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Abstract: A proposal of the nip zone angle determination in high-pressure grinding rolls (HPGR) crush-
ing process is presented in the paper. Knowledge of the nip zone angle value makes it possible to deter-
mine the real maximum pressing force in the high-pressure comminution. Two methods of determination
of this maximum pressure were proposed and verified. The first method is based on the roll’s geometry
and the change of the HPGR chamber’s volume together with the roll rotation, while the second one
considers the outlet gap width. Results of the nip zone angle calculations according to both methods are
similar and show that the nip zone angle is around 3° The verification was carried out in a piston-die
press and experimental results show that the product size distributions from HPGR and piston-die press
are similar. The methodology of the nip zone angle determination presented in the paper has then its
practical confirmation. A proper determination of the nip zone border makes it possible to calculate the
comminution probability of given type of material and is a basis for the HPGR crushing process modeling
and optimization.
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Introduction

High-pressure comminution becomes more and more popular technology in industrial
mineral processing operations, which can be applied both at secondary or tertiary
crushing operations, and during the coarse grinding stage (Morell, 2008; Bearman,
2006; Morley, 2006). The HPGR devices are usually implemented into industry as
a replacement of conventional tumble and semi-autogenous mills (SAG) due to con-
siderable reduction of energy consumption and size reduction ratio improvement.
HPGR presses find applications in many mining and mineral processing industry
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areas like ore processing, cement clinker grinding or limestone flour and fine aggre-
gates production.

The HPGR technology was introduced in the mid-eighties and originally applied in
the cement industry (Schoenert, 1988; Maxton et al., 2003). In hard ore processing it
was applied in diamond mines for kimberlite crushing. Constant investigations over
the HPGR performance benefited in further modernization of technology (Daniel and
Morell, 2004; Daniel, 2008; Gruendken et al., 2008; Bailey et al., 2009; Saramak et
al., 2010) and since then presses have been gradually applied to harder and more abra-
sive materials like iron or non-ferrous metal.

The application of HPGR technology results in following advantages:
= lower energy consumption (Fuerstenau et al., 1991; Rule et al., 2008),
= reduced grinding media consumption,
= lower operating costs,
= finer product,
= low dust and noise pollution,
= faster equipment delivery schedules.

The main benefit results from the method of the feed material size reduction:
a slow application and the gradual increase of the pressing forces. It causes the dam-
age of the grain structure together with micro-crack formation, and the unfavourable
phenomenon of the particle over-grinding is practically eliminated (Fuerstenau et al.,
1991; Tromans and Meech, 2002; Morell, 2008; Saramak, 2011a)

The HPGR technology has also some limitations and still need investigations head-
ing towards better understanding of the issue through the development of different
HPGR-based flow-sheets (Powell 2010). An introduction of new research programmes
significantly increases possibilities of the HPGR-based flow-sheet performance mod-
eling (Daniel, 2004; Morell, 2008; Tumidajski and Saramak, 2009) and optimization
(Gruedken et al. 2008; Saramak 2012; 2011b)). Considering the above, an extensive
investigation of the wear of linings can be beneficial. Also issues connected with the
bath-tub effect (an extensive wear of the central area of rolls) or the edge effect (at
very sides of rolls the material breakage is lower than in the central area) are signifi-
cant.

Principles of high-pressure comminution

The main part of the high-pressure grinding rolls press is a set of two counter-rotating
rolls running in bearings and enclosed in the frame. One roll is settled in the frame in
the fixed position (fixed roll), while the position of the second one (floating roll) is
dynamic allowing the horizontal movement according to the variations in the feed and
hydraulic pressure. Both rolls are separated with shims on ends, preventing the contact
of the fixed and floating roll. The rolls are driven by two separate motors connected to
the roll shafts with the use of gear reducers.
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The crushing process in the HPGR crushing chamber is evoked by the pressing
force from two rotating rollers. The ore is choke-fed and the material is dragged into
the nip zone of working chamber and as the distance between the rolls is decreasing,
the pressing force from the floating roller significantly increases, causing the failure of
the individual particles structure and formation of micro-cracks. This results in a large
reduction of the product particle size, which comes out during the next processes, usu-
ally the tertiary grinding in mills. Two zones can be distinguished in the working
HPGR chamber: pre-compacting zone and the nip zone (Figure 1)

l Feed
Pre-compacting
zone

l Product

Fig. 1. HPGR crushing scheme

In the first zone the initial thickening of the material can be observed. The pressing
force causes that most of inter-particle spaces are eliminated or at least minimized.
The proper comminution takes place in the nip zone, because here the maximum
pressing force is obtained. The product is usually in a solid sheet form, also referred
asflake. The thickness of the flake generally depends on the feed properties and HPGR
operating conditions. The micro-crack formation in single particles causes easier size
reduction in downstream grinding processes. The Bond work index value in this case
is reduced from 20 to 30% for limestone and 15 to 20% for harder minerals.

