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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 Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH 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 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

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

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 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).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Full-rotation boom rotary excavators play a leading
role in ensuring high efficiency of excavation and transportation operations using
continuous-action equipment. These excavators are being improved by increasing
their unit power within optimal limits while simultaneously changing their
dimensions, metal consumption, energy consumption and reducing the cost per
unit of excavated material. Objective. The article provides a comparative analysis
of methods for calculating the energy costs of transporting rock excavated by an
inertial rotor, considering the cut material along the profile of the worked layer
as a continuous flow of variable mass, and in the second case, representing the
same cut volume in the working process as constant within the rotor transport
sector. Methods. At the same time, both of these calculation methods boil down
to simple, simplified engineering calculations, which allows for the analysis of
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their values over a wide range depending on the rotor diameter and the parameters
of the cutting and transport elements, as well as the digging speed. Results.
Such analysis confirms the acceptability of the calculation methods for practical
use and helps to determine the basic parameters and location of the cutting and
transport elements on the rotor shell. Conclusions. One of the promising areas
for the development of excavation and transport machines is the unconventional
process of processing rock with a rotor from top to bottom, with the collapse and
transport of the cut material along the face, chute, and subsequent discharge onto
the receiving conveyor belt as the rotor rotates. In the inertial rotor, the buckets
are replaced by a pair of knives located at an angle to the generating shell. The
unconventional process of rock excavation and the new design of the working
body for continuous-action excavators discussed in the article are, in general, of
certain interest for further research.

Keywords: inertial rotor, bucket rotor, bucketless rotor, cutting and
transportation elements, digging energy consumption, excavated rock masses,
removable layer of rock
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AHHOTaNUsA. O3exminiei. Y 31KCi3 9peKeT eTy TeXHUKACHIH MTaiijaiaHa OTHIPHIIL,
OKCKaBallMSIIBIK-KOJIK  JKYMBICTAPBIHBIH KOFaphl THIMJUIITIH KaMTaMmachl3
eTylle TOJBIK aiHamIMaibl KeOell pPOTOPIbl SKCKABATOPJIAP JKETEKI pPe
aTKapazbl, OJIapABI KETIIAIPY TadapuTTepAi, METAUT CHIMBIMIABLIIBIFBIH, YHEPTUS
CBIMBIMJIBUTBIFBIH Oip ME3TUIe 03repTy KOHE DKCKaBapHAIUsAJIAHATHIH MaTepua
OIpJiriHiH KYHBIH TOMEHJIETY Ke3iHE oJIapJAblH OIipllik KyaThIHBIH OHTAMJIbI
IIETIHJE apTThIPY JKOJBIMEH Kypedi. Maxcamvi. Makanaza Tay >KbIHBICTAPBIH
WHEPUMSUIBIK POTOPMEH AKCKABAIUSUIIAYABIH KOJIKTIK JHEPTHs IIbIFbIHIAPHIH
€CeITey OJIICTEPIHE CaJBICTBIPMAJIBI TaJlJAy Kacallajbl, OHJICICTIH KaOaTThIH
npoduiai OOWBIHIIIA KECUITeH MaTepHualiabl alHBIMAbl MAaCCaHBIH Y3HIKCi3
arpIHBI PETIH/IE KapacThIPabl, all eKiHIII JKaFaaiia )yMbIC Tporecinae oipaei
KeCUITeH KOoJeMJIi POTOPMEH KOJIIK CEKTOPBI HICTIHJE TYPAKThI TYPIC YChIHAIIBI.
9oicmepi. CoHbIMEH KaTap, OyJ ecenTey oJICTEpiHIH eKeyl Je pPOTOPAbIH
TMaMeTpiHe JKOHE KeCy-TachIMajjiay dJIEMEHTTEPiHiH MapameTpiepiHe, COHmai-
aK Ka3y JKbUIJaMJIbIFbIHA OailJIaHbICTHI OJIAPIBIH MOHJICPiH KeH ayKbIM/Ia TajjiayFa
MYMKIHJIIK OepeTiH KapamaibiM KXeHUIIETIreH HHXEHEPITIK ecenTeynepre Aenin
azaanel. Homuowenepi. MyHpail Tanmay ecenrtey oJiCTepiHIH NPaKTUKAIBIK
KOJIJIaHy¥a )KapaMIbUIBIFBIH pacTal bl )KOHE POTOP/IBIH KAOBIFBIHIAFI KECY JKOHE
TackIMaJay JIEMEHTTEPIHIH HET13r1 mapaMeTpiepl MEH OpHaAJaCyblH aHBIKTAyFa
KoMeKTeceql. KopvimbiHObiiap.  DKCKABAIMSIIBIK-KOIIKTIK — MallldHAJIapbl
JaMBITYIbIH MEPCIEKTHBAIBl OaFbITTapPBIHBIH Oipi — POTOPABIH aifHaIly OapbIChl
OOMBIHIIIA KECIJITeH MaTepHaliblH KEH)XXap, Haya OOWBIHINA KYJIAYbIMEH JKOHE
TachIMAJIJaHYbBIMEH JKOHE KeWiHHEH OHbl KaObUIay KOHBEHEpiHIH JIEHTAChIHA
JIAKTBIPYMEH Tay >KbIHBICTAPBIH KOFAPBIJIaH TOMEH Kapail pOTOPMEH OHJICY/IiH
IOCTYpl emec Tmporeci. MHEpUHMsUIBIK poTopAa INeMilTep Mmaina OonFaH
KaOBbIKKa OYPBIIIIICH OpHAJIACKAH JKYII MBIIIIAKTapMEH aybICTBIPbUTabl. Makasana
KapacThIPbUIFAH Tay JKBIHBICTAPBIH 3KCKaBAIMsUIAYIbIH MYHJAH JOCTYpiil emec
MPOLIEC] JKOHE Y3/IIKCI3 3KCKABAIMSUIBIK MAaIlllMHAJAp YIIIH YKYMBIC OPIraHbIHBIH
’KaHa KOHCTPYKTHBTI OPBIHAAIYBI, KAJIbl alFaHia, OdaH opi 3epTreyre Oenrii
01p KBI3BIFYIIBUIBIK TYIBIPAIbL.

