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Abstract: As an emerging grinding equipment, roller presses are widely used in Cement industry.
The current problem with roller press is that the rolls surface is prone to wear and needs to be replaced
regularly. This greatly reduces the service life of the roller press and affects the development of
the roller press. Therefore, how to reduce the wear on the surface of the roller press and increase
the service life of the roller press is an urgent problem that needs to be solved for the current roller
press. Current research mainly focuses on the mechanism research of roller press wear and the
optimization of rolls surface structure. In this paper, the extrusion force between the stud-lining
and the material is calculated by analyzing the stress of the studded rolls under actual working
conditions and the compression and rebound characteristics of material layer. The failure modes of
studded rolls are mainly divided into two parts. On the one hand, it is fatigue cracking of the roller
shaft and stud-lining. On the other hand, it is cracking at the contact between the stud-lining and
the stud, and the fracture of the stud. Because the failure modes of the studded rolls are divided
into two parts, the studded rolls are divided into two parts for simulation by using ANSYS 18.0.
Firstly, the static analysis is carried out on the roller shaft and the stud-lining, and the distribution
cloud diagram of the stress and contact pressure of the roller shaft and the stud-lining is obtained,
and the stress concentration area is optimized. After optimization, the contact pressure between
the roller shaft and the stud-lining is reduced by about 50%. The maximum equivalent stress of
the roller shaft and stud-lining has also been reduced. Secondly, a static analysis was conducted
on the stud-lining and studs. Since the stud-lining of the studded rolls are composed of stud holes
arranged in a certain order. Therefore, stress concentration is prone to occur around the stud hole. The
simulation experiment was carried out by changing the optimization schemes such as the assembly
method of the stud and the stud-lining, the distance between the studs, and the length of the stud. To
reduce the stress concentration of stud and stud-lining. After optimizing the model of the stud and
stud-lining, the maximum equivalent stress of the stud-lining and stud decreased by about 10% and
25% respectively. Through the optimized design of roller shafts, stud-lining and studs. The service
life of the studded rolls can be effectively improved and the production cost can be reduced. This can
provide a reference for the design of the studded rolls.

Keywords: finite element method; studded rolls; ANSYS workbench; stress and deformation;
optimal design

1. Introduction

In recent years, the application of High-pressure grinding rolls (HPGR) has become
one of the hotspots of technological innovation in many mining enterprises. The applica-
tion of laminated crushing technology in the crushing industry started late, delaying the
application of HPGR in the mining industry. Comminution processes, especially grinding,
are highly energy-intensive and energy-inefficient. In the mining industry, comminution
processes such as semi-autogenous grinding (SAG) and ball milling can be responsible
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for up to 60% of overall process plant energy consumption and have energy efficiency
as low as 1% [1]. At the end of the 1970s, Schoenert [2] put forward a design concept of
high-efficiency and energy-saving crushing equipment while deeply studying the principle
of laminated crushing. Application of HPGR in very fine feed sizes represented the first
successful use of the technology [3] as result of its introduction in the cement industry.
Dundar [4] highlighted that the cement industry was important to consolidate the HPGR
technology as an efficient alternative in fine grinding. With the continuous development
of HPGR, the HPGR was quickly applied to the production of cement raw materials and
metallurgical mines [5-7].

The working principle of the roller press, which is composed of a pair of extrusion
rolls rotating synchronously in opposite directions. The roller press mainly consists of two
rollers and drivers. One roller is the fixed roll and the other roller is the floating roll. The
material with a certain particle size enters from the feed opening above the two rollers
and is brought into the roller by continuous rotation of the extrusion roll. At this time,
it is subject to the direct pressure caused by the contact with the rolls surface, and the
pressure caused by the gravity of the material layer. When the two rollers rotate, they will
also receive mutual extrusion force from the surrounding materials. Finally, the material
becomes a dense cake and is discharged from under the roller press. Figure 1 is a schematic
diagram of a studded rolls. The studded rolls are divided into three parts: the roller
shaft, the stud-lining, and the stud. The surface of the stud-lining of the studded rolls are
composed of several stud holes arranged in a certain pattern.

Drivers

Feed chute

Main frame

\

Fixed roll

Floating roll

Figure 1. Schematic diagram of studded rolls.

Roller press have been widely used in the cement industry due to their efficient
grinding capabilities [8]. The current problem with roller press is that the rolls surface is
prone to wear and needs to be replaced regularly. This greatly reduces the service life of
the roller press and affects the development of the roller press. Therefore, how to reduce
the wear on the surface of the roller press and increase the service life of the roller press is
an urgent problem that needs to be solved for the current roller press. Current research
mainly focuses on the mechanism research of roller press wear and the optimization of rolls
surface structure. The ways to solve the surface wear of roller presses are mainly divided
into the following aspects: On the one hand, it is to study the influence mechanism of
materials on the rolls surface. Select the appropriate roller press surface material according
to the material. Adjust the processing technology of the roller press according to the
characteristics of the material. On the other hand, the surface structure of the roller press is
optimized to reduce the wear of the rolls surface. The current studded rolls surface is a new
structure that effectively reduces surface wear. However, there is currently little research
on the studded rolls surface. The size of the studs, the assembly method of the studs, and
the distance between the studs are mostly designed using empirical methods.
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Research on the wear mechanism of roller presses mainly focuses on the wear of
materials on the surface of roller presses. By studying the wear of the rolls surface, the
grinding circuit of the roller press can be optimized. Analyze the impact of rolls surface
wear on output and power to predict output and adjust the working gap of the roller press.
Sesemann [9] built a laboratory-scale HPGR. To be able to install and inspect the whole rolls
surface inside the scanning electron microscope (SEM) a special device has been designed.
And through this special device to carry out microscopic analysis of the rolls surface. Then
wear mechanism of the rolls surface during the operation of the roller press is analyzed.
And analyzed the three conditions of grinding pressure, raw material particle size and
raw material moisture on the surface wear of roller press. It can contribute to a better
understanding of the complex wear system of HPGR and more accurate wear estimates
for different minerals. Van Der Meer summarizes basic principles of the equipment and
of various options how to include an HPGR in the grinding circuit for the most efficient
use. And case studies [10] demonstrate the application of HPGR's in different grinding
circuit set-ups and for the comminution of different ore types. In order to study the impact
of particle crushing on the working efficiency of the roller press, the coupled flow and
crushing of particles can be predicted by discrete element method (DEM). And optimize
the structural design of the roller press through the crushing model. And prediction of
throughput through DEM simulation and the effect of roller press working gap and pressure
between particles on the production process [11]. Rodriguez [12,13] through coupled DEM-
MBD-PRM simulations of HPGR. Validation and calibration of a pilot-scale roller press
and making predictions of HPGR operation under skewing possible. Chengwei developed
a DEM-based particle fragmentation model [14] to simulate the dynamics of particles in
HPGR. The crushing of cement particles under different conditions was compared to predict
the performance of HPGR under various conditions. Zou [15] used DEM to simulate the
wear of the roller press to study the impact of rolls surface wear on the output and power of
the roller press. The load and wear of the rolls surface material are analyzed by DEM. The
pressure distribution between the rolls in HPGR is generally expected to vary significantly
in the axial direction due to end effects at the ends of the rolls. Prediction of coupled flow
and breakage of particles within HPGR using DEM [16]. Antico [17] established a model
of high pressure roller mill by establishing different mathematical methods and utilizing
the crushing distribution function. A method for determining functional parameters was
proposed, and the theoretical calculation values were compared with the actual materials
processed by the roller press to verify the correctness of the model. At the same time,
relevant research was conducted on the working gap of the roller press. The dependence
of the production efficiency of the roller press on the feed top-size, porosity, moisture and
specific pressure was investigated. Several researchers [18] investigate a model system
describing the role of the gas flow in the feed powder during the rolling process through the
analysis of gas pressure distributions. Alex [19] proposed an off-line observation framework.
From the working gap, throughput, and operating variables (specific force and rolls speed),
the model calculates the slip, shear stress, and pressure profiles which subsequently allow
estimating the power draw and the specific force. Wang [20] presented a novel piston press
test (PPT) procedure to predict the HPGR operational gap. A gap-calibrated methodology
is proposed based on the PPT sample volume.

