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Analytics

The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Obtaining powders with a uniform particle size distribution
during the grinding of bulk materials in impact-centrifugal mills is one of the
important tasks of modern industry. The need for such studies is associated with
the desire to reduce the energy consumption of the grinding process and improve
the quality of the final product, since the particle size distribution significantly
affects the efficiency of subsequent technological operations in various industries.
Methods. An analysis of existing designs of impact-centrifugal mills was carried
out and the main directions for improving the grinding process were identified. A
design of an impact-centrifugal mill equipped with a particle trajectory modification
element installed on the rotor disk is proposed. The study was carried out using an
experimental approach combined with analysis of particle motion in the working
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zone of the mill. A tracer method was used to determine particle trajectories along
the surface of the accelerating blades, while the particle size distribution of the
grinding products was determined by sieve analysis. Results. It was established that
the use of the particle trajectory modification element makes it possible to distribute
particles along the height of the accelerating blades depending on their size and to
ensure their detachment from the blades at different heights. This improves the
efficiency of particle destruction during impact interaction. Experimental studies
were carried out during grinding of wheat, petroleum coke, and sylvinite in an
impact-centrifugal mill equipped with a trajectory modification element with a
height of 10-20 mm. It was shown that the proposed element provides finer grinding
and a more uniform particle size distribution of the grinding product. Conclusions.
The obtained results confirmed that the use of the particle trajectory modification
element improves grinding quality and reduces the energy intensity of the process.
The research results can be used in the design and modernization of equipment for
grinding bulk materials.

Keywords: impact-centrifugal mill, rotor, grinding, particle size distribution,
