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Abstract:

The article presents design solutions of currently used vibratory jaw and cone crushers. These crushers operate
based on a different type of load exerted on the crushed material than in presently used crushing machines,
namely using rapidly changing multiple impacts of relatively short duration. As a result, they enable achieving
more beneficial technological results in higher degrees of fragmentation, higher shares of desired fine grain
classes, and lower total energy demand. Due to the above-mentioned properties, they can be a more
advantageous alternative to currently used crushing machines. Several studies have confirmed the high
technological capabilities of vibratory crushers when crushing materials with different physical and mechanical
properties. In particular, when crushing hard and very hard materials (very compact rocks, ceramic materials,
ferroalloys), these crushers demonstrate significantly better capabilities than the previously used "classic"
crusher designs, i.e. jaw, cone, impact. The research results show the technological possibilities of vibratory
crushers when used for crushing limestone, for producing sorbents for flue gas desulfurization, and for crushing
sanitary ceramic waste for the production of aggregates for concrete. The possibility of using vibratory crushers
in a prototype installation for gold extraction is also described. The advantages of implementing vibratory
crushers in industrial crushing technological lines are related to increased efficiency, increased technological
possibilities, and the simplification of currently used crushing lines. In most cases, this may result in a reduction
of the required crushing stages and, consequently, in the simplification of industrial crushing technological

lines, directly reducing the required investment and operating costs.

Key words: crushing, vibratory crushers, sorbent production, ceramic waste utilization

INTRODUCTION

Crushing is an indispensable process at many stages of
mineral extraction and processing. A crusher's construc-
tion and operating principle are closely related to the
dominant type of load causing the disintegration of grains.
In jaw, cone and roller crushers, the dominant load is char-
acterized by its quasi-static nature. In the case of impact
crushers (hammer, rod, centrifugal), the grains of the
crushed material are disintegrated mainly as a result of
dynamic impacts (usually one-time) on the working ele-
ments of the crusher or sometimes impacts on each other
(Vertical Shaft Impactor crushers). Crushing processes are
also carried out in another group of crushers, in which the
dynamic impact of the working elements on the crushed
material is also used, but it occurs there multiple times.
These machines are based on vibration technology. The
main difference between impact and vibration crushers is
the frequency of contact of the working elements with the
crushed material, which in vibratory crushers is much
higher and oscillates in the range of 15 to 35 Hz. The two
main groups of these machines are cone and jaw vibratory

crushers. There has been a dynamic development of jaw
and cone vibratory crushers in recent years. These ma-
chines have several advantages over conventional de-
signs. They are characterized by a much higher degree of
fragmentation and the ability to effectively process mate-
rials with very high values of compressive strength and
high abrasion. These factors mean that vibratory crushers
are increasingly used for crushing hard and very hard ma-
terials and with a high content of crystalline silica inclu-
sions. Thanks to high-frequency cyclic interactions and
usually simple movement of the working elements (jaws,
cone), the phenomenon of abrasion of the crusher's work-
ing elements by the processed material is minimal. The re-
sult is minimal wear of the crusher's working elements
and, consequently, obtaining a crushing product practi-
cally free of contamination. This allows these crushers to
be used in new areas, such as food processing, pharmacy,
cosmetics production, and others — Fig. 1.
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Fig. 1 Possible applications of vibration crushing technology

Very fine crushing of hard and very hard materials also re-
quires significant energy inputs. This is mainly due to the
need to use multi-stage crushing technological lines, most
often containing jaw, cone or impact crushers. One way
to reduce the total amount of energy spent on the crush-
ing process is to reduce the number of machines in the
technological line. This is possible by using crushers char-
acterized by much higher degrees of fragmentation than
those used so far, i.e. vibratory crushers. The use of vibra-
tory crushers simplifies the technological lines due to the
smaller number of crushers and accompanying devices,
such as screens, feeders/dispensers, conveyors, control
devices, etc. This results in a reduction (sometimes signif-
icant) of investment and operating costs.

