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Abstract: This paper presents experimental comparison of two machine crushing technologies: one-stage and two-stage. The study
was carried on a model double-toggle jaw crusher which allows crushing forces, energy and toggle displacement to be measured.
The main aim of the work was to determine the energy consumption of crushing process assuming a given level of fragmentation.
Studies were performed on three rocks: granite “Strzegom”, limestone “Morawica” and sandstone “Mucharz”. The material tested
had a cubic shape and average dimension of 90 mm. One-stage crushing was carried out for outlet slot e- = 11 mm, and two-stage
crushing for e, = 24 mm and 11 mm. In the tests special design of variable profile moving jaw was used and fixed jaw was flat. The
analysis of the results shows that taking into account energy consumption, it is better to use two-stage crushing process. For given
materials energy consumption in the two-stage crushing process was reduced by 30%.
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1. INTRODUCTION

The main aim of processing rock raw materials is to
prepare and process the rocks to a condition that meets
the commercial requirements for quality parameters as
well as the production of suitable products in accordance
with the requirements of the standards. Due to the signif-
icant development of road and rail infrastructure and to
growing demand for high quality aggregates, methods of
crushing should be sought which ensure high product
quality and low cost of production.

Growing demand for aggregates of various frac-
tions often leads to situations in which producers,
companies selling aggregates, have to adapt fast to
requirements of individual customers. In addition, the
economics of production requires a comprehensive
and optimal use of the raw material. Hence, it is be-
coming more and more common for the aggregate
manufacturer to further refine its current product to
meet the specific customer requirements. This in-
volves the need to expand technological lines by using
additional processing equipment, different from that
operating in the main technological line.

In aggregate processing plants, jaw, cone and im-
pact crushers are most commonly used. At the initial
stages of crushing, jaw or cone crushers are usually
used. The advantages of the jaw crusher are the low

operating and maintenance costs and simple mainte-
nance.

When reviewing literature it can be noticed that
there are many devices for crushing of fragile materials.
These machines are characterized by different capaci-
ties, construction, energy consumption and destination
(Tromans [16], Foszcz and Gawenda [7], Ciezkowski
[2],[3], Cigzkowski and Maciejewski [4], Cigzkowski
et al. [5], Foszcz and Wtlodarczyk [9], Kobiatka and
Naziemiec [12], Rumpf [14], Klushancev et al. [11]).

These devices are individually selected for specific
technological processes. One thing is certain: the process
of crushing entails high energy consumption (Te¢sio-
rowski [15], Numbia et al. [19]), and wear off the crush-
er components (Mierzwa et al. [18]), which aggravates
their efficiency. Strength parameters of the feed (Ak-
barnezhad et al. [1]) and physical characteristics such as
moisture content (Fuerstenau and Abouzeid [10]) also
avert influence on the process of crushing.

In the present study, the machine crushing pro-
cess were performed on doubble-toggle jaw crusher,
shown schematically in Fig. 1a. Fig. 1b presents the
outlet slot e, measurement principle adopted in the
experiment.

The most important operational and technical pa-
rameters of the jaw crushers are the dimension of the
inlet slot a x b, the displacement of the moving jaw s
(distance between the plates at the narrowest point of
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Fig. 1. (a) Schematic diagram of laboratory jaw crusher:
1 — fixed jaw, 2 — moving jaw, 3a, 3b — toggle plates, 4 — pitman, 5 — eccentric shaft,
a, b — width and length of the inlet slot, 6 — flywheel, 7 — rear wall, 8 — outlet slot e, adjusting device,
(b) methodology of outlet slot width measurement, s — moving jaw displacement, e, — outlet slot dimension

the working chamber), nip angle « (angle between the
surfaces of the fixed and moving jaw in the reverse
position, when the moving jaw is as close as possible
to the fixed one), the angular velocity of the drive
shaft n (no-load running), the dimension of the outlet
slot e, the cross and longitudinal profiles of crushing
plates (Kobiatka and Naziemiec [12], Zawada and
Pawlak [17]). Under industrial conditions, the outlet
slot e, and the moving jaw displacement s are regulat-
ed. Other parameters are selected at the design stage
for a given process line (Gawenda [8]).