wheat, petroleum coke, sylvinite
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AnHoTauusi. Ozexminici. CychIManbl MarepuangapAbl COKKbI-OPTaJbIKTaH
TENKill AWipMEHAEpAE YHTaKTay Ke3iHae OipKenKi TpaHyJIOMETPHSIIBIK
Kypamjarbl YHTaKTapAbl ajy Kas3ipri OHEepKACINTIH ©3eKTi MacelseNepiHi
Oipi Oonpim TaObanel. MyHzmail 3epTTeynepii >Kyprisy KaKeTTUIri yHTakTay
MPOLECiHIH dHEPTHsl WIBIFBIHAAPBIH TOMEH/IETYTE KOHE JalblH OHIMHIH CalachlH
apTTBIPYFa YMTBUIBICIICH OAaWIaHBICTHI, ce0e0l OOIIIESKTePIIH OIIIIEMITIIK KYypaMbl
OPTYPJII OHEPKACIIT cajallapblHAarbl KEHIHTI TEXHOJIOTHUSIIBIK IPOLECTEPIiH
TUIMJIUTITIHE eneyii acep ereil. Opaictepi. JKyMpIcTa COKKBI-OPTAIBIKTaH TETKIII
JIUipMEHAEPIiH KOJIaHbICTaFbl KOHCTPYKLMSUIAPbIHA TaJIay KYPri3iiil, YHTaKTay
MPOIECIH JKETULIIPYAIH HETi3ri OarbITTapbl aHBIKTANABL. POTOp JHCKiciHE
OpHATBUIFaH OOJIIEKTEp KO3FANbICHIHBIH TPACKTOPUSCHIH ©3TepTy 3JIEMEHTI Oap
COKKBI-OPTJIBIKTaH TEMKIill JUIPMEHHIH KOHCTPYKUHMSCHI YCHIHBUIIABI. 3epTTey
OeJIeKTepiH JUIPMEHHIH JKYMbIC alMaFblHAaFbl KO3FAIBICHIH TalJail OTBHIPHII,
AKCIIEPUMEHTTIK JIICTICH XKYPri3ii. Y IeTKIII KajlaKiiauap OeTiMeH OeJIIeKTep IiH
KO3FaJIbIC TPAaCKTOPHSIAPBIH aHBIKTAy YIIiH TPacCEepliK oMiC KONJaHBULABI, all
YHTaKTay OHIMJEpiHIH TPaHyJIOMETPHSIBIK KypaMbl eliey (CHTaNbIK) Tauaay
ofliciMeH aHBIKTaNAbl. Homuowcenepi. benmekTep KO3FaIbIChIHBIH TPASKTOPHUSCHIH
©3repTy 3JEMEHTIH KOJJIaHy OeJIIIeKTepi OJIap/bIH eJIeMiHe OalTaHbICTHI
YACTKIII KajakmanapaslH OWiKTIri OOMBIHIIA TapaTyFa >KOHE OJapAbIH dpTYpIi
OMIKTIKTEH aXbIpayblH KaMTaMachl3 €Tyre MYMKIHIIK OepeTiHi aHBIKTaJbI.
By cokkbl ocepi ke3iHzme OenmiekTepAiH Oy3bUTy THIMIUTITIH apTTHIPaIBbL.
OKCHEePUMEHTTIK 3epTTeynep Ouaal, MyHail KOKCHI JKOHE CHUJIbBHHUTTI YHTaKTay
Ke31HJIe, TPACKTOPUSHBI ©3repTy eMeHTiHIH OuikTiri 10-20 MM 00JIaThIH COKKBI-
OpTaJbIKTAH TENKIIl JUipMEHJE KYpri3ingi. ¥ChIHBUIFAH 3JIEMEHTTI KOJIJaHy
YHTaKTay OHIMiHIH HEFYpJBIM YCak opi OIpTEKTiI IpaHyJOMETPHSUIBIK KYpaMbIH
KaMTaMachI3 €TETiHI KOpCeTuli. KopbimbiHOvl. ANBIHFaH HOTHXKEIEP OOJIICKTEep
KO3FaJILICBIHBIH TPACKTOPHUSICHIH ©3TepPTy JIEMEHTIH KOJIJaHy YHTAKTay CarlachlH
apTTHIpYFa KOHE MPOLECTiH SHEPIUsl CHIMBIMIBIIBIFEIH TOMEHIETYTe MYMKIHIIK
OepeTiHiH KepceTTi. 3epTTey HOTHIKENEpl CyChIMallbl MaTepHajiapbl YHTaKTayFa
apHaJIFaH >Ka0bIKTapbl JK00aay aKoHe KETUIAIPY Ke3iHAe KONJaHbUTybl MYMKiH.

