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Annomayus. AkmyaneHocms pabomsl 00BACHAEMCI CYUWeCMEEHHbIMU NPOOIEMAMU COBPEMEHHOU a3pO-
KOCMUYECKOU NPOMBIUIEHHOCTU, MAWUHOCMPOEHUS, YHEP2emuKu, 20pHo00bbI8aowell, nepepabamoisaro-
wetl u opyeux ompaciei npu Ymuiu3ayuu 0mxo008 uzoenuti u3 KOMROUYUOHHBIX MAMepUaios u uoeull
HA UX OCHO8E KOMNO3UMOS8 PA3IUYHO2O (DYHKUUOHANLHO2O HAZHAYEHUs (Y2leniacmuKkos, CMeKIoniacmu-
KO8, MEMAIOKEPAMULECKUX U TUMBLX OUCNEPCHOYNPOUHEHHBIX).

Lenv pabomer — nosvluenue d¢hGHexmueHOCmuU nPoYeccos NOIYUEHUs MUKPOHHBIX (paKyull 0mxo008
KOMHO3UYUOHHBIX MAMEPUANO8 3d CUEM NPUMEHEHUSI MOOEPHUSUPOBAHHOU KOHCMPYKYUU 6ATKOBOU OpO-
OUNKU-USMENLUUMENA.

Pacuemnvimu u 3KCnepuMeHmManbHLIMU UCCIEO08AHUAMU 0OOCHOBAHbI BOZMONCHOCTU NOBIUEHUS I-
GexmusHocmu nepepabomxu 0mx0008 Uz0eIUil U3 KOMHOZUYUOHHBIX MAMEPUATO8 3d CYelm UX NOCMEneH-
HoU (nosmanuoti) Oesunmezpayuu. Ha ocrosanuu anaiumuyeckux pacyemos u MemooamMu KOHEYHO-
INEMEHMHO20 AHANU3A PA3PAOOMAHBI KUHEMATNUYECKAS CXeMA, KOMHOHOBKA U KOHCMPYKMUGHOE UCNOIHE-
HUe MOOEePHUSUPOBAHHOU COOPHOU 8ANKOBOU OPOOUNKU-UBMENbUUMENS C PAOOYUMU OpeaHamMu (Ouckamu) 8
@opme pasnoocnozo konmypa — mpeyzoavruxa Peno. B nogoii koncmpykyuu peanusyemcs 6onee Clox#CHAS
HO CPABHEHUIO C AHAN02AMU CUCEMA CUTL (CoHCamust, MpeHUsl, 3SHAKONEPEMEHHBIX YUKTUYECKUX HAZPY30K),
HO38OJIAWAS, NOBLICUND CKOPOCHTb U RPOU3B0OUMENTbHOCMb npoyecca OpobiieHus — uzmenvyerus. Meicoy
cocednumu ecmpeunvimu Hoxcamu PK — npodhuns peanusyemca npoyecc pesanus mamepuana no mexa-
HUSMY «8PAWAIOUUXCSL HONCHUYY, YO MAKdICe CNocodcmeyem 0onee uHMeHCUBHOMY USMETbYEHUI0 Mame-
puana (0cobenHo npu 06pabomre NAACMUHYAMBIX UTU OTUHHBIX Qpasmenmos omx0008). Opucunanvhoe
PACNONONHCEHUE U HENOCMOAHCMBO MOYeK KOHMAKMA 8CMPEUHbIX Npoduiell, Wenesozo 3a30pa Mexcoy
OUCKamMu npu ux epauwjeHuu co30aém 3pghexm nepexamviéanust 3a cuem 6036PAMHO-NOCHYNAMETbHOZ0
nepemMeujeHus UsMerIbyaemMo20 Mamepuand, 4mo CHUXCAem PUCK 3aKIUHUBAHUSA U YBeauyusaem nponyck-
HYI0 CHOCOOHOCb PASMONILHLIX 6AIKO8 U UHMEHCUBHOCHb Npoyeccos oesunmezpayuu. /s onpedenenust
JVUUUX C MOYKU 3PEHUsi NPOU3800UMENbHOCIU, PAZMEPO8 pabOYUX OP2aH08 OPOOUNIKU, WeNe8020 3a30Pd
MeHCOY HUMU NPU USMETbYEHUU MAMEPUATO8 C PASHBIMU PASMEPAMU U C8OUCMBaMU DblLIU CO30aAHb KUHe-
mamuyeckue Mooeau 0N CUMYAAYUU NPOYECCO8 USMENbYEHUS U NPOBEOEHUs HUCTEHHO20 IKCHEPUMEHMA
Memooamu KOHeuHo-3jieMenmno2o anausa. Ilokazarno, umo 3a cuem 3¢hpexmugrozo covemanus paziuy-
HbIX MeXanusmMo8 paspyuleHus (ucmupanue, paz0déiusaHue, pe3auue, 3HAKONEPEMeHHble HazpY3Ku)