The present paper is a continuation of the work on
optimization of the crushing process at the Institute
of Construction Machinery Engineering (Cigzkowski

et al. [5]). The purpose of the experiments carried out
in this work is to compare the comminution of the feed
in a two-stage and a single-stage crushing process and
to determine technological parameters of the latter, i.e.,
performance, effective energy and crushing forces.

2. EXPERIMENTAL METHODOLOGY

The object of the study was a double-toggle jaw
crusher (Cigzkowski (ed.) [6]). The test machine fully
corresponds structurally and functionally to double-
toggle jaw crushers used for industrial purposes, dif-

Table 1. Strength parameters of the feed

Material
Strength parameters - -
Limestone Sandstone Granite

Young’s modulus £ [GPa] 23.13 16.96 9.73
Cohesion ¢ [MPa] 20 31.82 18.91
Internal friction angle p [°] 56 34 44
Uniaxial tensile strength S, [MPa] 8.03 11.05 8.74
Uniaxial compressive strength S. [MPa] 158.45 122.78 95.09

(b)

Fig. 2. Examples of feed specimens from mines in Poland with average dimension of 90 mm used in the tests:

(a) limestone “Morawica”, (b) sandstone “Mucharz”, (c) granite “Strzegom”
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fering from them almost exclusively by dimensions. It
is characterized by the following technical parameters:
the dimension of the inlet slot @ x 5 = 100 x 200 mm,
height of the crusher’s working chamber 42 = 250 mm,
the outlet slot e, = 20+30 mm, the angular velocity of
the drive shaft (no-load running) #» = 388 rpm, moving
jaw displacement s = 6 mm, gear ratio of V belt 3.2,
rated engine power (type SZJe 34b) N., =4 kW.

The material used in the tests (feed) was a lime-
stone “Morawica”, sandstone “Mucharz” and gran-
ite “Strzegom” from mines in Poland (Fig. 2) with
strength parameters given in Table 1.

Figure 3 shows research testing scheme. The first
crushing process (Fig. 3a) was implemented in two
crushing stages, with outlet slot dimension e, = 24 mm
(B) in the first stage and e, = 11 mm in the second

crushing stage (C, B). After the first stage of crush-
ing, the material was sieved in order to perform our
analysis of the product grain. To complete sieve
analysis a set of control sieves was used.
A set consisting of 10 screens of mesh square size 0.063,
0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 31.5 mm was placed on
a mechanical shaker WSU-BB according to Polish
Standard (PN-EN 933-1: 2012). Feed used in the
second stage had grain sizes of 8, 16, 31.5 mm (C)
and 16, 31.5 mm (D). The final stage of the research
was sieve analysis of the product. The second crush-
ing process proceeded in a single step (A), shown
schematically in Fig. 3b. For this process, the outlet
slot was set to e, = 11 mm. The feed used in both pro-
cesses had a similar mass (~10 kg) and particle size
d =90 mm.

1-limestone, 2 -sandstone, 3 -granite €3 feed ~90 [mm] [€—> D Crushing plates
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Fig. 3. Research testing scheme: (a) two-stage, (b) one-stage

(a)

Fig. 4. Crushing plates used in the tests:
(a) crusher’s working space — view from the top on crushing plates, (b) a set of flat and profiled plates
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Figure 4 a shows a view of crusher’s working
space. In this work flat crushing plate for fixed jaw
and moving plate with variable pitch and triangular
profile were used. This set is advantageous for reasons
of performance and energy consumption of the ma-
chine crushing process (Cigzkowski and Maciejewski
[4]). During the experiments, moving jaw displace-
ment and crushing forces were recorded by measure-
ment of forces on toggle plate 3a, shown in Fig. 1.

3. RESULTS

Product particle size distribution is one of the most
important indicator of the process. The percentage of
each product fraction is defined as

m

= M
m

[33% 1]

where m — specimen mass, m, — mass of fraction “n”.