Tyiiin ce3mep: COKKBI-OPTANBIKTAH TENKIill JAWIpMEH, POTOp, YHTAKTay,
IpaHyJOMETPHSIIBIK Kypam, Ouiail, MyHail KOKChI, CHIIbBHHUT
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AnHoTauus. Axmyarvnocms. IloydeHHE TOPOIIKOB C PaBHOMEPHBIM
TPaHyJIOMETPUIECKIUM COCTABOM ITPH M3MENTFUSHHIH CHITTyYHMX MaTEPHaIOB B yAapHO-
LIEHTPOOCKHBIX MENBHHUIAX SBISIETCS OAHON M3 aKTyalbHBIX 3a7[ad COBPEMEHHON
MPOMBIIIUICHHOCTA.  HeoOXomMMOCTh  TaKMX  HCCICOBaHUN  0OYCIIOBJICHA
CTPEMJICHUEM CHU3UTL OSHEPro3arparbl MHNporecca HU3MEJIBYCHUSA W IIOBBICUTH
Ka4€CTBO I'OTOBOT'O IMPOAYKTA, ITOCKOJIbKY pa3MepHBIﬁ COCTaB 4YaCTHll OKa3bIBACT
CYIIECTBEHHOE BIHMSHHE Ha 3((HEKTUBHOCTH TMOCIETYIOMNX TEXHOIOTHYECKUX
oTieparuii B Pa3IMIHBIX OTPACISIX MPOMBIIUIEHHOCTH. [[ens. COBEPIICHCTBOBATH
MPOIECC HM3MENBYCHHS CBITyYWX MaTepHalioB B  YIapHO-LIIEHTPOOSKHON
METBHUIIE 32 CUET NPUMEHEHMs DJIEMEHTAa W3MEHEHUSI TPACKTOPHUH JBIKECHUS
JaCTull W OLCHHUTH €ro BJIHUAHUC HaA FpaHYHOMeTpI/I‘-ICCKI/Iﬁ COCTaB TOTOBOIO
nponaykTa. Memoowl. B pabote mpoBefeH aHaIU3 CYIICCTBYIOMMUX KOHCTPYKIIHHA
YIApHO-IIEHTPOOEKHBIX MENBHUI] W ONpeeNieHbl OCHOBHBIE HaIpaBICHHS
COBEpIIICHCTBOBAHMUS Mpollecca m3MensdeHns. [IpemokeHa KOHCTPYKIHAS yAapHO-
LEHTPOOEKHONH MEIBHUIIBI C JJIEMEHTOM HW3MEHEHHS TPaeKTOPUHU JBUIKCHUS
YacTHUI[, YCTAHOBJCHHBIM Ha JHCKE poTopa. lccrnegoBanue MNPOBOIUIOCH
OKCIICPUMCHTAJIBHBIM MCTOAOM C aHAJIM30M ABUKCHUA 4YaCTUI] B pa6oqel71 30HC
MEJIbHUIIBI. ,Z[JISI OIpeaACIICHUA TpaeKTOpI/Iﬁ JABVIKCHHA YaCTHIl IO IMOBEPXHOCTH
Pa3TOHHBIX JIOMACTEW MPUMEHSJICA TPACCEPHBIM METOJ, a TPaHyJIOMETPUUYECKUN
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COCTaB MPOAYKTOB H3MEIBUCHHS OIPECISUICS METOJOM CHTOBOTO aHallu3a.
Pezyromamul 1 661600b1. YCTAaHOBIIEHO, YTO MCIIONB30BaHKE HIIEMEHTA NU3MEHEHHS
TPACKTOPHUU IMO3BOJIACT PACHIPCACTIATL YaCTHUILBI 10 BBICOTC PASTOHHBIX Jioracren
B 3aBUCUMOCTH OT UX pa3MEpOB U OGCCHCT-II/IBaTB HuXx C¢xXoa ¢ paBJIH‘IHOﬁ BBICOTHI.
OTO0 CrmocoOCTBYEeT TOBBIMICHUIO J(PPEKTUBHOCTH pa3pyIICHUS YACTHIl TIPH
yIapHOM B3aWMOJICHCTBHU. DKCIEPUMEHTANBHBIC HCCICIOBAHUS TMPOBOJIMINCH
MpH U3MENIBUCHUH TIICHUIIB, HEe(TIHOTO KOKCAa M CHIIbBUHUTA Ha YyAapHO-
LEHTPOOCHKHON MEITBHUIIC C AIIEMEHTOM U3MEHEHHS TPACKTOPUH BbicoToM OT 10 10
20 mm. [TokazaHo, 4T0 MpUMEHEHHE JAHHOTO 3JIEMEHTa 00eCIeYrBaeT MOIyuYeHHE
OoJiee TOHKOTO ¥ OJJHOPOJHOTO TI0 pa3MEpHOMY COCTaBY TPOJYKTa W3MEIBICHUSI.
[Mony4eHHble pe3ynbTaTthl MOATBEPKAAT 3(H(GEKTUBHOCTh  HCIONB30BAHUS
SIIEMEHTA U3MECHCHUSI TPACKTOPUH JIBUXKCHUSI YACTHIL JUTS MOBBIIICHHS KadecTBa
M3MEJIBYCHUSI M CHUKCHUSI DHEPTOEMKOCTH Tpoliecca. Pe3ynbrarel uccieoBanus
MOTYT OBITh UCTIONIb30BaHBI TP MPOESKTUPOBAHUH ¥ MOICPHU3ALINH 000PYI0BaHHUS
I U3MEJIBYCHUSA ChIITYYUX MaTCpraioB.