SYSTEMATICS OF VIBRATORY CRUSHERS — LITERATURE

REVIEW

The unambiguous definition of the term '"vibratory

crusher" poses particular problems. There is no unequiv-

ocal definition of this term in the specialist literature;
therefore, it is assumed that a vibratory crusher is a crush-

ing machine that meets the following conditions [1, 2]:

— there is a vibrating movement of at least one working
element (cone, jaw, pipe),

— the crushing process occurs as a result of dynamic in-
teractions of working elements,

— the minimum vibration frequency of the working ele-
ments (element) is at least twice as high as the maxi-
mum vibration frequency of the working elements of
"classic" crushers, i.e. practically above 15 Hz and up
to 25 Hz,

The primary division of vibratory crushers can be pre-

sented as follows:

— vibratory cone crushers,

— vibratory jaw crushers.

— The most commonly used are vibratory cone and jaw
crushers. There are four types of design solutions for
vibratory cone crushers [1]:

— cone crushers with a single-mass inertial vibrator
placed in the inner working cone — Fig. 2 [3],
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Fig. 2 Vibratory cone crusher with a single-mass inertial vibra-
tor placed in the inner working cone: 1 — inner cone, 2 — outer
cone, 3 —inertial body, 4 — vibrator, 5 — vibrator shaft, 6 — joint,
7 - drive shaft, 8 — motor, 9 — body suspension, 10 — crusher
frame

Source: [1].

— cone crushers with a dual-mass inertial vibrator placed
on the inner shaft of the working cone — Fig. 3 [4],

Fig. 3 Vibratory cone crusher with a dual-mass inertial vibrator
placed on the shaft of the inner working cone: 1 — outer cone,
2 — inner cone, 3 — cone bearing unit, 4 — crusher body,
5 — vibrator shaft, 6 — cover, 7 — bearing unit, 8 — support,
9 —vibrator mounting, 10 — crusher base

Source: [1].

— cone crushers with a single-mass inertial vibrator
placed on the shaft of the inner working cone, Fig. 4
(31,

Fig. 4 Vibratory cone crusher with a single-mass inertial vibra-
tor placed on the inner shaft of the working cone: 1 — outer
cone, 2 — inner cone, 3 — cone bearing unit, 4 — crusher body,
5 — cone shaft, 6 — vibrator mass, 7 — belt transmission,
8 — spring support, 9 — body support

Source: [1].
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Fig. 5 shows a view of a crusher of this type manufactured
by Mekhanobr.

Fig. 5 KID series vibratory cone crusher manufactured
by Mekhanobr
Source: [3].

— cone crushers with a dual-mass inertial vibrator driv-
ing the outer working cone (with a stationary inner
cone) Fig. 6 [3].

]

Fig. 6 Vibratry cone crusher with a dual-mass inertial vibrator
driving the outer working cone (with a stationary inner cone)
Source: [3].

The inner cone can be driven by one or more inertial vi-
brators — Fig. 7.

Fig. 7 Vibratory cone crushers with a dual-mass inertial vibrator
driving the outer working cone (with a stationary inner cone):
WKDC-150 (left — drive by four vibrators) and WKDC-700 (right
— drive by one vibrator) manufactured by Mekhanobr

Source: [3].

Greater differentiation of classification occurs in the case
of the design of vibratory jaw crushers. The first division
includes the number of driven jaws:

— crushers with single jaw drive — Fig. 8,

— crushers with two jaw drive — Fig. 9a and 9b.

Fig. 8 Single jaw drive vibratory jaw crusher
Source: [3].
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Fig. 9 Design diagram of vibratory jaw crushers
with a dual-mass inertial vibrator with upper (a) and lower (b)
jaw suspension

Source: [1].

