a solid. In thermodynamics, the amount of en-
ergy consumed for transition to the gaseous state is
determined by the difference in enthalpy of the sys-
tem at the beginning and end of the process [3]. To
describe the state of the system in the comminution
process, a degree of comminution x has been intro-
duced, which is defined as the ratio of the average
particle size of the feed to the average particle size
of the product. For comminuted grains with a nee-
dle shape and size d0, the degree of comminution
can be represented in the following form:

x =
d0
d̄
, (1)

where d̄ is average particle size of the product, which
is calculated as the logarithmic mean of class sizes.

Given the proposed analogy between comminu-
tion and sublimation processes, the relationship
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between the comminution energy and comminution
degree can be presented in accordance with the
known thermodynamic relationship for phase tran-
sition energy in the form [3]:

∆h = rs∆x = rs (x′′ − x′) , (2)
where ∆h is specific enthalpy or specific comminu-
tion energy, rs — specific heat of sublimation, x′, x′′
— degree of powder comminution before and after
fragmentation, respectively.

The known dependence of the supplied energy on
time, taking into account (2), allows the kinetics of
the comminution process to be described with the
following relationship:

x′′ (t) = x′ + ∆h (t) /rs. (3)
Substituting the expression for the degree of com-
minution (1) in formula (2), we obtain the depen-
dence of comminution energy on the average parti-
cle size

∆h = rsd0

(
1

d̄′′
− 1

d̄′

)
, (4)

where d̄′, d̄′′ is average particle size of the product
before and after fragmentation, respectively.

The presented thermodynamic description of
the comminution process (4) coincides with the
well-known Rittinger energy theory of comminu-
tion [4–6]. The proportionality coefficient in the Rit-
tinger theory, generally determined on the basis of
experimental data, can be expressed taking into ac-
count (4) by the specific heat of sublimation

cR = rsd0, (5)
where cR is proportionality coefficient in the Rit-
tinger theory.

As a criterion for the energy efficiency of the com-
minution process, using the energy ratio which is
theoretically necessary for comminution to the en-
ergy consumed for comminution, is proposed

η =
Nt

Nc
= Brsd0

(
1

d̄′′ −
1

d̄′

)
, (6)

where Nt is theoretical energy for comminution pro-
cess, Nc — consumed energy for comminution pro-
cess, B — mill capacity.

The theoretical comminution energy is deter-
mined on the basis of Eq. (4). The value of con-
sumed energy is determined on the basis of litera-
ture sources or based on the results of experimental
research.

3. Analysis of the energy efficiency
of comminution in various milling devices

The developed methodology was used to as-
sess the energy efficiency of grinding anthracite,
graphite and Dead Sea salt in a laboratory crusher
(Fig. 1) [7], hammer crusher, centrifugal mill and
ball mill [8–12]. The results of the calculations are
presented in Fig. 2 (anthracite grinding in the lab-
oratory crusher) and in Tables I and II. Calcula-
tions for pin, hammer and ball mills were carried
out for a given value of consumed energy. The low
absolute value of energy efficiency should be noted.
This demonstrates significant reserves of the grind-
ing process. Analysis of the obtained results showed
that the most effective fragmentation at the maxi-
mum value of energy efficiency was achieved in the
case of the laboratory crusher. This is related to the
most effective use of supplied energy and sufficiently
accurate determination of the consumed energy.

Fig. 1. Schematic of the laboratory crusher: 1 —
base, 2 — crushing chamber, 3 — guide cylinder,
4 — adjustment ring, 5 — swingle, 6 — additional
weight.

TABLE I

The results of experimental studies on the grinding of the anthracite grains with sizes from (1.6, 2.0) [mm] using
the laboratory crusher for different values of supplied energy for the grinding process. d is class size.

d [mm]
Cumulative particle size distribution of ground material for different values

of supplied energy e [J/kg]
1420 1600 1950 2600 3030 3600 5180

0 0 0 0 0 0 0 0
0.16 0.0083 0.0150 0.0306 0.0643 0.0885 0.1244 0.2163
0.40 0.0104 0.0293 0.1078 0.1514 0.1911 0.2484 0.3766
0.63 0.0488 0.1106 0.1991 0.2909 0.3597 0.4395 0.6041
1.00 0.0812 0.1789 0.3060 0.4492 0.5269 0.6187 0.7371
1.25 0.1179 0.2285 0.3767 0.5170 0.6158 0.7342 0.8455
1.60 0.3692 0.4507 0.5174 0.7189 0.7876 0.9150 0.9668
2.00 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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TABLE II

Comparison of energy comminution efficiency of var-
ious materials in different milling devices.

Milling device
(fed material)

d̄′

[mm]
d̄′′

[mm]
e

[kJ/kg]
η

[%]
laboratory crusher
(anthracite)

1.8 0.3–0.8 1.42–5.18 0.7171

pin mill n = 6000 min−1

(salt)
2.3 0.215 8.125 0.0519

pin mill n = 10000 min−1

(salt)
2.3 0.84 1.238 0.0611

hammer mill
(salt)

2.3 0.38 2.722 0.0807

ball drum mill
(anthracite)

10.0 0.1 127.12 0.0699

Fig. 2. Dependence of the energy efficiency of the
anthracite comminution on the specific supplied en-
ergy in the laboratory crusher.

4. Conclusions

The analysis showed that the introduced energy
efficiency coefficient allows, based on the basic ther-
modynamic properties of the substance, to compare
the efficiency of comminution various materials in
different mills. The proposed methodology makes
it possible to assess the effectiveness of comminu-
tion of various materials in different types of milling
devices.
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