KioueBble ciioBa: ynapHO-IIEHTPOOCKHAS MEIbHHIA, POTOpP, M3MEJIbUCHHE,
IpaHyJIOMETPUUCCKUI COCTAB, MIICHUIA, HEPTIHOW KOKC, CHIILBUHHT

Introduction. The grinding process is widely used in industrial processing
of materials and occupies an important place in the chemical, construction,
engineering, mining and agricultural industries. During grinding, the sizes of
various solid materials are reduced (Bogdanov, 2022; Afanasiev, 2025). Subsequent
technological operations, the reactivity of materials, their transport characteristics
and the quality of the final product largely depend on the efficiency of this process.

The destruction of the material during crushing can occur due to splitting,
compression, impact, abrasion and other mechanical influences. In practice, in
most industrial installations, several destruction mechanisms are implemented
simultaneously. The choice of the most effective grinding method is determined
primarily by the physical and mechanical properties of the processed material. For
elastic and plastic materials, methods based on cutting and shearing are considered
more effective, since impact in this case often causes only elastic deformation
without destroying the material (Zhirov, 2019). At the same time, for brittle
materials, the impact crushing method is the most effective, which ensures rapid
particle destruction.

Studies show that the specific energy consumption during impact grinding is
significantly lower compared to compression or abrasion grinding. This is due to
the fact that brittle materials break down faster and more efficiently during high-
speed impact: cracks spread more intensively, and energy losses during particle
destruction remain minimal (Levdansky, 2005). For this reason, impact technologies
are widely considered as one of the most energy-efficient ways to produce fine and
ultrathin powders from brittle materials.

Among the various types of impact equipment, special attention is paid to
impact-centrifugal mills. This is due to their relatively simple design and high
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rotational speed of the working bodies. The basis of such a mill is a rotor with
working elements located inside a cylindrical body with a reflective surface. As a
rule, the rotor is made in the form of a disk with blades along the periphery. During
operation, the material particles are accelerated by the blades, acquiring kinetic
energy, and then collide with the impactors or the inner surface of the housing,
where they are destroyed.

Compared with other types of crushing equipment, impact centrifugal mills
have a number of advantages. They are characterized by lower specific energy
consumption, relatively simple design and ease of operation. In addition, such
mills are characterized by lower metal consumption, and the degree of grinding
can be changed by adjusting the speed of rotation of the rotor (Khetagurov, 2018;
Levdansky, 2008). In recent years, the development of high-speed rotary systems
has mainly focused on improving the design and increasing the efficiency of energy
transfer to the crushed material.

Despite these advantages, impact centrifugal mills still have a number of
problems. One of the most serious is the rapid wear of the working elements of the
equipment. Another important problem remains the significant variation in particle
sizes in the finished product. If the issue of wear resistance can be partially solved
by using high-strength steels and carbide surfacing materials, then increasing the
uniformity of the product requires further improvement of the design of the working
chamber and the organization of particle movement inside the mill.

Analysis of particle motion within the rotor of an impact-centrifugal mill shows
that particle acceleration along the blade surfaces mainly occurs within a single
geometric plane, regardless of particle size (Grebenchuk, 2013; Garkavi, 2016;
Lipanov, 2015). As a result, larger particles may not hit the required number of
impact events before leaving the grinding zone, while smaller particles may break
apart too much. This causes uneven product distribution and wasteful energy use.

One of the modern approaches to increasing the uniformity of grinding is to
control the movement of particles inside the rotary chamber, as well as improve
the design of the blades and adjust the height of the material descent. When the
trajectory of the particles along the accelerating blades changes, larger particles
are separated at a higher height relative to the rotor disc, while smaller particles
are separated closer to its lower part. This particle size distribution contributes to
a more efficient interaction of the particles with the impact surfaces. As a result,
a more uniform granulometric composition of the finished product is provided
(Dhakate, 2023; Matveev, 2022).

Grinding and crushing processes are widely used in many industries such as
mineral processing, chemical industry and materials science. At the same time,
grinding accounts for a significant part of energy consumption, so improving
the efficiency of grinding equipment remains one of the important scientific and
practical tasks (Maregedze, 2024). Modern research shows that more efficient
interaction of material particles with the working elements of the equipment allows
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not only to reduce energy consumption, but also to obtain a product with a more
uniform granulometric composition.