The results of product sieve analysis are given in
Tables 2-4 and Figs. 5-7. Tests were performed on
four series. Results of product particle size distribution
are averaged from all tests. The tables show values
of masses each fraction for one-stage process A, B
with the dimension of the outlet slot of consists of e, =
11 mm and e, = 24 mm and for second stage of crush-
ing process C and D for feed size d = 8+31.5 mm and
d = 16+31.5. Columns labeled as ' and X? contain
a summary results of each two-stage crushing process
B + C and B + D. The final results of the one- and
two-stage sandstone, limestone and granite crushing
processes are compared in Figs. 5-7. Product particle
size distribution analysis shows that the one-stage
process has a similar composition as two-stage pro-
cess B + C, where in the second stage the feed size
d = 8+31.5 mm was used. In the case of B + D pro-
cess (feed d = 16+31.5 mm) there are many more
fractions of d = 8 mm in relation to one-stage process A
or two-stage B + C.

In order to compare the effects of one- and two-
stage processes, a group of indicators was introduced.

Table 2. Results of sieve analysis for “Mucharz” sandstone, 2! =B+ C, 2> =B + D

Dimension of the sieve Mass of the rock left on the sieve [g]
— substitute diameter [mm] A B C >l D >?
<0.063 0.11 0.04 0.14 0.18 0 0.04
0.063 0.65 0.12 0.48 0.6 0.08 0.2
0.125 0.93 0.14 0.57 0.71 0.28 0.42
0.25 0.57 0.11 0.44 0.55 0.38 0.49
0.5 0.79 0.19 0.78 0.97 1.13 1.32
1 1.26 0.4 0.51 091 1.15 1.55
2 1.39 0.48 1.18 1.66 1.18 1.66
4 3.78 0.92 2.78 3.7 1.54 2.46
8 0.79 1.66 0.74 0.74 0.22 1.88
16 0 5.58 0 0 0 0
31.5 0 0.38 0 0 0 0
m= zm,- 10.27 10.02 7.62 10.02 5.96 10.02

Table 3. Results of sieve analysis for “Morawica” limestone

Dimension of the sieve Mass of the rock left on the sieve [g]
— substitute diameter [mm] A B C >l D 2
<0.063 0.02 0.01 0.02 0.03 0.02 0.03
0.063 0.1 0.04 0.3 0.34 0.04 0.08
0.125 0.42 0.09 0.72 0.81 0.12 0.21
0.25 0.45 0.1 0.65 0.75 0.29 0.39
0.5 1.2 0.2 1.19 1.39 0.56 0.76
1 2.3 0.3 1.35 1.65 1.15 1.45
2 1.82 0.41 1.23 1.64 1.31 1.72
4 3.52 1.08 1.97 3.05 1.45 2.53
8 0.49 2.42 0.27 0.27 0.37 2.79
16 0 4.29 0 0 0 0
31.5 0 1.02 0 0 0 0
m= zmi 10.32 9.96 7.7 9.96 5.31 9.96
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Table 4. Results of sieve analysis for “Strzegom” granite

Dimension of the sieve Mass of the rock left on the sieve [g]
— substitute diameter [mm] A B C >l D 3?
<0.063 0.11 0.02 0.15 0.17 0.10 0.12
0.063 0.24 0.1 0.29 0.39 0.13 0.23
0.125 0.43 0.16 0.48 0.64 0.23 0.39
0.25 0.48 0.19 0.52 0.71 0.29 0.48
0.5 1.07 0.36 1.2 1.56 0.59 0.95
1 1.56 0.4 1.18 1.58 0.68 1.08
2 1.75 0.48 1.17 1.65 0.75 1.23
4 3.46 0.85 2.04 2.89 1.37 2.22
8 0.89 1.48 0.23 0.23 1.63 3.11
16 0 491 0 0 0.00 0
31.5 0 0.86 0 0 0.00 0
m= zmi 9.99 9.81 7.25 9.81 5.77 9.81
w®=A =E=BandC =6=BandD
40
35 R
£\
£\
30 'f \
;o\
hi \
g” '?/\
[
5 20 "._-"1 \\
° 1 \\
g o |
% 95 o 7 LY

i
S)
S )
..'.'-
Q@
N
N
X
i\
&
—"”