Methods of pressing force and pressure calculation

The pressing force (F) in HPGR can be calculated from equation (1):
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2
F:%n P, (1)

where: F — pressing force, kN,
D — roll’s diameter,
n — number of pistons,
Py — hydraulic pressure, kPa.

The pressure P is the most significant operating parameter, measured in MPa or
N/mm?:
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1000DI
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where: D — roll diameter, m,
I —roll length, m.

The value of P is calculated per total working surface of rolls, but the feed material
is comminuted only on certain section of rolls in working chamber, marked in Fig. 1.
The real P value calculated from Eq. (2) is then only an approximate. The main crush-
ing process takes part only in the nip zone (Fig. 1) where P (& maximum pressure
value) occurs. Several different formulas can be applied. In order to calculate the max-
imum operating pressure in press (Pmax) Schoenert (1988) proposed the following for-
mula:

Prax =7— @)

where: k — constant,
«—nip zone angle (6-10 degrees).
Neumann (2006), in turn, proposed the following formula for the maximum press-
ing force:

where: ¢ — constant related to the device and the feed material properties,
F — pressing force, kN,
s — gap width, mm.
Formula (4) does not consider the diameter—gap relationship in press. For the vari-
ous relationship between the gap and roll diameter, the changeable degree of feed
material compression is observed. The compression degree is higher for narrow gap s

21 are smaller than %2 (Fig. 2). The feed mate-

(Fig. 2a) because values of
2R+s; 2R +s,

(4)
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rial bed is then more compressed and greater values of pressing force are also ex-
pected.

S, >S;

Fig. 2. Influence of relationship between gap s and the roller’s diameter 2R
on material’s compression level in HPGR

Unland and Kleeberg (2006) proposed an empirical formula for Py

Prax = F ®)

DI 25(”"—1}:
D\ oy

where: F — pressing force,
S — gap width, mm,
pn — feed density, kg/dm®,
pp — density of compressed product, kg/dm®,
C — constant,
D —roll diameter,
| —roll length.

Formula (5) allows for determination of the maximum pressure value as a function
of the gap width, roll’s pressing force and the feed and product densities. For the given
type of material the feed density is constant, and only the product density will be a
variable.
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Other authors (Schwechten, 1987; Smitz, 1993) introduced into the formula for
Pmax: @ @ parameter, which describes the feed compression ability:

F

Prax = S (6)
Dlg,|—
oS
where: F — pressing force,
S — gap width,

¢— feed compression ability,
D — roll diameter,
I —roll length.
Feige (1989) run an investigations over the pressing forces in roller crushers. As a
result of the above, he proposed the owing formula for calculation the value of maxi-
mum pressure:

2D [P(a)da
Fo=-t=__o ©)

™AL Jd 2D+d
where: F, — pressing force,

L — a depth of the pressing force penetration into the feed material bed be-

1
tween the rolls, Lz—Jd 2D+d ,
2

d — particle size.

Experimental

The real value of maximum pressure can be precisely calculated from the following
formula:

Pmax = - = i (8)
o o
1000Dl7—— 7m——
360 360

where: P — maximum pressure, MPa
P — pressure, MPa,
a — nip zone angle, [°], which, from the scope of the press geometry, is con-
stant regardless the rolls diameter.
The value of pressure is increasing significantly in the nip zone, and rapidly de-
creased when the compressed material leaves the press working chamber (« < 0). The
pressure in nip zone is exerted by the floating roll tighten towards the fixed one with
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four pistons, and through decreasing the volume of the space between the rolls as the
feed material is dragged deeper into the crushing zone. The maximum pressure is ex-
pected to occur in the area, where the volume decreases are minimal. In order to find
the border value of «, below which these minimal changes in the volume are observed,
the nip zone volume should be determined as a function of «.

Considering the situation in the opposite direction to the process run, the lowest
value of the space gap between the rolls is on the level zero, for « = 0. Together with
the increasing of « value, the volume of nip zone increases, but these changes are not
large and approximately constant at the beginning. Together with the further increas-
ing of «, the h value and distance between the rolls (see Fig. 2) increase as well and,
as a result, the horizontal component of the pressing force F, (Fig. 4) decreases too.
The nip zone border is placed on the height h, where the working chamber volume
starts to increase more rapidly. All necessary notations were given in Figure 3, and
after suitable calculations, the nip zone value V as a function of «, can be described by
the formula (9):

V a =IR2(sina—lsin2a—ﬂj 9)
4 360

where: | —rolls length, m,
R — rolls diameter, m,
« — angle determining the nip zone border, degrees.
The pressing force value reaches maximum if the first derivative of V() heads to-
wards zero:

F — max, when %(a) —0. (10)
o
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Fig. 3. The press working chamber volume course in relationship to « value
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The V() function is presented in Fig. 3.