Impact-centrifugal mills are high-speed grinding equipment in which material
particles are accelerated by rotor blades and destroyed upon collision with impact
surfaces. Research shows that the efficiency of the process and the properties of
the finished product are significantly affected by parameters such as the number of
blades, rotor diameter and impact velocity (Leudanski, 2020). Experimental data
indicate that increasing the number of blades to a certain value increases the fineness
of the grinding. However, after reaching the optimal value, a further increase in the
number of blades has almost no noticeable effect (Fedarovich, 2024).

The improvement of impact mills is not only related to changing their size or the
shape of the blades. Much attention is also paid to studying the behavior of various
materials during grinding and analyzing the energy consumption of the process
(Wills, 2016). Such studies help to determine under what conditions grinding is
most effective and how the equipment parameters affect the quality of the finished
product.

Several new mill designs have been proposed in recent years. For example,
Guryanov and coauthors (2025) developed a modified impact mill with a different
operating principle. Research results have shown that the new design provides more
efficient particle destruction and at the same time reduces energy consumption
(Guryanov, 2025). This confirms the researchers’ desire to improve traditional
grinding equipment, make the process more efficient and increase the fineness of
grinding.

Currently, computer simulation methods are widely used to study grinding
processes. CFD-DEM modeling is one of the most common research methods
today. This method allows for a more detailed analysis of particle motion, air flows,
and collision processes inside the mill (Shen, 2024). Such models help to better
understand the effect of rotor speed, airflow, and other parameters on grinding
efficiency. Although many studies are devoted to other types of mills, the results
obtained can also be useful for improving impact-centrifugal mills.

Special attention is paid to studying the movement of particles inside the working
chamber and their interaction during the operation of the equipment (Dmytrak,
2025). Such studies make it possible to explain the grinding mechanism in more
detail and determine the conditions under which particle destruction occurs most
effectively.

At the same time, the issues of controlling the movement of particles inside
impact-centrifugal mills are still insufficiently studied. This is especially true for
the use of special elements capable of changing the trajectory of particles along
the rotor blades. The use of such elements can increase the efficiency of particle
collisions and improve the uniformity of the final product.

Thus, the conducted research has significantly expanded the understanding of
grinding processes and the operation of impact-centrifugal mills. However, the
problem of controlling the trajectories of the particles still remains unresolved.
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Therefore, research aimed at improving the rotor design in order to improve
grinding quality and reduce energy consumption continues to be relevant.

Despite the considerable number of studies devoted to impact grinding and
the improvement of impact-centrifugal mills, the problem of controlling particle
trajectories inside the rotor zone remains insufficiently investigated. In particular,
limited attention has been paid to the use of structural elements capable of modifying
particle motion along the accelerating blades. Therefore, the aim of this study is to
investigate the influence of a particle trajectory modification element mounted on
the rotor disk on particle motion behavior and the granulometric composition of
grinding products.

Materials and methods. Experimental investigations of the grinding process of
bulk materials were carried out on the impact-centrifugal mill developed by us (Figure

).

A
1 - E

B
|
Yo

1 —housing; 2 — upper flange; 3 — lower flange; 4 — cover; 5 — bottom plate;
6 — feed inlet; 7 — reflective surface; 8 — electric motor;
9 — rotor disk; 10 — accelerating blades; 11 — impact blades; 12, 13 — stiffening rings;
14 — particle trajectory modification element (PTME); 15 — discharge outlet.
Figure 1. Impact-centrifugal mill.

The mill consists of a vertical cylindrical housing (1), which is attached by means of
the upper (2) and lower (3) flanges to the cover (4) and the bottom plate (5), respectively.
A feed inlet (6) is provided in the cover for supplying the initial material. Inside, the
housing is lined with impact reflective rods (7). An electric motor (8) is mounted to
the bottom plate of the mill. The rotor is installed on the motor shaft and consists of
a disk (9), on which accelerating blades (10) are rigidly fixed in the upper part along
the periphery, and impact blades (11) are installed in the lower part. The accelerating
blades are interconnected by a stiffening ring (12), and the impact blades are similarly
connected by a ring (13). A particle trajectory modification element (14) (TME) is
located in the central region of the rotor disk at the entrance to the inter-blade space
of the accelerating blades. For the discharge of the ground products, a semicircular
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channel is provided in the bottom plate (5), to which a spiral-shaped discharge outlet
(15) is attached (Levdansky, 2004).