432



Technological processes and material science

gospacmaenm UHMEHCUBHOCHb 0ePOPMAYUOHHBIX NPOYECCO8 U YOelbHble HASPY3KU HA MAMEPUANL, HO Ha-
NpANCeHUs. HA PaboYuUx NOBEpXHOCMAX OpoounKu sapvupyromces ¢ ouanasone 430-580 Mlla, 3anac npou-
Hocmu pabouux opeanos yseauuusaemcs 00 3uavenuti 0,43—0,65, umo sensiemcs npeonocwvlIkou yeeauye-
HUs CPOKA IKCNAYamayuu paboyux pasmosibHuIX d1emeHmos. Pe3ynomamol pacuemog no HoebiM Memoou-
KaM U KUHeMAMU4ecKum cxemam nokasvlearom, umo KOHCMPYKYUs MOOEPHUIUPOBAHHOU COOPHOU KOHCM-
PYKYUU 8aaK0801 OpOOUNKU ¢ pabouumu opeanamu & popme mpeyeonvruxa Peno umeem ygenuuennyio pe-
synemupyrouyro ckopocms (Ha 30 %) u npoussooumenvHocmy noumu 6 2 pasa eviuie, 4em npomomun
€ YUNUHOPUHECKUMU BATIKAMU (NPU OOUHAKOBBIX UNU CONOCMABUMBIX PA3MEPAX PAbOYUX Op2aHO8, KUHeMd-
MUYECKUX napamempax no 4acmome 8pAuieHUs. U MowHocmu npugooa). Ilposedena KoHCmMpyKmMopcKo-
mexHonI02u4ecKas no020Mmo6Ka U U320MO6IeH ONbIMHbIL 00paszey YCMAaHO8KU 0N IKCNEPUMEHMAbHBIX
uccnedosanuil, Komopule HOOMEEPOUNU XOpoulee COBNAdeHUe PACYEMHBIX U IKCHEPUMEHMATbHBIX OAHHBIX
nO GenUdUHe Wene8020 3a30pd, CKOPOCU U NPOU3BOOUMENbHOCIU NPoYeccd OpoOIeHU-UBMETbYCHUS.

Knioueswvie cnosa: KomMnos3umaul, 6ajIKOed: 0p06uﬂKa-u3M€ﬂbltum€ﬂb, mpey2ojibHUK PEJIO, 0€3an’l€2pCl—
yus, ymuausayusl KOmnosumoe.
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Abstract. The relevance of the work is explained by the significant problems of the modern aerospace
industry, mechanical engineering, energy, mining, processing and other industries in the disposal of waste
products made of composite materials and products based on composites of various functional purposes
(carbon fiber, fiberglass, metal-ceramic and cast glass reinforced).

The aim of the work is to increase the efficiency of processes for obtaining micron fractions of compos-
ite materials waste through the use of an upgraded roller crusher-shredder design.