Another division concerns the type of vibrators that drive
the jaw, i.e.:

— with a dual-mass inertia vibrator — Fig. 9a, 9b,

— with a single-mass inertia vibrator — Fig. 10,

Discharge
Fig. 10 Design diagram of a vibratory jaw crusher with a single-
mass inertial vibrator: 1 — crusher body, 2 - jaw axis, 3 — elastic
support, 4 - jaw, 5 — inertial vibrator
Source: [3].

— with a mechanical kinematic vibrator — Fig. 11,
— with hydraulic vibrator.

Fig. 11 Design diagram of a vibratory jaw crusher
with a kinematic vibrator: 1 - jaw, 2 - elastic system,
3 - kinematic vibrator, 4 — gap adjustment mechanism,
5 — vibrator drive, 6 — motor

Source: [1].
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Vibratory jaw crushers can also be divided according to
the location of the jaw suspension:

— crushers with upper jaw suspension — Fig. 93,

— crushers with lower jaw suspension — Fig. 9b.

In addition to the described design solutions of vibratory
crushers, there are also vibratory tubular crushers, which,
however, have not found wider application in industry
and are not included in this article.

A number of studies conducted so far indicate that vibra-
tory crushers are characterized by much higher crushing
efficiency than machines operating on the basis of quasi-
static compression or dynamicimpact [5, 6, 7, 8,9, 10, 11].
Additionally, vibratory crushers are also characterized by
higher "efficiency" of energy use for the crushing process
[12, 13, 14, 15, 16]. In other words, a greater amount of
energy - than in "classic" crushers - is transferred to the
crushed material, causing its more effective disintegra-
tion. Therefore, the use of crushers of this type in selected
crushing technological lines can bring measurable bene-
fits related to the reduction of investment and operating
costs.

METHODOLOGY OF RESEARCH

The test stand of the vibratory jaw crusher (designation
KW 40/1) is shown in Fig. 12, while the construction dia-
gram of the crusher and its test stand is shown in Fig. 13.
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Fig. 13 Construction diagram of the KW-40/1 laboratory vibra-
tory jaw crusher and its test stand: 1 — jaw, 2 — eccentric shaft,
3 - adjustable jaw support, 4 — fixed jaw support, 5 — gap
adjustment mechanism, 6 - elastic system, 7 - chain
transmission, 8 — motor, 9 — power supply and control system,
10 - rotational speed sensor, 11 — crusher dust removal and air
purification system, WR — power consumption recording unit

The stand consists of: the KW40/1 laboratory crusher, the
power supply and speed control unit for the crusher mo-
tor, the feeder, the power consumption measurement
and recording system, the dust removal and air purifica-
tion system.

The crusher's working unit consists of two movable jaws
(1) mounted in an oscillating manner at the bottom. Elas-
tic systems (2) press both jaws against the drive rollers of
kinematic vibrators (3). One of the jaws has a mechanism
for regulating the outlet gap (4). Both vibrator shafts are
coupled with a chain transmission (5), driven by an elec-
tric motor (6). The movement of both jaws occurs in a
counter-rotating manner, i.e. the jaws simultaneously ap-
proach or move away from each other. The crusher jaws
have replaceable smooth steel lining, however, it is possi-
ble to mount ceramic linings. The crusher's design allows
for the adjustment of the stroke of both jaws. The power
supply system of the electric motor (9) provides step-less
regulation of the rotational speed of the vibrator shafts
and, thus, the frequency of jaw vibrations.

The feed for the crushing process in the vibratory crusher
was delivered using a vibratory electromagnetic feeder,
trying to fill the crushing zone to about half of its height
because previous studies [10, 11, 12, 13, 14] showed that
with such a filling of the crushing zone, the crusher
achieved the highest efficiency. Each test was repeated
twice, and the final results are the arithmetic mean of
these tests. Granulometric analysis of the feed and crush-
ing product was performed dry in accordance with PN-EN
933-2:2021-01.