Analyzing Fig. 3, one can notice, that for « < 3, chamber volume increases are in-
significant. For « > 4, in turn, the volume increases more rapidly, what results in de-
creasing the pressing force on the feed material bed and, in a consequence, the lower
comminution intensity. The horizontal component Ifx of the force F decreases as well

(Fig. 4). The curve presented in Fig. 3 can be very well approximated by using the
exponential function:

V() =0.03c>. (11)

Single particle

Fig. 4. Forces affecting the feed material between the rolls

The nip zone can be also alternatively determined, taking an advantage of the rela-
tionship between the gap and roll diameter. The above relationship is considered as
constant, and according to various sources, is determined with following equation for
ore processing:

s=0.025R. (12)

On the basis of the above, the nip zone is proposed to be described as a space be-
tween the rolls, limited by the height equal to s (Fig. 5).
It is possible to calculate the« value for the above nip zone from the formula:

o =arcsin (%) . (13)

Accepting formula (13) «=2.87°~ 3°.
Results of calculations are convergent to those, obtained in the previous paragraph.
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Fig. 5. The nip zone determined by using the gap width s

Verification and discussion

A verification covered an experimental programme of limestone crushing in pilot plant
press (test 1) and in a laboratory piston-die press (test 2). Test 1 was run for following
operating parameters:

= operating pressure P = 3,16 N/mm?,

= operating gap width s = 22 mm.

The real operating pressure Py, for the above parameters was calculated by using
formula (9). For accepted angle of the nip zone a = 3° (14), Pmax = 120.7 MPa. For
such a pressure value a laboratory test in piston-die press was run. Results of both
experiments are presented in Fig. 6.

70
60
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40 1

‘|

20

Feed
= =Test1
====Test2

Cumulative particle zise function, ®(d) [*%]

0 5 10 5 15 20 25 30 35
particle size, d [mm]

Fig. 6. A comparison of crushing results in plant HPGR (test 1) and piston-die press (test 2)
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Average (dso) and maximum (dgs) product particle size values were also deter-
mined, together with the weight recovery of the fine (i.e. below 0.3 mm) particle frac-
tion yo3. Results are presented in Table 1.

Table 1. Average and maximum particle size of crushing products from test 1 and test 2

Index Test 1 Test 2
dso [mm] 0.85 0.83
dgs [mm] 10.1 12.7
703 [%6] 30.9 36.9

where: dsg — average product’s particle size, dgs — maximum product’s
particle size, yq 3 — weight recovery of -0.3 mm size fraction

Analyzing the crushing results one can see that an average graining obtained in
both tests (dsg) is the same for both products, while the maximum particle size of
product dgs and finest particle contents are quite similar. The greater differences were
observed for the product size fractions between 5 and 10 mm, but they do not exceed
10%. This difference can be a result of various dynamics of a product breakage in both
devices. In HPGR the particles move together with the rolls’ revolution, and may set-
tle down a position which makes easier the breakage. The particle movement in the
piston-die test, in turn, occurs only to a limited degree. The content of particles over
3-4 mm is a rather of minor importance, however, because this fraction is anyway
recycled to the crushing device.

Comparing the results of both tests, it can be stated, that the reduction ratio value
obtained in piston-die test, corresponds to the real high-pressure comminution process.
It is also convergent with the methodology of the nip zone angle determination, pre-
sented in “Experimental” section. The production of the finest particles is practically
identical for both devices. The additional gain of the above verification is the possibil-
ity of application the piston-die press as a replacement of laboratory HPGR device,
which is more favorable from economic scope.

Conclusions

Apart from the pressure, the high-pressure comminution efficiency is tied with other
indices and process parameters, like the roll’s surface profile, feeding system, recycle
stream volume, device capacity, feed and product particle size and others. However,
the real values of pressing force significantly influence not only the feed size reduction
ratio, but also the material grindability in downstream grinding processes in ball mills.
A determination of real operating pressure value can be helpful for selecting the opti-
mal operating conditions of HPGR and is convergent with the main principle of me-
chanical processing: do not grind unnecessarily. The excessive pressure values pro-
duce more concised flakes, which need to be additionally de-agglomerated. Results
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presented in the paper have their practical implementation in the optimization investi-
gations, heading towards the improvement of the high-pressure grinding rolls opera-
tion efficiency.
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