As for the rolls surface of the roller press, there are currently three commonly used
rolls surface: smooth rolls, composite rolls and studded rolls. The select of the surface of the
roller press is an important factor in increasing the service life of the roller press. The smooth
rolls to weld the wear-resistant layer on the surface of the rolls surface, and increase the
wear-resistant performance of the rolls surface by using different high-performance wear-
resistant materials. However, the later maintenance of the smooth rolls is more difficult. The
machine needs to be shut down during maintenance, which affects production efficiency.
The composite rolls are mainly used to enhance the wear resistance of the rolls surface by
using bimetallic and metal-based ceramic materials, but the wear of the composite rolls
surface is also fast. At present, the service life of the composite rolls used by the enterprise
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is longer than that of the smooth rolls, but it is not obvious. The later maintenance of the
composite rolls is the same as that of the smooth rolls. All need to be maintained during
shutdown, affecting production.

The studded rolls mainly consist of three parts, the roller shaft, the stud-lining and
the stud. Lim [21] discovering some benefits of using stud embedded surfaces in HPGR.
Rashidi [22] actually processes cement materials by embedding cylindrical studs into
the rolls surface. By processing the materials, it was found that studs can effectively
protect the rolls surface of studded rolls. At the same time, the geometry of the studs
and the arrangement of the studs will affect the service life of the studded rolls. After the
studded rolls has been running for more than 10,000 h, no studs have fallen off. Moreover,
replacement of studs does not require downtime, which improves production efficiency.
The studded rolls are to drill holes on the surface in a certain arrangement on the rolls
surface, and install the stud with good wear resistance on the rolls surface. Two main
types of the stud-linings are applied in studded rolls: studded and hexagonal [9,23],
which show varied characteristics of operation and have different lifetime of service.
Cylindrical pins being composed of wear resistant cemented carbides, so-called studs,
which are pressed or glued into holes drilled into a base material. Hexagonal tiles made
of a wear resistant material get fixed to the rolls surface by the hot isostatic pressing
(HIP) technology (HEXADURSs). These two types of stud-linings are suitable for different
processing occasions and increase the service life of the roller press. Oberheuser [24] studied
the wear of rolls surface embedded with cylindrical studs. In the interstices between the
studs an autogenous wear protection layer from compacted feed material builds up. This
layer of fine material prevents the base material from further wear. Which will play a certain
protective role on the rolls surface, thus greatly extending the service life of the rolls surface,
and the later maintenance only needs to replace a small number of broken and fallen
studs. It is easy to maintain without affecting continuous production. Through designed
experiments, some scholars [25] installed fixed perforated metal strips on the roller of the
studded rolls as the starting position for measuring the wear height of the studs. The wear
patterns of studs on studded rolls were studied. When the HPGR operates without the
formation of a protective layer, the wear rate of the rolls surface is more than the stud
wear. In this case, stud projection and consequently stud breakage increase. Nagata [26]
investigated the effect of the stud diameter on the capacity of a stud-type HPGR using the
DEM with a breakage model. Through this method can contribute to the investigation of
the effect of roll design in an efficient HPGR grinding. Results show that the working roll
gap increased when a smaller stud was used.

Uttarwar [27] utilizes FEM simulation to predict where breakage will occur on the
roll according to ASME code standards. Finite element simulation was performed on
workbench to predict the fracture position of the roller shaft to determine safe working
conditions. It provides theoretical support for the design of the roller shaft and extends the
service life of the roller press. And through the FEM of the overall structure of the roller
press, the structure of the roller press is optimized. Weihua [28] analyzed the stress of the
extrusion roller under actual working conditions. Through ANSYS software, static analysis
was performed on the roller shaft and stud-lining, and the contact pressure and stress of
the roller shaft and stud-lining were analyzed. And using the direct optimization module
in ANSYS Workbench, the roller shaft and stud-lining were optimized. The maximum
equivalent stress and maximum deformation are reduced, which provides a reference for
the design of the roller press.

At present, studded rolls technology still mainly uses the design concept of smooth
rolls. Most of the assembly methods of studded rolls and studs adopt the empirical
method. Because the stress on the roller press is relatively complex, there are few theoretical
studies. There is less related research on the assembly methods between stud and stud-
lining and the variation of circumferential and axial distance between studs. In order to
improve the service life of the studded rolls, the structure of the studded rolls is analyzed.
The main goal of this work is to simulate and optimize the structural design of studded
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rolls. Mainly divided into two parts. One part is to analyze the pressure distribution at
different nip angles on the surface of the roller press through the compression and rebound
characteristics of the material. The other part is to optimize the structure of the studded
rolls. The contact pressure and equivalent stress of roller shaft and stud-lining are analyzed.
And the influence of the assembly method of the stud and the stud-lining, the distance
and length between the studs on the equivalent stress. The equivalent stress and contact
pressure are reduced by optimizing the design. To achieve extended the service life of the
studded rolls.