The developed mill operates as follows. The electric motor (8) drives the rotor of
the mill, which consists of the disk (9), the accelerating (10) and impact (11) blades,
the TME (14), and the fixing rings (12, 13). During rotor rotation, a rarefaction zone
is formed in the center of the disk (9), due to which air enters the mill through the feed
inlet (6). The air acts as a transporting medium for the ground material toward the
discharge outlet (15) (Levdansky, 2004).

The initial material supplied for grinding through the feed inlet (6), depending
on its initial particle size, may fall onto the surface of the disk (9), be influenced by
the airflow and directed to the surface of the TME (14), or immediately enter the
accelerating blades (10). Large particles that fall onto the surface of the disk (9) or the
TME (14), under the action of centrifugal inertial force, move from the center of the
disk (9) toward the periphery, are lifted by the TME (14), and then enter the upper part
of the accelerating blades (10). Moving through the inter-blade space formed by the
accelerating blades (10), the material is accelerated to velocities regulated by the rotor
rotational speed, and upon detachment from the blades, it collides with the reflective
rods (7). During impact of the particles against the impact rods (7), grinding occurs.

The fine particles formed during grinding are captured by the downward air
stream and, together with it, while rotating, descend to the discharge outlet (15).
Larger (insufficiently ground) particles rebound from the impact rods (7) and, due to
gravitational force and the influence of the downward air flow, fall under the impact
of the impact blades (11) (Levdansky, 2004). When colliding with the impact blades
(11), the particles undergo partial fragmentation and then, moving along them, are
accelerated and thrown back to the impact rods (7) for repeated grinding. Repeated
impact destruction occurs many times until the particles reach the required degree of
fineness. Due to their small size, after rebounding from the impact rods (7), they either
cannot reach the impact blades (11) or descend below them, and together with the air
flow are removed from the mill through the discharge outlet (15) (Levdansky, 2004).

The determination of particle motion trajectories was carried out as follows. White
sheets of paper were attached over the entire surface of the accelerating blades. During
mill operation, colored particles were fed through the feed inlet. As the particles moved
along the accelerating blades, marks of their trajectories remained on the surface of the
white sheets. Silica gel particles with size fractions of 0.5-1 mm, 1-2 mm, and 4-5
mm were used as the colored particles. The use of silica gel particles was justified by
their spherical shape. After completion of the experimental investigations, the sheets
were removed, and the positions of the traces left by the colored silica gel particles
were recorded. Further, based on the obtained coordinates along the blade height (h,
mm) and length (1, mm), trajectory graphs were constructed depending on particle size,
rotor rotational speed, and the height of the trajectory modification element.