Computational and experimental studies have substantiated the possibility of increasing the efficiency
of waste recycling of composite materials due to their gradual (step-by-step) disintegration. Based on ana-
Iytical calculations and finite element analysis methods, a kinematic scheme, layout and design of an up-
graded prefabricated roller crusher-shredder with working bodies (discs) in the form of an equiaxed con-
tour — a Relo triangle — have been developed. The new design implements a more complex system of forces
(compression, friction, alternating cyclic loads) compared to analogues, which makes it possible to in-
crease the speed and productivity of the crushing process. The process of cutting the material using the
“rotating scissors” mechanism is implemented between adjacent counter knives of the PK profile, which
also contributes to more intensive grinding of the material (especially when processing lamellar or long
fragments of waste). The original location and inconsistency of the contact points of the oncoming profiles,
the gap between the discs during their rotation creates a rolling effect due to the reciprocating movement
of the crushed material, which reduces the risk of jamming and increases the throughput of the grinding
rolls and the intensity of the disintegration processes. In order to determine the best performance in terms
of the size of the working bodies of the crusher, the gap between them when grinding materials with differ-
ent sizes and properties, kinematic models were created to simulate the grinding processes and conduct a
numerical experiment using finite element analysis methods. It is shown that due to the effective combina-
tion of various fracture mechanisms (abrasion, crushing, cutting, alternating loads), the intensity of defor-
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mation processes and specific loads on the material increases, but the stresses on the working surfaces
of the crusher vary in the range of 430-580 MPa, the safety margin of the working bodies increases
to 0.43—0.65, which is a prerequisite for increasing the service life of the workers. grinding elements. The
results of calculations using new methods and kinematic schemes show that the design of the upgraded pre-
fabricated roller crusher with working bodies in the form of a Relo triangle has an increased resultant
speed (by 30 %) and productivity is almost 2 times higher than the prototype with cylindrical rolls (with the
same or comparable sizes of working bodies, kinematic parameters in terms of rotation speed and drive
power). Design and technological preparation were carried out and a prototype of the installation for ex-
perimental studies was made, which confirmed a good agreement between the calculated and experimental
data on the size of the gap, the speed and productivity of the crushing and crushing process.

Keywords: composites, roller crusher, Relo triangle, disintegration, utilization of composites.

Introduction

One of the pressing issues facing the modern aerospace, mechanical engineering, energy, mining,
processing, and other industries is the improvement of equipment and technological schemes for prod-
ucts made of composite materials for various functional purposes. Moreover, these problems concern
not only the technology of manufacturing products based on composites (carbon plastics, glass plas-
tics, metal-ceramic and cast dispersion-strengthened materials), but also all other stages of the life cy-
cle (CAD/CAM/CAE) — from design, calculation, and prediction of properties to waste disposal. The
last stage presents particular difficulties, which are largely due to the structural heterogeneity of com-
posites, significant differences in the properties of the matrix and filler (especially in the form of high-
modulus fibers), as well as the high chemical resistance of the phase components. For these reasons,
mechanical processing of composites and their waste by cutting and crushing is difficult, as it is ac-
companied by fiber elongation and destruction of the matrix material under the influence of tempera-
ture [1-5]. Therefore, carbon fiber and glass fiber waste are often simply buried or subjected to heat
treatment of the matrix to obtain carbon fiber, followed by their reuse, for example, as fillers or rein-
forcing additives [6—10].

The use of existing crusher designs is limited by insufficient efficiency, since in roller crushers, on-
ly compression and crushing forces act on the material, in hammer crushers — impact and abrasion, and
in jaw crushers — compression [11-14]. Such crushers are designed to crush a single material or a
group of materials with similar properties and sizes. Widely used methods and devices for mechanical
crushing also cause difficulties associated with the grinding of plastic materials, therefore, it is neces-
sary to use alternative designs that implement more complex grinding schemes, combining not only
the effects of compression, abrasion, and impact forces on the material under alternating loads, but
also including cutting processes. The development of such designs naturally requires the creation of
new methods for designing and calculating the kinematic, power, and operational characteristics of the
equipment.

The aim of the work is to increase the efficiency of processes for obtaining micron fractions of
composite material waste by using a modernized design of a roller crusher-shredder.

Numerical and experimental studies of the possibilities for increasing the intensity of grinding by
using new designs and kinematics of roller crushers were carried out using the method presented in the
block diagram in Fig. 1.

Based on the proposed research methodology, tasks were solved sequentially and in a feedback
mode to improve the design and technologies for cutting processing of products made of fibrous com-
posite materials, which ensure the formation of micron-sized fine chips during processing, obtained in
the process of high-speed milling. As previously shown by the authors [15-17], this can be achieved
by using multi-blade high-speed milling cutters. The tool design and processing modes were optimized
using computational and experimental methods to ensure the production of micron-sized chips during
mechanical cutting. Fig. 2 shows a 3D model and design of the milling cutters, as well as an image of
typical chip fragments obtained during the processing of composites.
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Fig. 2. 3D model, tool design and chip morphology after machining
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Chips of this size and morphology, in turn, can be used as “raw material” for further grinding of the

Design of the roller crusher-shredder
The proposed roller crusher-shredder (Fig. 3) consists of two parallel shafts / made of hexagonal