2. Mathematical Model of Roller Press

The development of roller press technology originates from the basic research of
inter-particle crushing carried out by Schoenert [2]. Schoenert has carried out extensive
research on single particle crushing under compression and impact load, and obtained that
the maximum efficiency of particle crushing can be achieved through the slow compression
load of single particle. Through design experiments, Schoenert observed that the energy
efficiency of limited particle bed crushing is lower than that of single particle crushing.
However, the grinding efficiency is much higher than that of drum grinder.

2.1. Compression and Rebound Characteristics of Material Layer

To predict the powder behavior between rolls, Johanson [29] introduced a continuous
model. Which introduced the concept of the nip angle that defines two contiguous zones.
Before the nip angle, the material granular is transported by relative sliding on the roll, and
once the nip angle is achieved, the powder is assumed to be drawn by sticking to the rolls
surface and to be densified by deforming under the high roll pressure. The compression
and rebound characteristic of the material layer is the basis of studying the dynamics of the
roller press. Many factors affect the compression and rebound characteristics of the material
layer, such as the type, particle size and water content of the material. The compressibility
and rebound characteristics of materials can be described by the relationship between
the relative density of materials (J) and the pressure (p) acting on them. Figure 2 is the
schematic diagram of the device for measuring the material curve. The material sample
is filled in a cylindrical container. The inner diameter of the container is D. The sample
volume is continuously compressed by applying pressure to the material through the
piston. At the same time, the piston moving distance and the pressure exerted by the piston
are recorded. The experiment is carried out on the premise that the sample quality remains
unchanged. The starting point of curve p-é represents the loose state of the material. At
this time, the relative density is Jy, the initial height of the sample is hg. It is assumed
that the compression speed is very small, so that the effect of the speed on the pressure
can be ignored. According to the experimental data of material compression, the formula
describing the compression curve can be determined as follows:

1—6\1""
pp=re|in(T=2)] )

where: p,—The pressure acting on the material in the compression stage;

pc—Specific pressure of material;
dp—Initial relative density, éy = po/p;
po—Initial density;

p—Density of any material layer;
n—Compression curve factor.
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Figure 2. Schematic diagram of material curve measuring device.

After compression, when the pressure on the material disappears, the compressed
material will rebound. According to the experimental data, the rebound process of the
material can be described by the following Equation (2).

pe=rem(=0)| (=% @
pe—The pressure acting on the material during the rebound stage;
ds—Relative density at the end of the compression stage;
6,—Relative density at the end of the rebound stage, J, = k.-s;

ko.—Material rebound rate;
k—rebound factor.

2.2. Mathematical Model of Roller Press

Figure 3 shows the working diagram of the roller press. The material is loaded from
the gap between the two rollers through the funnel and is in contact with the roller press on
the horizontal plane AjA,. The gap width here is b, and the relative density of the material
is Jp. At this point, the material starts to be driven by the surface friction of the roller press.
The material is accelerated in the vertical direction, when the material reaches plane By B,
places, gap width is k. Assume that the material speed here is equal to the speed of the
rolls surface. The material starts to be compressed by the roller press until it reaches C;Cp
circumferential speed at point 2 passes C1C, plane, where the gap is s, and the relative
density Js reaches the maximum value. Here, the compressed material layer is rolled at
C1C;, Circumferential speed at point 2 passes C1C» plane, and then bounce in the horizontal
direction. When the compressed material layer passes through the DD, plane, the relative
density becomes J,, and the flakes leave the roller press and become products.

Figure 3. Working diagram of roller press.
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The whole process can be divided into three zones [2] according to the dynamic
characteristics of materials in the roller press.

(a) Acceleration zone: AjAj-B1By; (b) Compression zone: ByB,-C1Cy; (c) Rebound
zone: C1Cy-D1Dy; In order to facilitate theoretical analysis, the following assumptions
are made:

(1) The relative density of materials in the acceleration zone is constant dy;

(2) There is no relative sliding between the material and the surface of the roller press in
the compression zone, and the material deformation only occurs in the horizontal direction;

(3) The end of the compression zone is at C1C,. The gap width here is the smallest;

(4) The p-6 characteristic of the material in the middle of the roller gap (Z = 0) is the
same as that of the uniaxial compression. The surface pressure of the roller press in the Z
direction can be described by the following equation.

P A) = pulw)-(1 = A)")A = 7 ®

where:

pm(a)—The surface pressure of the roller press corresponding to the nip angle («) of the
roller press;

Z—The distance from a point on the surface of the roller press to the middle of the
roller press;

m—Pressure axial distribution coefficient, m > 1.

(1) Acceleration zone

The mass flow rate in any section from plane A1 A, to plane By B, in the acceleration
zone is constant. In the acceleration zone, the mass flow rate in any section from the plane
to the plane is constant, and the relative density of the material is also constant, set to
d9. The pressure on the surface of the roller press is mainly caused by the gravity of the
material. compared with the pressure in the other two areas, the force on the roller press in
this area is very small and can be ignored.

(2) Compression area

In the compression zone, the vertical velocity of the material in each layer is equal
to the surface velocity of the extrusion roll, and the mass of any horizontal layer should
be equal.

do =[s+ D (1 —cosa)] = dyp-hg = ds-s = const 4)

In this area, the relative density of material corresponding to the nip angle « is &,
Op = 0s-s/[s +D(1 — cosu)] ®)

Based on hypothesis 4 and material uniaxial compression and rebound equation, the
horizontal specific pressure in the middle of the roller press is:

1/n
pm(p‘):Pc{IH(i_go)} agp > >0 (6)

The horizontal specific pressure at any point («, A) on the surface of the roller press in
the compression zone can be calculated by the following formula:

pe ) = e n(122) ] (- e 2 e 2 0 7)
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(3) Rebound area

The mass of any horizontal layer in the rebound area should be equal. The relative
density  corresponding to any central angle « in this region is:

Sy = 65-s/[s + D(1 — cosw)] 8)
The relative density J, of the material at the end of the rebound is:
Oy = ke-0s 9)

In the formula, k, is the rebound rate of the material.
According to hypothesis 4 and uniaxial rebound equation, the horizontal specific
pressure in the middle region of the roller press is:

1=\ 1" /60— \F
= . >n > —
o) = (=gt) (5= ) 02z (1
I (05 —0r)-
In the formula, r = cos™! {1 - Ts} .