Tyiiin ce3mep: MHEPUUSIIBIK POTOP, MIOMIIITI POTOP, IIOMIIICI3 POTOP, KeCy-
TachkIMaJIJIay 3JIEMEHTTEpPl, Ka3yJAblH SHEPTHsl IbIFbIHBI, SKCKABAIUSsJIAHATHIH Tay
Maccajaphbl, aJbIHATBIH Tay JKbIHBICBIHBIH Ka0aThI
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AHHOTaUUsA. AxmyanvHocms. Benyuryro ponb B 00eCHEYEeHHH BBICOKOM
3P PEKTUBHOCTH IKCKaBAIIMOHHO-TPAHCIIOPTHBIX pabOT ¢ MPUMEHEHUEM TEXHUKU
HEINpPEpPHIBHOIO JIEHCTBUS UIPAIOT IOJHONOBOPOTHBIE CTPEJIOBBIE POTOPHBIE
SKCKaBaTOphl. VX COBEpLICHCTBOBAHUE HAMPABICHO HA MOBBIIICHUE SAUHUYHON
MOIIHOCTM B ONTUMAJbHBIX Ipeleiaax MOpU OAHOBPEMEHHOM HM3MEHEHUHU
rabapuTHBIX TAPaMETPOB, METAJUIOEMKOCTH M DHEPTOEMKOCTH, a TAK)KE CHIYKEHUN
3aTpar Ha YKCKaBallMIO €IMHULIBI TOPHOU Macchl. [Jens. [IpoBecTr cpaBHUTENbHbBIN
aHaJu3 METOJIOB pacyéTa TPAHCIOPTHBIX IHEPro3arpaT U MPOU3BOAUTEIBHOCTU
3KCKaBallMW FOPHBIX MOPOJ MHEPLUHUOHHBIM POTOPOM Ha OCHOBE ABYX ITOIXOAOB K
MIPEJICTAaBICHHUIO CPE3aeMOTo MaTepraia: Kak HeTPEephIBHOTO MOTOKA MTEPEMEHHON
Macchl M Kak MOCTOSHHOTO 00b&Ma B IpefeliaXx TPaHCHOPTUPYIOIIETO CEKTopa
poropa. Memoodwi. IlepBbIii MeTOI OCHOBaH Ha TPEACTABICHUU MaTepuana,
CpPe3aHHOro IO TPOQIII0 pa3padaTbIBAEMOTO CJIOS, B BHUAE HEMPEPHIBHOTO
IOTOKa TIEepeMEHHOW macchl. BTopoill MeTon mpearnosiaraer paccMOTpPEHHE
TOro e 00b&Ma Cpe3aHHOro MarepHala Kak MOCTOSHHOM Macchl B Ipeaenax
TPAHCIIOPTHPYIOIIETO ceKTopa poropa. O0a MeTona CBOAATCA K YIPOIIEHHBIM
MH>XEHEPHBIM pacuéramM, 4TO MO3BOJSET aHAJIMW3UPOBATH MOJIYUYEHHBIE 3HAYEHUS
B IIMPOKOM JMAala30HE HM3MEHEHHs AWaMeTpa poTopa, MapamMeTpoB pexylle-
TPAHCIOPTHBIX 3JIEMEHTOB M CKOPOCTU KomaHus. Pesyromamvi. 1IpoBenEHHbIN
aHaJIu3 TMOATBEPAWUI NPUMEHUMOCTh MPEMJIOKECHHBIX METOAOB pacyéra B
WHXEHEPHOW TpakTuke. l[lomydeHHbIE 3aBHUCHMOCTH TIO3BOJISIIOT OIPEAEISATH
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OCHOBHBIE IapaMeTphl PEXYIIe-TPAHCIIOPTHRIX 3JEMEHTOB M O0OOCHOBBIBATH
WX palMOHAIBHOE PAaCIONIOKeHHe Ha obedaiike potopa. Bwigodsl. OgHUM U3
MEPCIEKTUBHBIX HAIIPaBJIEHUH Pa3BUTHS SKCKABALIMOHHO-TPAHCIIOPTHBIX MallllH
SBIIAETCA TIPUMEHEHWE HEeTPAJAWIIMOHHOTO Tpolecca pa3padOTKH TOPHBIX
MOPOJT MHEPLIUOHHBIM POTOPOM CBEpPXYy BHHU3. DTOT MIpOIECC MpeaycMaTpHUBaeT
oOpyIlIeHre U TPAHCIIOPTUPOBAHNE CPe3aeMOro Marepuaia mo 3a0010 U JIOTKY C
MOCJIEAYIOINM €ro BRIOPOCOM Ha JICHTY MPUEMHOTO KOHBEHepa Mo HalpaBIeHUIO
BpalleHHus poTopa. B KOHCTPYKIMH HMHEPIHMOHHOTO pPOTOpa KOBIIM 3aMEHEHBI
TTapoil HOXKEH, PaCTION0KEHHBIX TTOJT YIIIOM K 00pa3yIoIIei TOBEpXHOCTH 00CUalK.
PaccMoTpenHble mpolecc AKCKaBallMM TOPHBIX TOPOA M KOHCTPYKTHBHOE
WCTIOTHEHNE pabodero oprana MmpeaCTaBISIFOT MPAKTUIeCKUI 1 HAyYHBIH HHTEpEC
JUISL TaJibHEHIIero CoOBepIIeHCTBOBAHMS SKCKABAIIMOHHBIX MAIllMH HEMPEPHIBHOTO
IEUCTBUS.