435

material to the size of fibers (whiskers) in new designs of crushers-grinders with working elements in
the form of PK profile discs (Relo triangle), shown in Fig. 3. The use of finely crushed chips in such
disintegrators is a promising, but not the only, area of research. The main and most relevant area of
their practical application is the processing (crushing, grinding) of larger, lumpy or plate-like waste
from composite products obtained during the manufacturing process or after preliminary processing of
parts that have exhausted their service life (out of service).

steel, which are mounted in special bearing supports 2. The supports are designed so that the gap be-
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tween the discs can be adjusted. Screens 3 with holes corresponding to the required size of the output
fraction are attached to the body with screws. PK profile discs 4 are installed on the hexagonal surface
of the shafts, in the plane of the sieve, alternating with a maximum angular gap; in this case, the instal-
lation option with an angle of 60° is shown. A total of 28 discs are used, 14 on each shaft. The disc
package is pressed down with nuts and washers 5 to prevent longitudinal displacement of the assem-
bly. Pulleys are installed on the ends of the shafts, which are driven by a belt from the engine located
below, on the foundation of the body part of the structure. The rotation speed of both assembled rolls
must be the same to prevent the mechanism from jamming. The base of the PK-profile disc knives on
the surface of the hexagon ensures reliable torque transmission and simplifies the assembly, repair,
and construction procedures. This reduces the labor intensity and cost of manufacturing and restoring
the product.

Puc. 3. KoHCTpyKIHH BalKOBO# JPOOUIIKH-H3METbUUTEIIS

Fig. 3. Designs of a roller crusher

When using the new design of working parts, the material is subjected to compressive and shear
forces, as well as friction forces. Under the action of this system of forces, the material is crushed by
compression and crushing, reinforced by shear loads due to the ‘non-cylindrical’ shape of the discs.
Between adjacent PK profile knives, the material is cut using a ‘rotating scissors’ mechanism, which
also contributes to more intensive grinding of the material (especially when processing plate-like or
long fragments).

In addition, the asymmetrical arrangement of the discs (rollers) and the variability of the contact
points of the opposing profiles, i.e. the gap between them, provides a rolling effect during their rota-
tion, a reciprocating movement of the crushed material, which helps to prevent rock jamming and in-
creases the intensity of crushing. Fig. 4 shows a conceptual model of the process of changing the gap
between the rolls.

A distinctive feature and advantage of the proposed design is the ability to change the size of the
resulting fraction of crushed products by adjusting the gap between the working parts.

To visually confirm the nature of the gap change and the dynamics of the pair of rolls, an animated
model was created. Screenshots of the animation at different stages of roll rotation are shown in Fig. 5.
The model was generated for a set of discs with a diameter of 100 mm.
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Puc. 4. VI3meHenue 1mieneBoro 3a30pa B paJualbHOM HalpaBiIeHUH IIPH BPAIICHUH
PK-npo¢unbHEIX BaIKOB Ha Pa3HBIX ATAaxX B3aUMHOTO NEPEeMEIICHHS

Fig. 4. Change in the slot gap in the radial direction during rotation of PK profile rolls
at different stages of mutual movement

Puc. 5. U3meHeHue meneBoro 3a3opa Ha aHUMALlMOHHON MOJIENH

Fig. 5. Changing the slot gap on the animation model

Individual animation frames illustrate not only the change in the gap size from the minimum value
amin to the maximum value a,,,, at different roll positions, but also the change in the vector of mutual
position of the tangents to the roll surface. According to the animation model, the gap varies in the
range of 3.4—12.9 mm.

Accordingly, the minimum size of micron powder fractions is about 0.34 mm or 340 pm. However,
the design of the tool body provides for the placement of a screen 3 with holes along the contour of the
crusher body, which have a size corresponding to the required size of the final fraction (Fig. 3). It is
assumed that holes with a diameter of 1 mm will ensure the production of micron powders after addi-
tional multiple grinding between the surfaces of the rolls and the surface of the screen.

Diagrams of force and speed, and calculation of operating parameters

The force system implemented in the grinding zone between the composite rolls with typesetting
discs in the form of PK profiles, offset relative to each other by 60°, is alternating and cyclical, in con-
trast to the constant loading diagram between two solid cylindrical rolls. The diagrams in Fig. 6 illus-
trate the action of the complex system of multidirectional forces and the kinematics of the grinding
process in the new design, which allows to increase the grinding intensity due to the combined action
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of various mechanisms of material destruction: compression, tension, abrasion, impact, cutting-
chipping, and constant change in the direction of the vectors of these forces and their results. The re-
sults of a series of experimental design studies conducted by the authors earlier and described in detail
in works [18-20] were taken as the basis (prototype) for improving and modernizing the design.