The horizontal pressure on the surface of the roller press at any point in the rebound
zone is:

1—5() 1/n 51)(_51’ k m
= p,.- > TT — (2. >a > —
po ) = pe[in( =2 )| (225) G- @pmozaz o ay
Among them [28]:

per [In(22)] " (1 - @AD" a0 2 w2 0
pe [ (122)]" (522) - @A™ 02 0 >

Due to the fact that the surface of the studded rolls is alternately arranged with a
certain arrangement of studs, under normal working conditions of the roller press, the
existence of studs reduces the horizontal pressure exerted by the material on the rolls
surface of the roller press, but increases the horizontal pressure borne by the circular
surface of the studs. As the upper surface of the studs also bears a part of the pressure, it is
difficult to determine the load on the studs. Therefore, it is assumed that the horizontal
pressure generated by the compression and rebound characteristics of the material is fully
applied to the outer end face of the material in contact with the studs. By calculating the
ratio € of the sum of all circular surfaces of the studs to the outer surface of the roller press.

p(a,A) (12)

-3 (13)
€1—The sum of the upper surface areas of all studs;
€9p—Outer surface area of rolls surface;
After optimizing with Formula (12), we obtained
1/n
(1+€)-pe|In( =3¢ )|~ (1 (2JA)") @ = a >0
o (%) a

(1+€pe ()] " (32) - ey 0z ez —

According to the model of the roller press, it can be known that the pressure on the
surface of the roller press is the greatest where the gap between the two rollers is the
smallest. Since the pressure on the surface of the roller press decreases with the change of
the absolute value of A, when A = 0, the pressure on the surface of the roller press is the



Appl. Sci. 2023,13, 11032

9 of 24

largest. In order to make the surface stress change of the roller press more obvious, A =0
is taken here to calculate the horizontal pressure and the optimize horizontal pressure of
the roller press under different nip angles. At the same time, according to the ratio of the
stud area of the actual studded rolls to the rolls surface area € = 0.36. As shown in Table 1.

Table 1. Horizontal pressure corresponding to different nip angles of the roller press.

A « pla, A) pila, A)
—2 3.177328295 4.32116648
-1 45.82270455 62.3188781
0 93.64323785 127.354803
1 67.15816728 91.3351075
0 2 26.67192213 36.2738141
3 6.725000976 9.14600132
4 1.160455023 1.57821883
5 0.130027849 0.17683787
6 0.007028457 0.00955870

During the normal working process of the roller press, the force state on the rolls
surface is complex. Due to the existence of the studded rolls, the force on the stud becomes
more complicated. In order to simplify the analysis of the force on the rolls surface, the
above mathematical model is established. Through the mathematical model established
according to the compression and rebound characteristic of the material layer, the material
pressure of the roller press at different nip angles is calculated. The pressure provided by
the material layer with different nip angles calculated by the above mathematical model is
imported into the finite element model and applied to the stud models with different nip
angles respectively. And the pressures of different nip angles are respectively applied to
the studded rolls with different nip angles. Through finite element analysis and calculate
deformation and stress changes on stud and roll faces. And further optimize the design of
the studded rolls.

3. FEM Simulation

There are many modeling methods for the roller press [30]. In this paper, the finite
element method is used to simulate the roll press. The FEM simulation is a numerical
method that discretizes the continuum to solve various mechanical problems. It is also an
important branch of computational mechanics. For material processing, the finite element
simulation is a powerful tool for design, analysis and optimization [31]. It can analyze the
deformation law, temperature field distribution, whole-field stress, strain distribution and
the impact of process parameters on product quality. It can optimize the process parameters
to the maximum extent before the production of parts, speed up the production cycle and
reduce the production cost.

3.1. Contact Analysis of Studded Rolls

The studded rolls model is mainly simplified into three parts, the roller shaft, the stud-
lining and the stud. In order to reduce the calculation time and improve the calculation
efficiency, the chamfers and keyways of the roller shaft and the stud-lining are removed.
Because there are too many studs in the studded rolls, the studs will affect the calculation
process when recalculating. Therefore, the studded rolls are divided into two parts for
simulation calculation. First, the simulation calculation is performed on the roller shaft and
the stud-lining, as shown in Figure 4 below. Roller shaft and stud-lining simulation models.
The other part is the simulation of studs and stud-lining.
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Figure 4. Finite element model of studded rolls.

Refer to the literature [28] and combine the material properties of the roller shaft and
stud-lining on the studded rolls in the work, and set the material parameters of the roller
shaft and the stud-lining according to the parameters in Table 2. By analyzing the stress
distribution and contact pressure distribution of the roller shaft and the stud-lining, it is
possible to predict where the studded rolls are most likely to fail, and provide theoretical
data for later optimization. Because it is a simulation of the roller shaft and the stud-lining,
the force model of the smooth rolls will be used. In order to make the stress situation more
obvious, the pressure at the 0° position is used for simulation calculation.

Table 2. Material properties of studded rolls.

Part Density Elastic Modulus Poisson’s Ratio Yield Strength
(kg/m®) (Pa) u (MPa)

Roller Shaft 7850 2.12 x 10 0.280 930

Stud-lining 7850 2.10 x 101 0.275 835

Stud 10,000 6.05 x 1011 0.275 600

Static Analysis of Studded Rolls

Through the contact pressure stress cloud diagram of the roller shaft and the stud-
lining, it can be found that the contact pressure between the roller shaft and the stud-lining
is mainly concentrated on both sides of the stud-lining, that is, the step where the stud-
lining and the roller shaft contact. The contact pressure is greatest here. Using the formula
below, calculate the maximum contact pressure p,x between the stud-lining and the roller
shaft [28].