Results and Discussion. The trajectories of particles with different size fractions
moving along the surface of the accelerating blades at various rotor rotational
speeds (n, rpm) are presented in Figure 2.
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- without the use of the trajectory modification element (TME);

~~~~~~~~~~ - with a trajectory modification element (TME) height of 10 mm,;

— — — - with a trajectory modification element (TME) height of 20 mm.
Figure 2. Experimentally obtained particle motion trajectories for silica gel fractions under different
operating conditions: (a) 4-5 mm, n = 3000 rpm; (b) 4-5 mm, n = 1800 rpm; (c) 1-2 mm, n = 3000
rpm; (d) 1-2 mm, n = 1800 rpm.

The experimental results demonstrated that the installation of the trajectory
modification element (TME) on the rotor disk significantly influences particle
trajectories and their detachment height from the accelerating blade surface. It was
established that larger silica gel particles (4—5 mm) at a rotor speed of 3000 rpm are
lifted by the TME and detach from the blade surface at a height comparable to the
height of the TME. Under the same rotational speed, smaller particles (1-2 mm)
detach at a considerably lower height. When a TME with a height of 20 mm was
installed, the detachment height of these particles was approximately 10—12 mm.

The reduction in detachment height for smaller particles is associated with the
influence of the airflow. The smaller the particle size, the lower its inertial resistance
and the greater the aerodynamic effect acting upon it. In the impact-centrifugal
mill, where the air stream moves from the feed inlet toward the discharge outlet,
the main air mass in the inter-blade space flows near the rotor disk surface, pressing
particles toward it (Levdansky, 2004). Larger particles are less affected by the
airflow; therefore, after being redirected by the TME, they move predominantly
within a single plane due to centrifugal forces.

However, reducing the rotor speed to 1800 rpm changes the particle motion
trajectories. For 4-5 mm particles with a 20 mm TME, detachment occurs at a
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height of 10—15 mm relative to the rotor disk. When the TME height is 10 mm, the
detachment height increases by 2—3 mm compared to operation without the TME.
These results are consistent with physical expectations, since decreasing rotor
speed reduces the centrifugal force acting on the particles. Consequently, particles
are pressed less strongly against the accelerating blades and, under gravity, move
closer to the rotor disk surface.

Comparable results were obtained for 1-2 mm particles at n = 3000 rpm.
However, comparison of data obtained at 1800 and 3000 rpm shows that the
detachment height for 1-2 mm particles changes only slightly, in contrast to the
more pronounced changes observed for 4-5 mm particles. This behavior of the
particles is associated with a more intense effect of the air flow at a rotational
speed of 3000 rpm on particles 1-2 mm in size. Under the action of the flow, they
are pressed harder against the rotor disc. When the speed decreases to 1800 rpm,
the centrifugal force decreases, so the holding effect on the surface of the blades
becomes less pronounced (Fedarovich, 2024).

Trajectory analysis of 0.5—1 mm silica gel particles showed that the TME has a
negligible influence on their motion. When these particles are introduced into the
mill, they are captured by the airflow and transported directly into the inter-blade
space of the accelerating blades, with minimal contact with the rotor disk and the
TME.

To evaluate the influence of the TME on the granulometric composition of the
grinding products, experimental comminution tests were conducted using different
materials in the developed impact-centrifugal mill. The rotor diameter at the outer
blade edges was 0.45 m. The number of accelerating and impact blades was 12,
installed at an angle of 15° to the radial direction opposite to the direction of
rotation. Wheat grains, petroleum coke, and sylvinite were used as the processed
materials. The initial particle size distribution of petroleum coke and sylvinite was
10—8 mm, 5-4 mm, 4-2 mm, and 2—1 mm. The rotor rotational speed during wheat
and petroleum coke grinding ranged from 600 to 3000 rpm, while for sylvinite it
ranged from 600 to 1200 rpm. The particle size distribution of the grinding products
was determined by mechanical sieve analysis. Each experimental test was carried
out three times, and the average values were used for the analysis. The deviation
between repeated measurements did not exceed 5%. The mass retained on each
sieve was recorded, and cumulative particle size distribution curves (Q, %) versus
sieve size (x, mm) were constructed. The results are presented in Figure 3.
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- without the use of the trajectory modification element (TME);

---------- - with a trajectory modification element (TME) height of 10 mm;

— — — - with a trajectory modification element (TME) height of 20 mm.
Figure 3. Particle size distribution of the grinding products: (a) wheat grains at n = 2400 rpm; (b)