_..--0-.,_ 7 . u'..; == a
| ot
Pt o TR S S
5 " A
"":e/ \\\
0 —gf/ ) —
<0,063 0,063 0,125 0,25 0,5 1 2 4 8 16 31,5
A 107 | 633 | 906 | 555 | 7,69 | 12,27 | 13,53 | 3681 | 7,69 | 0,00 | 0,00

BandC| 1,80 5,99 7,09 5,49 9,68 9,08 16,57 36,93 7,39 0,00 0,00
BandD| 0,40 2,00 4,19 4,89 13,17 15,47 16,57 24,55 18,76 0,00 0,00
Product size [mm]

Fi

—

g. 5. Sieve analysis. Comparison of one-stage and two-stage sandstone crushing process

A =H=BandC =€=BandD

40
35 g
i
% /8
FITAY
S o\ /ﬂ
25 i1 o
9 i I
= 9. i W
g 20 i l/ A%
B 7 !/ i
[ ¥ 3
= B A
E’e" [}
116.-' / \‘; \
10 2 S v
s v
et - I \
5 L7 S !
’E’ .’W ............. ;‘_"‘-'
-1 P ~du
0 = .
<0,063 0,063 0,125 0,25 0,5 1 2 4 8 16 31,5
A 0,19 0,97 4,07 436 | 11,63 | 22,29 | 17,64 | 34,11 | 4,75 0 0
BandC| 0,30 3,42 8,16 7,55 14,00 16,62 16,52 30,72 2,72 0 0
BandD| 0,30 0,80 2,11 3,92 7,63 | 14,56 | 17,27 | 25,40 | 28,01 0 0

Product size [mm]

Fig. 6. Sieve analysis. Comparison of one-stage and two-stage limestone crushing process



22

P. CIEZKOWSKI et al.

~Q=A -B-BandC —6—-BandD
40
35
A
30 F v A
;W
HEARY
SNy
— 25 . \A
X i [
— S LI
c i [
320 VAR
© *_-:ﬁ' Y
i~ - A
15 ,'E" = v / (=
’ [
, J,.»"' Vi
4 [
10 » " e Y
o R \
5 —‘E—_- / ‘\ \"'
> <@ \‘
g;—,‘_—r" B )
0 = 83—
<0,063 0,063 0,125 0,25 0,5 1 2 4 8 16 31,5
A 1,10 2,40 4,30 4,80 10,71 15,62 17,52 34,63 8,91 0,00 0,00
BandC| 1,73 3,98 6,52 7,24 1590 | 16,11 | 16,82 | 29,46 2,34 0,00 0,00
BandD| 1,22 2,34 3,98 4,89 9,68 11,01 | 12,54 | 22,63 | 31,70 0,00 0,00

Productsize[mm]

Fig. 7. Sieve analysis. Comparison of one-stage and two-stage granite crushing processes

These indicators are pertaining to forces, energy and

performance, namely:

e Fmax — average value of the maximum crushing
forces given by

1
Fmax :;zizl F;'max ’ (2)
where: Fimax are maximum values in subsequent cy-
cles of operation, kK — number of subsequent cycles of
operation. This definition means the average of the
maximum values recorded for each portion of feed,

e W, — technical performance — feed mass to crush-
ing time ratio W; = m/t,

o effective energy L. — is equal to the amount of
work generated in subsequent crushing cycles. Ef-
fective energy of one cycle is equal to the area
shown in Fig. 8.
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In Table 5, results obtained for analyzed processes
of three types of rock crushing are presented. There
are shown values of average forces Fmax, effective and
specific energy, technical performance for one-stage
process A and two-stage processes B + C and B + D.

Comparing the force values it can be seen that the
crushing forces are strongly related to outlet slot di-
mension. In the case of crushing sandstone and gran-
ite, the force is three times less for e, = 24 mm (pro-
cess B) than for process A, where e, =11 mm. For
limestone crushing, the force is 7 times less for e, =
24 mm (processes C and D).