2
Pmax = 01 M (15)
3+ (d/D)*

where 07 is the yield strength of the stud-lining, 07 = 835 MPa, d is the diameter of the
roller shaft, and d = 1100 mm; D is the outer diameter of the stud-lining, and D = 1400 mm;
Pmax= 173.76 MPa was obtained. According to Figure 5a, the contact pressure between the
stud-lining and the roller shaft is 280 MPa, which is more than the calculated maximum
contact pressure. Therefore, the finite element model of studded rolls needs to be optimized.
Through the contact pressure cloud diagram in Figure 5a, it can be found that the maximum
value of the contact pressure appears at the outermost contact point between the roller
shaft and the stud-lining. The distribution position of the contact pressure calculated
by FEM is consistent with the model results of Weihua [28]. The contact pressure has a
smaller value in the middle and a larger value on both sides, with a “saddle” distribution.
This shows that the FEM of the roller shaft and stud-lining is consistent with the finite
element models of other scholars. Figure 5b is the stress cloud diagram of the stud-lining.
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Through the cloud diagram, it can be found that the stress is mainly concentrated on the
surface of the stud-lining and the contact point between the stud-lining and the roller shaft.
Through the stress cloud diagram of the roller shaft in Figure 5c¢, it can be found that the
stress concentration on the roller shaft mainly occurs at the step axis. This is due to stress
concentration due to sharp corners at the step axis. Since the stress concentration is the
root cause of the fatigue failure of the roller shaft, it seriously affects the service life of the
studded rolls. In the future, stress concentrations can be reduced by chamfering the steps
or rounding the sharp corners. The main purpose here is to optimize the contact pressure
between the roller shaft and the stud-lining.
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Figure 5. (a—c) the cloud image of the initial studded rolls; (al—c1) the cloud image of studded rolls
after optimization. (a,al) Contact pressure; (b,b1) Equivalent stress of stud-lining; (c,c1) Equivalent
stress of roller shaft.

Since the contact pressure between the roller shaft and the stud-lining is greater than
the maximum theoretical contact pressure, the model is optimized, and the optimized cloud
diagram is shown in Figure 5al—c1. Before optimization, the stepped axis at the contact
point between the roller shaft and the stud-lining directly reaches the next stepped axis
through the curved surface. By establishing models of different roller shafts and stud-lining,
simulation calculations were performed to find out. On the roller shaft and stud-lining
model, appropriately increasing the length of the stepped shaft at the contact point between
the roller shaft and the stud-lining can effectively reduce the contact pressure between
the roller shaft and the stud-lining. An optimization scheme of extending the length of
the step surface at the contact position between the roller shaft and the stud-lining was
proposed. To reduce the contact pressure between the roller shaft and the stud-lining at the
outermost part.
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The optimization results were as follows: The contact pressure value after optimization
was reduced from 280 MPa to 115 MPa, which is a reduction of about 50%. And the
maximum equivalent stress of the stud-lining decreased from 214 MPa to 200 MPa, a
decrease of 6.5%. The maximum equivalent stress of the optimized roller shaft was reduced
from 114 MPa to 109 MPa, which is a reduction of 4.4%. Through the contact pressure
cloud diagram, the contact pressure before optimization was mainly concentrated on both
sides. After optimization, the contact pressure dropped significantly and the pressure
distribution was more uniform. The contact pressure between the optimized roller shaft
and the stud-lining is less than the maximum contact pressure calculated theoretically. It
is proved that the optimized roller shaft and stud-lining can meet the actual production
demand. The stress cloud diagram passing through the stud-lining is shown in Figure 5b.
The equivalent stress on the surface of the stud-lining is mainly distributed around the stud
holes. Therefore, it shows that the arrangement of the stud holes on the stud-lining has a
great influence on the equivalent stress of the stud-lining, which further affects the service
life of the studded rolls.

3.2. Contact Analysis of Stud-Lining

As shown of Figure 5b, since the surface of the stud-lining of the studded rolls are
composed of stud holes arranged in a certain manner. There will be a phenomenon of
stress concentration at the outermost end of the stud hole. Through the analysis of the
failure form of the studded rolls, it can be seen that the failure form of the roller press is
mainly divided into two parts. One part is the stress concentration at the contact between
the roller shaft and the stud-lining, and the stress concentration at the stepped shaft of the
roller shaft, resulting in fatigue fracture. The other part is the surface wear and cracks of
the stud-lining. And the breakage of the stud. Through simulation optimization of the
roller shaft and stud-lining, the strength of the roller shaft and stud-lining can meet the
actual requirements. Next, a simulation analysis is conducted on the cooperation between
the stud-lining and the stud.

The failure mode of the studded rolls mainly focuses on the cooperation mode between
the stud-lining and the stud. For the studded rolls, the wear and crack of the stud-lining
surface is mainly affected by the assembly method between stud and stud-lining surface.
The wear resistance of the stud-lining surface is enhanced by inlaying studs on the stud-
lining. Therefore, the coordination between the studs and the stud holes is the focus of the
study. In order to reduce the calculation degree of the simulation, the load simulation of
the roller press is simplified to the simulation of the studs and the part of the rolls surface
with the stud holes. Calculate the pressure corresponding to the central angle through the
established mathematical model, apply the calculated pressure on the upper surface of the
stud, and constrain the stud and stud-lining model. As shown in Figure 6, the cross-section
diagram of the stud and stud-lining. As shown in red A in Figure 6, apply pressure on
the upper surface of the stud. Constrain the model at blue B in Figure 6. Combined with
the material properties of studs and stud-lining on studded rolls in work, the material
parameters of studs and stud-lining are set according to the parameters in Table 2.

The surface of the stud-lining of the studded rolls are composed of stud holes that are
drilled in different ways. A stud is assembled in the stud hole, and the upper surface of
the stud is higher than the surface of the stud-lining by a certain height. Shortly after the
studded rolls are put into operation, fine material can get stuck between the stud and the
stud hole. This layer of fine material prevents the base material of stud-lining from further
wear. And this autogenous wear protection will be protecting the stud-lining surface. At
this time, the damage of the studs and the stud holes are the main problem of the studded
rolls. Therefore, the simplified model is used here to conduct simulation analysis between
the stud and the stud hole. Analyze the stress and deformation concentration of studs and
stud holes to provide a theoretical basis for stud shape design and stud material selection.
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Figure 6. Schematic diagram of the cross section of the stud and the stud-lining.