Puc. 6. Kunemaruka nporecca u3meabueHus Matepuaia Bankamu PK-npodus

Fig. 6. Kinematics of the process of grinding material using PK profile rolls

The main parameters characterizing the operation of new modernized roller crushers are the angle
of attack a, the rotation speed of the rollers, their productivity, and their power consumption. At the
moment of gripping pieces of material with a diameter d at the points of contact with the rolls, normal
pressure forces P acting on the material at angles ; and B, arise. The forces P; and P, are decomposed
into the components Pyfcosp;, P,fcosp,, and the repulsive forces Pfsinf;, P,fsinf3,. On the other hand,
at right angles to the forces P, and P,, there are friction forces F; = P\f'and F, = P,f, which are decom-
posed into forces PfSinf;, P,fsinf, and pulling forces P fcosP;, P,fcosp,. Obviously, for the normal
operation of a roller crusher, the following condition must be met:

B sin(@,)- Py sin@y) < B - f sin(B))- By - f sin(B,). (1)

The forces arising in the crushing zone between the working parts of the roller crusher-grinder are
limited by the load created by the springs of the safety device. This load depends on many factors and
is calculated using known methods for calculating machine parts, depending on the strength of the
rock materials and the corresponding crushing forces that must be provided by the crusher mecha-
nisms. The design allows for adjustment of the force by compressing the spring to the required size.

The area over which the average total force between the rolls acts is determined by the formula

F=I-1, )

where [ is the length of the rolls, mm; /; is the length of the arc, mm.
The length of the arc in the material grinding section is calculated using the formula

[, =0,145-D. 3)
Formula for finding the average total crushing force:
P,.=0., F-u, 4

CK

where p is the material's looseness coefficient; ., is the material's compressive strength limit, MPa.
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A circle and a PK profile of equal width have an average radius R.,. Moreover, when the radius
changes from r to R, the average radius remains constant.
For a PK profile
p (R+7r) '

cp 2 (5)

Thus, when determining the angle of attack o for a PK profile, it is necessary to replace the radii »
and R with R, and then the determination of the angle of attack of the PK profile is reduced to calcu-
lating the angle of attack between the cylindrical rolls using the formula

2-P-sin(%)£2-P-f-cos(%j. (6)

A comparison of the main geometric parameters of the circle and the PK-profile shows that, with
the same values of the angle of attack and the perimeter length of the profile sections, the cross-
sectional area of the PK-profile is 10 % smaller. Therefore, the required torque of the crusher drive is
reduced, but at the same time, an increase in the specific load is ensured.

In different positions of the rotating rolls of the PK-profile, the angle of engagement changes, hori-
zontal crushing movements are performed, as well as reciprocating vertical movement of the material
being crushed. In this case, the calculation of the angle of engagement is reduced to determining the
slot gap at different values of radii and normals to them at the points of contact of the discs in the form
of a PK-profile. The material being crushed is exposed to several stress fields at once in at least two
planes, and the effect of rolling the material between the surfaces of the discs is also provided, which
increases the efficiency of crushing and significantly reduces the likelihood of jamming of the material
being crushed due to the non-stationarity of stress fields arising from a system of multidirectional
forces (Fig. 7). When the position of the rolls changes, the angle of engagement changes, and its calcu-
lation is based on the determination of the slot gap (a) and eccentricity (%) at known values of the radii
and normals to them at the points of contact. The displacement of the crushed material relative to the
normal by a distance (R—7)/2 due to the change in radii from » to R. The maximum possible displace-
ment of the material from the extreme points is equal to (R—7).

In addition, the probability of large pieces of material jamming in the gap is significantly reduced
due to their ejection from the contact area by multidirectional forces. If the angle of engagement is
small enough, the crushed material is captured and crushed; if not, it is ejected from the contact zone.