Basic parameters of the KW 40/1 vibrating jaw crusher:
Inlet dimensions: 100 x 160 mm, gap adjustment range:
0.5+10 mm, jaw vibration frequency: 10+25 Hz, electric
motor power 2.2 kW, maximum feed grain size: 40 mm,
dimensions 840 x 420 x 980 mm, weight: 145 kg, capacity:
50+500 kg/h.

APPLICATION OF VIBRATORY CRUSHERS IN SELECTED
CRUSHING TECHNOLOGIES

Limestone crushing for the production of sorbents
for flue gas desulfurization

The Polish commercial power industry is mainly based on
the combustion of hard and brown coal, which generates
significant amounts of SO2 and other gases. Since the
1990s, the Polish power industry has been undergoing an
intensive modernization process, which concerned in par-
ticular the construction of flue gas desulfurization instal-
lations (FGD), or sometimes the introduction of fluidized
bed boilers (especially during the modernization of coal-
fired units), where the desulfurization process takes place
in the boiler immediately after the fuel combustion pro-
cess (mainly coal). The progressive implementation of
desulfurization methods in the Polish power industry
(electricity generation and partially in heating) contrib-
uted to the development of the domestic demand for
limestone sorbents from practically zero at the beginning
of the 1990s to approximately 2.5-3 million Mg/year at
present [17]. Limestone of appropriate quality is used as
the sorbent: in the wet limestone method with finer gran-
ulation (limestone flour) and in fluidized bed boilers with
slightly coarser granulation (limestone sand). A by-prod-
uct of flue gas desulphurization is gypsum, which is in-
creasingly used in the construction industry [18, 19, 20].
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The limestone sorbent production process usually con-
sists of several stages: after the rock is mined in the de-
posit, the material is fed to the crushing process line (usu-
ally two- or three-stage) and then to the mill (most often
a roller-bow! mill). Sometimes, the material requires addi-
tional drying before being fed to the mill. In the multi-
stage crushing process, jaw or cone crushers are most of-
ten used at the first stage, cone or impact crushers at the
second stage and usually impact crushers at the third
stage. Therefore, it is necessary to build a technological
line consisting of a relatively large number of machines
because, in addition to crushers and mills, it is necessary
to use auxiliary devices (conveyors, screens, separators,
control and measurement equipment). One of the meth-
ods of simplifying the technological line may be to use a
smaller number of machines characterized by higher
crushing efficiency than those used so far. The described
research aimed to check the possibility of using a vibra-
tory jaw crusher in the limestone sorbent production pro-
cess.

The feed for the crushing process was limestone from the
Czatkowice Mine in Krzeszowice. The grain composition
curve of the feed is shown in Fig. 14. It was a product after
the second crushing stage (cone crusher) of the techno-
logical line used in the Czatkowice Mine — grain size from
5 to 40 mm. Each test was repeated twice, and the final
results are the arithmetic mean of these tests. Figure 14
presents the grain size of the feed (FC) and the crushing
product in graphic form.
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Fig. 14 Limestone granulation: feed and crushing product
from the KW-40/1 crusher

The grain size of the crushing product (original sample)
from the crusher was 100% in the 0-6.3 mm class, with the
share of the 0+100 um class being 30.1% and the share of
the 0+400 pum class being 53.9%. The total share of the
crushing product with grains smaller than 1 mm was ap-
prox. 75% (Fig. 14). The high efficiency of limestone crush-
ing is evidenced by the values of the degrees of crushing
iso = 13.8 and iso = 84.7, which is an unheard-of value for
currently used crushers. The obtained product can be
used to get limestone sands used in fluidized boilers and,
to a limited extent, to obtain limestone flours used in the
wet method of flue gas desulphurization. Thanks to such

ample technological possibilities, the crushing stage
based on the vibratory crusher can successfully replace
two crushing stages composed of "conventional" crushers
(e.g. cone and impact). In certain conditions — when using
a closed loop crushing system and with lower total effi-
ciency — the vibratory jaw crusher can be responsible (as
an auxiliary) for the grinding process carried out in the
roller-bow!| mill. Considering the above research results, it
can be stated that the vibrating jaw crusher can be used
to produce lime sorbents.