In order to determine the validity of the simulation results, the dimensions of the
meshes were verified. Select 2 x10%, 5 x 104, 1 x 10°, 2 x 10°, 5 x 10°, 1 x 10° mesh
respectively to verify the convergence of the mesh. After the number of meshes reached
5 x 10%, the equivalent stress result remains within a certain error range, and the change in
equivalent stress was less affected by the mesh. And the average value of the corresponding
mesh unit quality changes slightly. In order to consider the impact of the number of meshes
on the calculation cost, and to speed up the calculation time. Decide to divide the mesh
according to the number of meshes. At this time, the mesh size was 3 mm, and the mesh
type adopted a second-order tetrahedron. Most of the mesh quality was above 0.75, and
the average mesh average quality is greater than 0.8, indicating that the division effect was
relatively better and higher simulation accuracy can be achieved.

3.2.1. Simulation Analysis of Studs and Stud-Lining

(1) Stress distribution of studded rolls press in working area

Through the mathematical model established by using the compression and rebound
characteristics of the material layer, the pressure on the studs at different positions of the
studded rolls are calculated. In the process of working, a material layer will be formed at
the contact between the stud and the stud-lining surface to protect the stud-lining surface.
It is assumed that the pressure of the material on the stud-lining surface is all acting on
the upper surface of the stud. In the selection of the model of the roller press, select the
model in which the diameter of the roller is 1400 mm and the gap between the rollers is
10 mm. The material is limestone. According to the principle of material layer crushing,
the pressure in the compression zone and rebound zone is much greater than that in the
acceleration zone. The pressure angle [32] is selected by understanding the pressure zone
and combining with the actual production situation of the roller press. By combining
the literature [29] and reducing the computational cost, the nip angle « of the roller press
pressure is set —2° to 6°. The horizontal pressure is maximum when the nip angle is 0°,
and the two sides are symmetrical. And the peak value decreases with the increase of A
absolute value. Therefore, the values of A = 0 and nip angle of 6°, 4°, 2°, 0° and —2° are
selected. As shown in Figure 7. ag is the compression zone and « is the rebound zone. To
analyze the stress distribution of stud and rolls surface in the working area of studded rolls.

The pressure values of different positions are calculated through the mathematical
model of the roller press, and the established stud and stud-lining model is imported
into the ANSYS software. Set the stud and stud hole sizes to the same size, and use an
assembly method with a gap value of 0. Through the simulation calculation of the stud
and stud-lining model, the change of the maximum equivalent stress of the stud-lining
surface and stud of the studded rolls are obtained. As shown in Figure 8. The maximum
equivalent stress of the stud and stud-lining is maximum at the position where the nip
angle is 0°, and the equivalent stress is symmetrically distributed. When the nip angle is 0°,
the maximum equivalent stress of the rolls surface is slightly larger than that of the stud.
The increase rate of the maximum equivalent stress of the stud-lining surface is faster in the
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rebound zone. When the nip angle of the compression zone is 2°, the maximum equivalent
stress of the stud is slightly larger than that of the rolls surface. When the nip angle is 6°,
the maximum equivalent stress of rolls surface and stud gradually tends to 0.

Figure 7. Schematic diagram of compression zone and rebound zone of studded rolls.
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Figure 8. Maximum equivalent stress of rolls surface and stud at different nip angle.

(2) Stress changes in different assembly method

The assembly method between the stud and the stud-lining has interference fit and
clearance fit. We know through reading the literature that there are few studies on the
assembly method between the stud and the stud-lining at present. This paper analyzes the
stress changes of stud and stud-lining under different assembly method by fixing loads
and constraints and changing different assembly method in stud and stud-lining. Refer to
the stud-lining surface processed by the studded rolls manufacturing company to select the
gap value between the stud and the stud-lining. The gap values are selected as 0.08 mm,
0.10 mm, 0.12 mm and 0.14 mm for simulation analysis. Since it is to analyze the impact of
the equivalent stress and deformation of the stud under different assembly methods, the
same load is used in different stud assembly methods. The pressure of the material changes
with the change of the nip angle. In order to study the maximum stress of the stud, the nip
angle of the load is selected as 0°, the pressure angle is perpendicular to the stud upper
surface, the pressure value is taken as an integer as 120 MPa, and constrain the studded
rolls model. The equivalent stress results are shown in Figure 9a—d below.
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Figure 9. Cloud diagram of (a-d) equivalent stress (al-d1) total deformation of stud-lining and stud
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with different gap values.

According to the data statistics, gap value is 0.08 mm and the maximum equivalent
stress is 377.06 MPa. The gap value is 0.10 mm and the maximum equivalent stress is
425.31 MPa. The gap value is 0.12 mm and the maximum equivalent stress is 448.69 MPa.
The gap value is 0.14 mm and the maximum equivalent stress is 461.09 MPa. Through
the above data, it is found that with the increase of gap amount, the maximum equivalent
stress presents a trend of gradually increasing muscle, but the increasing range gradually
decreases. It can be found from the total deformation cloud diagram of the stud-lining
and stud in Figure 9al-d1 that the total deformation gradually increases as the gap value
increases. The variation range of the total deformation value is 0.002 mm. The maximum
total deformation occurs at the upper surface of the stud. The deformation on the stud-
lining mainly occurs at the spherical bottom of the stud hole.

Four sets of interference values of 0.02 mm, 0.06 mm, 0.08 mm, and 0.10 mm are
selected in the reference, and the interference fit will be analyzed according to the same
loading and constraint methods in clearance fit. According to the data statistics, the
interference value is 0.02 mm and the maximum equivalent stress is 304.4 MPa. The
interference value is 0.06 mm and the maximum equivalent stress is 724.8 MPa. The
interference value is 0.08 mm and the maximum equivalent stress is 981.7 MPa. The
interference value is 0.1 mm and the maximum equivalent stress is 1225.1 MPa. As the
interference value increases, the maximum equivalent stress of the stud and stud-lining
gradually increases. The stress is mainly concentrated in the upper part of the stud hole. As
shown in Figure 10a—d. It can be found from Figure 10al-d1 that the change trend of the
total deformation of interference fit is the same as the change trend of stress. The maximum
total deformation occurs on the stud-lining. The maximum total deformation occurs on the
stud-lining. The deformation on the stud is mainly concentrated on the lateral cylindrical
surface of the stud.

The absolute value of the difference between the stud and the stud hole is taken as the
X-axis, and the maximum value of the equivalent stress on the model is taken as the Y-axis,
as shown in Figure 11. It can be seen from Figure 11 that with the increase of the difference,
the maximum equivalent stress on the model gradually increases, and the growth rate of
the interference fit is the largest.
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Figure 10. Cloud diagram of (a-d) equivalent stress (al-d1) total deformation of stud-lining and stud
with different interference.
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Figure 11. The maximum equivalent stress under different assembly.