KuroueBble ci10Ba: MHEPLIUOHHBIN POTOP; KOBIIOBBIN POTOP; OECKOBIIOBHII
pOTOp; PEKYILE-TPAHCIIOPTHBIE AIIEMEHTHI; YHEPro3arparbl KOMaHMs; dKCKABH-
pyeMasi ropHasi Macca; CHUMaeMbIi CJIOW TOPHOU MOPOIbI

Introduction. Continuous operation technology, and primarily rotary
excavators, plays a significant role in the intensification of open-pit mining
worldwide. The spread of this technology is facilitated by the well-known
advantages of such machines: continuity of the working process, significantly
higher productivity, and lower energy consumption compared to single-bucket
excavators. The technological advantages of rotary excavators include the
possibility of using flow technology, selective excavation, and obtaining the
required lumpiness of the mined rock (Abramov, 2012; Balovnev, 1981).

In Kazakhstan, full-turn swing rotary excavators have become widespread at
the Ekibastuz coal mines, which operate the most modern excavators, including,
for example, the largest rotary complex, the ERShRD-5000, which can load 70
railway cars in half an hour (Liberman et al., 2024; Berezhnoi, 1979).

The principle of operation of a boom rotary excavator is based on the rotation
of buckets attached to a rotary wheel. The rotor digs into the rock, filling the
buckets with rock. The buckets of a rotary excavator can be unloaded in two ways:
by gravity or by centrifugal force. The rock is unloaded onto a conveyor located
on the side of the excavator, after which it is fed onto the unloading conveyor by
means of a transfer system.