Crushing of sanitary ceramic waste to produce concrete
aggregates

One of the problems of modern industry is production
waste that is not biodegradable. With the growing pro-
duction scale, attempts to recycle them are particularly
important. Among others, sanitary and sanitary-technical
ceramics are not biodegradable. The essential products of
this group include: washbasins, washbasin posts, toilet
bowls and toilet tanks. Other products, constituting 10-
15% of production, are medical sanitary installations, la-
boratory bowls, urinals, bidets, tanks, bathtubs and built-
in details such as: hooks for coat racks, soap dishes, shelf
brackets, etc. The use of sanitary products creates sani-
tary ceramic waste, but the production process itself is
also waste-generating. Due to production difficulties and
rigorous quality control requirements, some products are
classified as post-production waste. The most common
defects that disqualify the product are: cracks, chips, dam-
age to the glaze, etc. Properly prepared ceramic waste can
be successfully used as an aggregate for producing con-
crete, both as an additive and as the main component [4,
21, 22], and in some cases even for the production of ce-
ment clinker [23, 24]. The tests [25, 26] have shown that
concrete based on such aggregate has higher strength pa-
rameters than concrete based on gravel aggregate.

The technological lines used in construction ceramics
waste management plants can be adapted for crushing
sanitary ceramic waste. The comminution process in
these lines is carried out in two stages. Initially, in jaw or
hammer crushers and, finally, in sieve mills or impact dis-
integrators [27, 28]. There are known solutions using com-
plicated roller-bowl mills to prepare the raw material
mass, which is additionally characterized by high invest-
ment and operating costs.

The study's main objective was to experimentally confirm
the possibility of crushing sanitary ceramic waste to a
grain size of the crushing product below 2 mm. The tests
were performed using production waste, which was pre-
crushed. Similarly to the crushing of limestone for the pro-
duction of sorbents for flue gas desulphurization, the la-
boratory stand of the KW 40/1 vibrating jaw crusher was
used for the tests (shown in Fig. 11 and 12). A 1 kg sample
of material with the same grain size of 20+50 mm was
used for one crushing test (Fig. 15). The final results are
the average of two crushing tests.
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Fig. 15 Comparison of grain size of ceramic waste before
and after crushing
Source: [27].

The research program included, among others, testing the
effect of the outlet gap on the grain size of crushing prod-
ucts. Figure 15 compares the grain size of the feed and the
crushing product with the outlet gap s=1.0 mm. Figure 16
shows a graph illustrating the effect of the outlet gap size
"s" on the grain size of the crushing product.
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Fig. 16 The influence of the outlet gap s on the grain size
of the crushing product
Source: [27].

As seen in the above graph, at the outlet gap s = 0.5 mm,

the yield of the grain class below was approximately 87%,
while for the gap s = 1.5 mm, this yield was almost 70%.
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Fig. 17 Proposed solution of the technological line for grinding
sanitary ceramic waste
Source: [29].

It should be noted that sanitary ceramic waste is charac-
terized by a relatively high value of compressive strength

RC =400-600 MPa. Considering the above, it can be stated
that the vibratory jaw crusher is characterized by a high
efficiency of crushing sanitary ceramic waste.

Based on the described research, a solution for a techno-
logical line for grinding sanitary ceramic waste was pro-
posed and implemented [29], shown in Fig. 17.