The productivity of a roller crusher is determined by the following formula:

0=1,25-n-D-l-a-n-pn-p, (7

where D is the diameter of the rolls, mm; / is the length of the rolls, mm; a is the reduced value of the
gap between the rolls, mm; #» is the maximum rotational speed of the rolls, 1ps; p is the coefficient that
takes into account the unevenness of the roll feed; p is the specific density of the material being crushed,
g/cm3.

Power N (in kW) consumed by a roller crusher

N=1400-6,, -n-[-R*, (8)

where o, is the compressive strength of the material, MPa.

To determine the optimal dimensions of the crusher's working parts in terms of productivity, addi-
tional calculations were performed for the gap between them when crushing rock materials of different
sizes and properties. The results of the calculations are presented in graphical form in Fig. 8. The non-
monotonic nature of the O (n, D) curve family is similar and allows us to draw one important conclu-
sion: increasing the roll diameter beyond 200 mm is impractical, since all curves practically reach a
“plateaun.” The data obtained also allows determining the required rotation speed depending on the
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properties and size of the pieces of material being crushed. The size of the pieces varies from 2
to 10 mm.
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Fig. 7. Scheme of material movements during crushing
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Puc. 8. Bnusanue nuamerpa D u pazMmepa HOpoJbl d Ha IPOU3BOJUTEIBLHOCT O:
1 — xpuBas IpH pazMepe 3a3opa 2 MM; 2 — KpuBas IpU pa3Mepe 3a30pa 4 MM; 3 — KpuBasi IIpU pa3Mepe
3a30pa 6 MM; 4 — KpUBas IpU pa3Mepe 3a30opa 8§ MM; 5 — KpuBas IIpu pa3Mepe 3a3opa 10 MM

Fig. 8. Effect of diameter D and rock size d on productivity O:
1 — curve for standard gap of 2 mm; 2 — curve for standard gap of 4 mm; 3 — curve for standard gap
of 6 mm; 4 — curve for standard gap of 8 mm; 5 — curve for standard gap of 10 mm

The speed of material grinding by knives with a working part in the form of a PK profile can be de-
termined by the well-known formula (9) with one significant correction — the radius of the roll affects
the slot clearance during rotation. Therefore, the speeds were calculated with an adjustment by intro-
ducing the concept of the “radius vector” of the PK profile (p), which allows determining the extreme
(maximum and minimum) values of the variable speed (m/min) at different points on the PK profile
contour (10), (11).

o 2-m-p-n

1000 ©

where p is the radius vector of the cutting edge contour, mm; # is the number of knife revolutions,
rpm.
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_2'n'pmax‘n
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nax 1000 (10)
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i 1000 (in

where pm.x is the maximum radius vector of the cutting edge contour, mm; py,;, is the minimum radius
vector of the cutting edge contour, mm; # is the rotational speed of the first and second shafts respec-
tively, rpm.

The complex kinematics of rotational movements necessitates the determination of the resulting
cutting speed, which is calculated based on the kinematic diagram of velocity vector addition shown in
Fig. 9 and formula (12).

Pmax

Pmin

Puc. 9. Cxema omnpezeneHus: BEKTOpa CKOPOCTH PE3YIbTUPYIOIETO IBUKEHHS H3MEJIbYCHUS

Fig. 9. Scheme for determining the speed vector of the resulting movement of crusher

Thus, the speed of the resulting movement of the crusher-shredder with discs in the shape of a PK
profile will be finally determined by the formula

2 2
— 2-m-p; -y 2-m-p,y-ny 2-mepreny 2-m-pyny .
Vol=,|| ————-cos¢qp, ————=—=-Cos +| ————-sin(p, —————=—=-sin , (12
‘B‘ \/[ 1000 " 1000 2 1000 " 1000 0 ) 012

where ¢ is the angle of inclination between the velocity vector and the coordinate axis x.

As a result of calculations using formula (12), a refined value of the resulting motion velocity V,
was obtained for composite rolls with PK profile discs, which is almost 1.5 times higher than the ve-
locity value determined in accordance with traditional generally accepted analytical calculation formu-
las for conventional cylindrical rolls [13; 14].