In the second stage with outlet slot e = 11 mm
values of forces are similar to results obtained for one-
stage process A despite the significant difference
of feed size (A ~d = 90 mm, C — d = 8+31.5 mm,
D = 16+31.5 mm). Comparing the effective energy of
both processes, we see that the two-stage process is
advantageous compared to the single one. Two-stage
process B + C, where in the second stage a fraction
of 8+31.5 mm was crushed, gives 8.8% lower energy
consumption for sandstone and 40% for granite but
5% higher for limestone.

In the case of two stage process B + D the ad-
vantage in terms of energy is much larger, and is
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Table 5. Crushing force, crushing energy and technical performance — experiment

Process One-stage Two-stage
A B C Band C D Band D
Material Sandstone “Mucharz”
Feed [mm] 90 90 8,16,31,5 3 16, 31,5 )
Outlet slot e-[mm] 11 24 11 24 and 11 11 24 and 11
Effective energy L. [kJ] 104.62 28.41 67.75 96.16 52.81 81.22
Specific energy Ls [kl/kg] 10.19 - - 9.60 - 8.11
Average forces Fiax [KN] 346.09 | 112.87 | 359.68 - 329.14 -
Technical performance W; [kg/s] 0.14 0.56 0.15 0.15 0.15 0.19
Crushing time ¢ [s] 69.49 17.86 49.85 67.71 35.43 53.29
Material Limestone “Morawica “
Effective energy L. [kJ] 94.55 19.24 80.31 99.55 49.79 69.03
Specific energy Ls [kJ/kg] 9.16 - - 9.99 - 6.93
Average forces Fmax [kN] 354.82 51.49 377.83 - 284.59 -
Technical performance W; [kg/s] 0.11 0.41 0.15 0.13 0.14 0.15
Crushing time ¢ [s] 72.11 21.2 50.2 71.4 36.21 57.41
Material Granite “Strzegom”
Effective energy L. [kJ] 90.86 16.88 36.51 53.39 32.31 49.19
Specific energy Ls [kl/kg] 9.10 - - 5.44 - 5.01
Average forces Fmax [kN] 190.92 67.02 244.40 - 184.28 -
Technical performance W; [kg/s] 0.16 0.45 0.30 0.22 0.31 0.22
Crushing time ¢ [s] 56 21.50 24.34 45.84 23.44 44.94

equal to 22% for sandstone, 26% for limestone and
45% for granite.

A comparison of technical performance shows that
the two-stage process is preferred. The technical per-
formance of the process (B + D) is 30% higher rela-
tive to the one-step process A.

4. CONCLUSIONS

In the paper, the experimental comparison of two
machine crushing technologies — one-stage and two-
stage was presented. The laboratory tests were carried
out on a model double-toggle jaw crusher on the three
rocks: granite “Strzegom”, limestone “Morawica” and
sandstone “Mucharz”.

Analyzing the result, the following conclusions
can be drawn:

e Product particle size distribution analysis shows
that the one-stage process A has a similar compo-
sition to two-stage process B + C, where in the
second stage the feed size d = 8+31.5 mm was
used. In the case of two-stage process B + D (feed
size d = 16+31.5 mm) there are many more frac-
tions of d = 8 mm in relation to one-stage process
A or two-stage B + C.

e The average crushing forces values Fmax are
strongly related to outlet slot dimension. In the

case of crushing sandstone and granite, the force is

three times less for e, = 24 mm (process B) than

for process A, where e, = 11 mm. For limestone

crushing, the force is 7 times less for e, = 24 mm

(processes C and D).

e Comparing the effective energy of both processes,
we see that the two-stage process is advantageous
compared to the single one. In the analysed pro-
cesses energy consumption was lower from 8 to
45% in the case of two-stage processes.

e The technical performance of the two-stage pro-
cess (B + D) is 30% higher relative to the one-step
process A or two-stage process B + C.

The results were obtained using the laboratory
jaw crusher, with a special design of the jaw with
variable profile and pitch. In earlier studies (Cigzkow-
ski et al. [5]) it was demonstrated that this type of
jaws is preferred due to the force value and energy
consumption.

Since the results obtained in this research are prop-
mising, its continuation is fully justified.
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