petroleum coke at n = 2400 rpm; (c) petroleum coke at n = 600 rpm; (d) sylvinite at n = 600 rpm.

For wheat grinding, the use of the TME at rotor speeds from 600 to 3000 rpm
led to a reduction in the amount of under-ground material in the product (Figure
3a). Specifically, installation of a 20 mm high TME reduced the 4-2 mm fraction
by 9.01% at n = 3000 rpm, by 15.4% at n = 2400 rpm, and by 20.21% at n = 1200
rpm. Simultaneously, the proportion of fine fractions (0.125-0.25 mm) increased
by 16.53% at n = 3000 rpm, 13.97% at n = 2400 rpm, and 11.59% at n = 1200 rpm.
Thus, the TME increased the fineness of the obtained powder across the entire
studied rotational speed range. This effect is primarily attributed to the narrow initial
size distribution of wheat grains, which results in uniform exposure to additional
impact loads due to trajectory modification.

In petroleum coke grinding, changes in the particle size distribution strongly
depended on rotor speed (Figures 3b, ¢). At n = 3000 rpm, the 2—4 mm fraction
decreased by only 0.42% with a 20 mm TME, whereas at 1800 rpm and 600 rpm
the reductions were 2.91% and 12.2%, respectively. The minimal effect at high
rotational speed is explained by the high brittleness and low mechanical strength
of petroleum coke particles. At high peripheral velocities, sufficient kinetic energy
is transferred to the material, leading to fracture upon the first impact. Because of
this, the effect of the separation height becomes less pronounced. At low rotational
speeds, the destruction of particles occurs gradually, as a result of successive
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multiple impacts. In such conditions, increasing the separation height can increase
the grinding efficiency. The proportion of fine fractions (<0.25 mm) increased
within the range of 9.51-13.44% across the studied rotational speeds.

Sylvinite is characterized by low mechanical strength, with a Mohs hardness
not exceeding 2. Similar to petroleum coke, the installation of the TME at higher
rotor speeds (1200 rpm) did not significantly affect the content of coarse fractions.
However, at n = 600 rpm, the effect was substantial. The presence of a 20 mm TME
reduced the 2—4 mm fraction by 12.91%. The proportion of particles larger than 4
mm decreased from 7.17% (without TME) to 5.03% with a 10 mm TME and to less
than 0.5% with a 20 mm TME. Meanwhile, the 0.25—0.5 mm fraction increased by
16.59% at the same rotational speed with a 20 mm TME.

These results confirm that the installation of the trajectory modification element
enables the production of a narrower particle size distribution for sylvinite grinding.
Selective impact comminution with the TME allows the material to be ground to
particle sizes below 0.8 mm, which is required for the liberation of potassium
chloride crystals (Pechkovskiy, 1978). At the same time, it is necessary to minimize
particles smaller than 0.05 mm, which are difficult to recover during flotation
and may be discarded. The use of the TME enables achievement of the required
granulometric parameters at lower rotor speeds, thereby reducing the specific
energy consumption of the grinding process. Similar tendencies associated with
improved grinding efficiency due to controlled particle motion were also reported
in studies devoted to high-speed impact grinding systems (Shen, 2024; Guryanov,
2025).

Conclusion. Previously used rotor designs of impact-centrifugal mills intended
for fine grinding do not provide sufficiently high efficiency. The achievement of
fine particle size reduction was mainly ensured by increasing the rotor rotational
speed and enlarging its diameter. In this case, the selection of these parameters was
determined by the largest particles present in the feed material. Such an approach
led to significant overgrinding of smaller particles, resulting in additional energy
consumption. Moreover, extra energy was required to increase the rotor speed of
the impact-centrifugal mill.

The use of a rotor equipped with a trajectory modification element (TME)
enables more rational utilization of the entire working volume of the mill. When
selecting the nominal rotor rotational speed, larger particles of the feed material are
directed toward the upper regions of the reflective surface, thereby increasing the
number of impact interactions they experience. As a result, the required fineness of
grinding is achieved through controlled redistribution of particle trajectories rather
than solely through increased rotational speed.

At the same time, overgrinding is minimized, which, together with the
reduction in rotor rotational speed, decreases the specific energy consumption of
the grinding process. The proposed design improves the uniformity of the particle
size distribution and enhances the energy efficiency of the comminution process
without requiring an increase in rotor diameter or excessive operational speed.
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The obtained results confirm the effectiveness of trajectory-controlled impact
grinding and demonstrate the technical feasibility of implementing the proposed
modification in industrial-scale impact-centrifugal mills.
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