The assumption that changing the shape of the roll profile would increase the intensity of grinding
in the working zone was confirmed. As a result of the combined effect on the material being ground,
not only the speed but also the productivity of the process increases, which is confirmed by the results
of calculations based on the new kinematic diagram. To compare the results obtained, you can use the
reduced rotation speed parameter (n,,) — formula 13. The physical meaning of such a replacement is
that at the frequency (n) provided by the crusher drive, it is replaced by another frequency that corre-
sponds to the increased resulting cutting speed (formula (12)) for rolls in the form of a PK profile.
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This reverse calculation allows us to determine the refined roll rotation frequency and refined per-
formance value via ny, using formula
_1000-v
P n-D

; (13)

0=C,-D" -n" K, -K,-...-K,, (14)

where K, K;, K; are coefficients depending on the geometry, material dimensions, slot gap, material
strength properties, etc.

The results of calculations using new methods and a kinematic diagram show that the design of the
modernized prefabricated roller crusher with working parts in the shape of a Relo triangle has an in-
creased resulting speed (by 30%) and a productivity that is almost twice as high as the prototype with
cylindrical rolls (with the same, comparable dimensions of the working bodies and kinematic parame-
ters in terms of rotation speed). The comparison results are shown in Table 1.

Table 1
Comparison of calculation results
Method of calculation Vep, m/min Q, g/sec
Analytical calculation methodology [13; 14] 29.0 160
New calculation method for the PK -profile 39.6 312

Finite element analysis

The finite element method and Ansys Workbench software were used to determine the numerical
values of contact stresses arising in the grinding zone.

Structural steel, which imitates constructional steel, was selected as the material for the discs.
Based on the prototype of the crusher-grinder, 3D models were created with cylindrical bodies imitat-
ing the material being crushed in the crushing zone, with diameters of 5, 7, and 10 mm. The use of a
mesh consisting of completely identical elements is not advisable, since large elements do not provide
sufficient calculation accuracy, and small mesh elements significantly increase the calculation time.
Figures 10 and 11 show the diagram and the optimal generated mesh.

Limitations and load types were assigned to the system: Bonded between the roller and the body,
and Frictional between the second roller and the body. The left disc is fixed, while the right disc bears
the torque. Figure 12 shows the restrictions and loads applied to the system.

The results of the stress-strain state calculations using the finite element analysis method are pre-
sented in Table 2.

Puc. 10. 3D-monens, UMUTHPYIOLIAs U3MENIbUCHUE Puc. 11. CreHepupoBaHHasi ceTKa
MaTepuaia B BUe IIMIHHIPA

. . . L. . Fig. 11. Generated mesh
Fig. 10. 3D model simulating the grinding of material

in the form of a cylinder
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] Fied Support
Remote Displscement
[ Moment: 56, Nom

Puc. 12. 3aganue Harpy3ok u OrpaHUYICHUNA CUCTEMBI

Fig. 12. Specitfying system loads and limitations

Table 2
Results of numerical analysis in Ansys Workbench
Body min strain, MPa max strain, MPa Safety factor
Cylinder D =5 mm 0.00032 580 0.42986
Cylinder D =7 mm 0.00036 590 0.44342
Cylinder D = 10 mm 0.0011 430 0.6458

The effective combination of various crushing mechanisms (abrasion, crushing, cutting, alternating
loads) increases the intensity of deformation processes and specific loads on the material, but at the
same time, the specific strains on the working surfaces of the crusher are reduced, the margin of safety
of the working parts is increased, which ensures an increase in the service life.

Conclusion

Thus, preliminary analytical, kinematic, and force calculations, as well as finite element analysis,
have justified the dimensions of the working parts of the modernized crusher-shredder design with
rollers in the form of a PK profile with increased productivity. Design and technological preparation
were carried out and a prototype of the installation (Fig. 13) was manufactured for experimental stud-
ies, which confirmed a good match between the calculated and experimental data on the size of the
gap, speed, and productivity of the crushing-grinding process.

Based on the results of the study of the properties of crushed carbon-plastic and glass-plastic waste
materials, it can be concluded that the use of a new crusher-shredder allows obtaining micron fractions
of powders, which after plasticization and granulation can be reused in various technologies for manu-
facturing products from composite materials [20].

Puc. 13. KoHCTpYyKTHBHOE HCIIOJIHEHUE BapUAHTA U3MEIbUUTEIS

Fig. 13. Design of the crusher version
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The modernized design of the crusher-shredder implements a complex system of forces (compres-
sion, friction, alternating cyclic loads, cutting forces), which increases the intensity, speed, and pro-
ductivity of the crushing and shredding process. In addition, the use of prefabricated rolls assembled
from discs in the shape of a PK profile reduces the costs of manufacturing, repairing, and restoring the
structure.
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