It can be found that the change of interference fit is similar to that of clearance fit,
showing a gradual growth trend, and the growth range is larger. In the case of the same
value, the maximum equivalent stress of the post studded rolls of the interference fit is
much larger than that of the clearance fit. Therefore, the gap assembly method is better
than the interference assembly method.

(38) Stress changes in different axial and circumferential distances

Through reading the literature, it is found that the arrangement of the stud on the stud-
lining surface has a great influence on the wear of the stud-lining of the stud [11,26]. In order
to explore the influence of different arrangements of studs on stress and deformation, a finite
element model was established through ANSYS to change the axial and circumferential
distances between two studs. Where the axial distance is set to x and the circumferential
distance is set to y. The schematic diagram of the model is shown in Figure 12.
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Figure 12. Schematic diagram of initial distance of stud in axial and circumferential direction.

The initial position of the two studs is 25.676 mm and 16.625 mm, and the values of x
and y are decreased and increased respectively. The changes of the maximum equivalent
stress were observed under different axial and circumferential distances. The simulation
here still uses the way of fixed load to observe the change of equivalent stress at different
distances. The distance between studs is changed by building models with different axial
and circumferential distances. Apply the same stresses to the model as in (2), and the
same constraints.

As shown in Figure 13, it is the histogram of the maximum equivalent stress of the
stud-lining with different distances in the x and y directions. When the axial distance
between the studs is gradually reduced, it is found that the maximum equivalent stress on
the stud-lining also gradually decreases. When the axial distance is reduced by 4 mm, the
equivalent stress of the stud-lining increase slightly. However, the maximum equivalent
stress increases sharply when the axial distance decreases by 8 mm. It can be seen that
when the axial distance between the studs is reduced, the maximum equivalent stress of the
stud-lining is the smallest when the axial distance is reduced by 6 mm. When increasing the
axial distance between studs. The maximum equivalent stress of the stud-lining presents a
trend of decreasing first and then increasing and then decreasing. When the axial distance
increases by 2 mm, the maximum equivalent stress of the stud-lining is the smallest.
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Figure 13. The histogram of the maximum equivalent stress of the stud-lining with different distances

in the x and y directions.

When the circumferential distance between the studs is gradually reduced, it is found
that the maximum equivalent stress on the stud-lining first decreases and then increases.
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When the circumferential distance between studs is reduced by 4 mm, the maximum
equivalent stress on the stud-lining is the smallest. When the circumferential distance
between studs is gradually increased, the maximum equivalent stress of the stud-lining
fluctuates up and down, and the fluctuation range is small. When the x distance increases by
6 mm, the maximum equivalent stress on the stud-lining is the smallest. Figure 14a shows
the stress distribution diagram of the stud-lining increase of 6 mm in the x direction. It can
be found that the stress gradually increases from top to bottom along the spherical bottom,
and the maximum value appears at the apex of the spherical bottom. Figure 14b shows
the stress distribution diagram of the stud-lining increased by 2 mm in the y direction, and
the stress distribution is the same as Figure 14a. Figure 14c,d is the maximum stress cloud
diagram after changing the circumferential and axial distance. By comparing Figure 14a,b
and Figure 14c¢,d, it is found that the stress concentration area in Figure 14a,b is reduced,
and the stress value is also significantly reduced. The main stress is concentrated at the
spherical stud hole.
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Figure 14. Stress distribution diagram of stud-lining at different axial and circumferential distances:
(a) Increase the 6 mm along the x direction; (b) Increase the 2 mm along the y direction; (c) Reduce
the 8 mm along the x direction; (d) Increase the 6 mm along the y direction.

As shown in Figure 15, the histogram of the maximum equivalent stress of the stud
in the x and y directions. When the distances in the x and y directions of the studs are
respectively reduced, the equivalent stress of the studs no obvious change significantly, and
only slightly fluctuates. However, when the distance in the x and y directions is increased,
the equivalent stress of the stud changes significantly. Especially when the distance in the y
direction is increased by more than 2 mm, the equivalent stress of the stud has dropped
significantly, but as the distance in the y direction continues to increase, the equivalent
stress of the stud no obvious change significantly.

Figure 16 shows the stress distribution diagram of the stud increased by 6 mm in the x
and y directions respectively. At this time, the maximum equivalent stress on the stud is
minimum. It can be found that the equivalent stress of the stud is mainly distributed on
the lateral circumferential surface, and the stress at the junction of the spherical bottom and
the lateral circumferential surface is smaller. The stress maximum occurs at the spherical
bottom apex. According to the actual processing of studded rolls, combined with the
change of the distance between the studs and the stud-lining in the x and y directions.
Through the stress changes at different distances between the stud and the stud-lining,
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conclusions can be drawn: When the x direction is increased by 6 mm and the y direction is
increased by 2—4 mm, the maximum equivalent stress of the stud and stud-lining is optimal.
The stress in Figure 16a,c,d is mainly distributed on the lateral cylindrical surface of the
stud, and the stress area at the top of the stud is smaller than the lateral cylindrical surface.
The stress values of the side cylinder and the upper of the stud in Figure 16b are close to
each other, and the stress distribution is relatively uniform. By comparing the maximum
stress and the minimum stress of the studs, the stress distribution is basically the same. The
maximum stress occurs at the spherical bottom of the stud. The stress is smallest at the
connection between the side cylinder surface and the spherical bottom, indicating that the
stress of the studs at the spherical bottom is evenly distributed.

280

260

240 +

Maximum equivalent stress of stud
(MPa)

220 T T

Only change the x direction
Only change the y direction

2 4 6 8

The distance of the stud hole in the x and y directions (mm)

Figure 15. The histogram of the maximum equivalent stress of the stud with different distances in

the x and y directions.
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Figure 16. Stress distribution diagram of stud at different axial and circumferential distances:

(a) Increase the 6 mm along the x direction; (b) Increase the 6 mm along the y direction; (c) Increase

the 4 mm along the x direction; (d) Reduce the 2 mm along the y direction.
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(4) Stress changes in different lengths of stud

Currently, the actual studded rolls produced by the studded rolls manufacturer is
installed so that the outer round surface of the stud is 4 mm higher than the stud-lining,
which is obtained through experience. In order to analyze the influence of stud length on
stress, it is divided into the following two aspects. First, reduce the stud hole depth without
changing the stud length. Secondly, increase the depth of the stud hole without changing
the height of the stud above the stud-lining surface.