The rock mass is excavated in two independent movements: relative movement,
which involves the repeated continuous movement of buckets or their replacement
elements together with the working body along a closed trajectory relative to the
supporting frame, and transfer movement, which involves the movement of the
frame together with the working body, also known as feed. At the same time,
unlike a single-bucket excavator, in which all operations of the working process
are performed sequentially with the mandatory participation of the bucket, in
a continuous-action excavator, the same operations are combined in time and
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functionally divided between the buckets and the transporting device (Blouin et
al., 2001; Hartlieb and Bock, 2018; Korneev et al., 1990).

The boom rotary excavator is equipped with emergency lighting systems, fire
extinguishing systems for electrical equipment rooms, dust suppression (irrigation)
systems in areas where rock is loaded and unloaded and in the excavation zone,
as well as a heating system for the loading and unloading units of the conveyor
line and the gearboxes of the main mechanisms. The control cabins and electrical
equipment rooms are equipped with ventilation, heating, and air conditioning
systems.

To date, the reserves for further increasing the productivity and digging force of
existing rotary excavators have been exhausted, since the gravity rotors with which
the excavators are equipped limit the increase in rotation speed and digging force
due to design and technological reasons: the buckets are unloaded in the upper
position under the weight of the rock they contain, and the chips are separated
when the rotor rotates from bottom to top relative to the face (Kozbagarov et al.,
2026; Kuznetsova and Savinkin, 2017; Labutin et al., 2005).

With the growing volume of excavation and transportation work, estimated at
tens of billions of cubic meters per year in the Commonwealth of Independent States,
in the mining industry, it is necessary to make wider use of new continuous-action
equipment that offers high productivity and mobility with low specific weight and
is capable of developing high-density rock masses with reduced specific energy
consumption (Lieberman et al., 2022; Machniak and Koziol, 2017).

The intensification of mining operations is mainly carried out on the basis of
the creation and introduction into production of fundamentally new technologies
and materials, the creation of machines with high unit power and productivity, and
units operating on the basis of new technical effects. The implementation of these
provisions is based on improving the efficiency of research and reducing the time
required to introduce scientific and technological achievements into production
(Bugaric et al., 2020; Konyrbekov, 2015; Kozbagarov et al., 2022).

For large-scale mining operations and open-pit mining, continuous-action
equipment with rotary excavators as the main machines has become widely used
both abroad and in our country. The use of this high-performance equipment
contributes to the introduction of progressive and effective technological schemes
for conducting work, allows for a significant improvement in conditions and
increased labor productivity, and more clearly resolves issues of non-emergency
impact on the environment (Kozbagarov et al., 2023b).

Continuous working process of rotary excavators allows to apply the most
effective flow technology in the production of works. The practice of excavation
and surface mining works shows that the most effective use of rotary excavators in
the development of soft and medium hardness soils, rocks and coals.

At the same time, the area of application of rotary excavators in recent years is
significantly expanding. Nowadays rotary excavators are spread in many countries
of the world, they are operated in various climatic conditions and are used in
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different branches of production.

Along with open-pit mining, rotary excavators are widely used in various
types of earthmoving operations in construction: road construction, hydraulic
engineering, quarries of construction materials, as well as in loading and unloading
operations, etc. Rotary excavators used in construction are characterized by small
size, low weight, increased mobility and maneuverability, which allows their use
even in tight spaces and facilitates transfer from site to site.

In recent years in rotary excavator construction a number of highly efficient
working bodies have been created, operating at high speeds with increased
digging forces and having a large transport capacity. All these requirements of
the technical improvement of continuous technology are met by the inertial rotor
of bottom discharge with a non-traditional method of face mining (Bugaric et al.,
2025; Kozbagarov et al., 2023a).

The use of an inertial rotor for layer-by-layer mining will enable the creation
of a new generation of high-performance continuous mining machines capable
of mining rock with a wide range of densities without explosive preparation or
moisture.

The process of overloading (Figure 1) of excavated material from buckets of
conventional rotors to the belt of the receiving conveyor of boom excavators is
performed mainly under the action of gravitational or centrifugal forces, so they
are called as machines with gravity or centrifugal rotors (Bugaric et al., 2020;
Gomilanovic et al., 2024).

To solve a pressing scientific and technical problem, the authors of the article
propose a new design for a bottom discharge inertial rotor, based on many years of
research. The proposed design for continuous-action machines is based on the use
of a fundamentally new working body-a bucketless rotor with inertial discharge of
rock in the lower position (Kozbagarov et al., 2023b).