Application of a vibratory crushers in a mobile gold
extraction installation

Thanks to dynamic effect (impact) during crushing, vibra-
tory crushers are characterized by higher crushing effi-
ciency and lower weight. This results directly from using
the inertia of working elements (jaws) to carry out the
crushing process, unlike machines using quasi-static com-
pression. As a result, the design of the jaw drive system
transfers smaller forces. In consequence, neither the kin-
ematic system of the jaw drive nor its support has to be
designed for such significant loads as in "classic" crushing
machines. This results in a significantly lower weight of vi-
bratory crushing machines, allowing them to be used in
new applications. Figure 18 shows a unique mobile instal-
lation for gold extraction. Using vibratory crushers re-
duced the number of machines, thus significantly reduc-
ing the total weight of the system. This allowed the line to
be built on a transportable tyre chassis.
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Fig. 18 An example of a gold extraction installation using vibra-
tory crushers: 1 — vibratory jaw crusher, 2 — vibratory cone
crusher, 3 — screen, 4 — centrifugal vibrating concentrator,
5 —screen, 6 — hydrocyclone, 7 — gold smelting furnace

Source: [30].

The main elements of the presented solution are vibra-
tory crushers: jaw and cone. The first stage includes a vi-
bratory jaw crusher with high crushing efficiency, which
prepares the feed (gold-bearing ore) for the vibratory
cone crusher, which acts as the second crushing stage.
The cone crusher operates in a closed loop circuit using a
screen, ensuring that the crushing product's maximum
grain size is less than 2 mm. The obtained product is suit-
able for further processes enabling gold extraction.

SUMMARY

Vibratory crushers, both jaw and cone, are characterized
by much higher crushing efficiency compared to jaw and
cone crushers operating on the principle of quasi-static
crushing. This is a consequence of the impact mechanism
of the machine's working elements on the crushed mate-
rial and causes vibratory crushers to have several ad-
vantages over other crusher designs:
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— the ability to obtain high degrees of fragmentation,
even above 50 (which allows one vibratory crusher to
perform several crushing stages),

— simplification of the construction of the technological
line by eliminating auxiliary devices for crushing stages
(feed, transport, air purification),

— the ability to almost entirely dynamically balance vi-
bratory crushers (the ability to use smaller founda-
tions),

— significantly smaller mass and dimensions than other
crusher designs,

— vibratory crushers with inertial vibration excitation do
not require any protection against damage by metal
material,

— the ability to crush materials with very high compres-
sive strength (RC even up to 2000 MPa), e.g. ferroal-
loys, special ceramics, glass, and very compact rocks.

Vibratory crushers are increasingly used for very fine
crushing of hard and very hard materials, i.e. those that
should not be processed in impact crushers (hammer or
rod) due to the high wear of their working elements. The
research presented in this article confirms the high suita-
bility of the vibratory jaw crusher for crushing hard sani-
tary ceramic waste. Thanks to the high degrees of frag-
mentation and low sensitivity of the working elements to
friction wear, building a relatively simple (only two-stage)
technological line for utilizing sanitary ceramic waste and
producing full-value aggregates for producing high-quality
concrete is possible. Also, thanks to the very high effi-
ciency of limestone crushing, manifested by obtaining
very high degrees of fragmentation, it is possible to build
a simpler and, therefore, less cost-intensive production
line for lime sorbents used in desulphurization of boiler
flue gases. The low weight of vibratory crushers also al-
lows the construction of mobile or semi-mobile installa-
tions based on these machines. This is particularly im-
portant when the deposit is small or difficult to access due
to terrain conditions. In such a case, small and cheap in-
stallations can be easily moved. The perfect example is a
mobile installation for gold extraction, as described in the
article.
Generally, the advantage of vibratory crushers is the sim-
plification of previously used crushing technological lines.
One vibratory crusher can replace two, sometimes even
three, crushers of different types. This is also associated
with reducing the number of auxiliary machines responsi-
ble for supplying and receiving material from crushers
(e.g. conveyors, feeders, screens, separators), dust re-
moval and air purification, and devices responsible for
power supply and control. The result is reduced invest-
ment and operating costs to maintain the technological
line. This main factor has led to vibratory crushers being
increasingly widely used in various industries.
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