First, reduce the depth of the stud holes. Set the 36 mm stud hole depth to the
initial depth, set to x = 0. Then gradually reduce the depth of the stud holes. Select
stud hole depth 33 mm, 30 mm, 27 mm. The FEM simulation was conducted using the
same load and constraint conditions as (2). Through FEM simulation, it is found that
the maximum deformation position of the model occurs at the stud upper surface. The
maximum equivalent stress of the stud gradually decreases with the decrease in the depth
of the stud hole. The maximum equivalent stress of the stud-lining shows a decreasing
trend as the depth of the stud hole decreases. At x = —6 mm, the maximum equivalent stress
of the stud-lining increases slightly. As shown in Figure 17. Through the cloud map of the
total deformation of the model, it can be found that with the decrease of the stud hole depth,
the deformation zone of the model decreases gradually, but the maximum deformation
tends to increase. Change the finite element model of the studded rolls to a distance of 4 mm
above the stud-lining surface that fixes the upper surface of the stud. By increasing the
length of the stud and the depth of the stud hole, observe the changes in model deformation
and stress. Select stud hole depth 39 mm, 42 mm, 45 mm, 48 mm. Apply the same pressure
as (2). The simulation constraints are the same as above. As show in Figure 17, with the
increase in the length of the stud and depth of the stud hole, the maximum equivalent stress
of the stud gradually decreases, with a smaller amplitude. When the length of the stud
and depth of the stud hole both increase by 3 mm, the maximum equivalent stress of the
stud-lining increases sharply, and then gradually decreases. Through the cloud diagram of
the total deformation of the model, it can be found that with the increase of the length of
the stud and depth of the stud hole, the deformation area of the stud increases gradually.
However, the maximum total deformation of the model is slightly reduced.
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Figure 17. The histogram of the maximum equivalent stress of the stud and stud-lining.

Through the simulation of different lengths of studs and depth of the stud hole, the
following conclusions can be drawn. Under the condition that the length of the stud remains
constant, gradually reduce the depth of the stud hole. The maximum equivalent stress of
the stud and the stud-lining no obvious change significantly, and the total deformation no
obvious change significantly. When the upper surface of the stud is 4 mm higher than the
stud-lining surface, the depth of stud hole is increased, and the maximum effective stress of
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stud and stud-lining also has the same trend. Therefore, when the length of stud is 40 mm
and the depth of stud hole is 36 mm, the model of stud and stud is the best.

3.2.2. Initial Optimization Design of Stud-Lining

Through the simulation analysis of the assembly method between the studs and the
stud-lining, the distance between the studs and the length of the studs. The finite element
models of studs and stud-lining were optimized. Select the assembly method of the studs
as clearance fit, and the gap value is 0.08 mm. The distance between stud is selected as
x = 31.676 mm, y = 18.625 mm. The stud length is selected to be 40 mm. The height of
the stud above the stud-lining surface is selected to be 4 mm. As shown in Figure 18.
Through the equivalent stress cloud diagram of studs and stud-lining, it can be found that
after optimizing the models of studs and stud-lining, the maximum equivalent stress is
significantly reduced. The distribution position of stress remains basically unchanged. The
maximum equivalent stress of the optimized model is about 30% lower than that of the
unoptimized model with a gap value of 0.08 mm.

Type: Equivalent (won-Mises) Stress
Unit: MPa
Time:1s

2023/8/30 20:38

257.91 Max
229.25

200.59
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0.0027115 Min

Figure 18. Stress cloud diagram of stud-lining and stud after optimization.

As shown in Figure 19a, it can be found that the maximum equivalent stress of the
stud-lining is reduced by about 11% compared to the model with unoptimized distance
between studs x = 25.676 mm and y = 16.625 mm. Figure 19b is the equivalent stress
cloud diagram of the stud after optimization. By comparing with the unoptimized distance
between studs x = 25.676 mm and y = 16.625 mm, it was found that the maximum equivalent

stress dropped by about 25%.

Type: Equivalent [won-Mises) Stress Type: Equivalent [won-Mises) Stress
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Figure 19. Stress cloud diagram of stud-lining and stud after optimization: (a) Stress cloud diagram
of stud-lining; (b) Stress cloud diagram of stud.
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Combined with the changes in the equivalent stress of the studs and stud-lining
in Section 3.2.1, the models of the studs and stud-lining were optimized. The optimal
assembly method of studs and stud-lining, the optimal distance between studs and the
optimal height of studs above the stud-lining were obtained. The maximum stress of both
studs and stud-lining has been significantly reduced. Through simulation optimization, the
stress on the studs and stud-lining was reduced, providing theoretical data for extending
the service life of the studded rolls.

4. Conclusions

In this paper, the surface pressure distribution of the studded rolls is studied, the
contact pressure and stress distribution among the studded rolls, the stud and the stud-
lining are studied respectively, and the finite element optimization design is carried out.
Theoretical data are provided for the optimization of studded rolls.

1. Based on the compression and rebound characteristics of the material layer, the surface
pressure of the roller press was calculated. Optimize the pressure calculation method
suitable for the studded rolls surface. Through the FEM, the contact pressure and
equivalent stress of the roller shaft and the stud-lining are calculated, compared with
the theoretical calculation values, and the roller shaft and the stud-lining are further
optimized. The contact pressure between the roller shaft and the stud-lining is reduced.

2. The change of equivalent stress between stud and stud-lining in different nip angle of
studded rolls are analyzed. It is found that the maximum equivalent stress between
stud and stud-lining occurs at the minimum gap between the two rolls and is symmet-
rically distributed on both sides. The assembling method between the stud and the
stud-lining, the distance between the studs, the length of the stud and the height of
the stud above the stud-lining are simulated and calculated. The influence of them on
the stress of the studs and the stud-lining are analyzed.

3. Optimize the design by combining the assembly method of studs and stud-lining,
the distance between studs, and the height of studs above the stud-lining. After
optimizing the design, the maximum equivalent stress of the stud and the stud-lining
is effectively reduced. It provides a theoretical basis for optimizing the rolls surface of
studded rolls.
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