In the proposed new working body (Figure 2, a), the layer is worked “from top
to bottom” (“towards oneself”), and the variable-mass material excavated by it
is transported by the rotor along the cut surfaces and the chute and is discharged
onto the conveyor belt in a continuous flow, flying in the plane of rotation of
the working body under the action of centrifugal, mass, and inertial forces of
the quantity of movements acquired from the cutting and transporting elements,
therefore, it can be classified as an inertial rotor, which can be made in bucket and
bucketless designs (Kozbagarov et al., 2023b; Kozbagarov et al., 2026; Nurakov
and Awwad, 2019).

A gearless inertial rotor, which has two rows of blades instead of buckets and
develops the face with the front cutting edge of these blades and transports the cut
material in a continuous flow, is the most promising.
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Figure 1. Inertia rotor in operation.

Having all the advantages of the centrifugal rotor with top discharge, the inertial
rotor has a number of advantages, the main of which are:

1) ability to operate at both low and high rotational speeds, allowing any
required performance to be achieved and rock of varying densities to be excavated;

2) small size and weight of the rotor and unloading effect from the reaction
of the rock mass during operation, which reduces loads on the metal structure,
improves dynamics and stability of the working process;

3) feeding excavated material onto the conveyor at a significant initial speed in
the direction of belt movement.

Such a design allows to use its great potential for increasing productivity
by increasing the rotor speed to values significantly exceeding the critical ones
(Kozbagarov et al., 2023b; Kozbagarov et al., 2026; Savkovic and et al., 2022).

Materials and methods. Total energy consumption of digging by the inertial
rotor consists of the cost of cutting, transportation of cut material on the surfaces
of the worked layer and the trough, as well as the work of its subsequent ejection
on the conveyor located behind the trough in the plane of rotation of the working
body (Kozbagarov et al., 2023b; Kozbagarov et al., 2026).

In the present study, the fragmented rock mass transported by the inertial rotor
is represented as an equivalent continuous medium with averaged physical and
mechanical properties. This assumption makes it possible to derive engineering
relationships for estimating transport energy consumption and excavation
productivity. The proposed analytical model does not explicitly consider the
particle size distribution of fragmented rock, dynamic self-compaction, internal
shear friction, moisture content, material adhesion or possible jamming of

287



ISSN 2224-5278 4.2026

individual rock fragments between adjacent blades. These factors are assumed to
have a secondary influence within the investigated operating conditions and define
the applicability limits of the proposed model.

Experimental verification of the proposed calculation method was performed
using a full-scale inertial rotor prototype operating under field conditions. The
experimental setup included an inertial rotor mounted on a test rig equipped with
a drive system, supporting frame and loading mechanism. During the tests, the
power consumption of the drive, rotor torque, rotational speed and excavation
productivity were determined using calibrated measuring instruments. The
obtained experimental data were used to verify the adequacy of the developed
analytical relationships presented in this paper.

For the purpose of analytical modelling, the fragmented rock transported by
the inertial rotor is represented as an equivalent continuous medium moving along
the excavation face and the discharge chute. The proposed model neglects the
additional resistance associated with friction between the accumulated fragmented
material and the lower part of the excavation face, as well as the possible
formation of a rock cushion at the bottom of the excavation. These simplifying
assumptions make it possible to derive engineering relationships for estimating
transport energy consumption and excavation productivity within the investigated
operating conditions. The influence of these factors on transport resistance under
specific mining conditions requires the development of a more detailed coupled
mechanical model and is considered a subject for future research.

Calculation of power spent on digging by the inertial rotor taking into account
the influence of speed is made by the formula:

N=N!+N,, ()

where N — power consumed for digging taking into account the effect of speed,
kW; N ; - power consumed for clean cutting taking into account speed, kW; N, |
- power consumed for transporting broken rock mass by the rotor along the face
and chute, taking into account the influence of speed, kW.

The net cutting power is determined from the expression

N =K, +N; )

where K — velocity influence coefficient determined experimentally, MPa;
N ; - net cutting power at speeds of ¥V, to 2 m/s.

The authors suggest determining the power V., expended on transportation
by taking into account the reactive component of transportation resistance arising
from the variability of the mass of excavated material in the rotor.

As can be seen from the formula (1), the total energy consumption of digging
by the inertial rotor consists of the costs of cutting (Figure 2, a) and transportation
of the cut material on the surfaces of the worked layer and trough (Figure 2, b, c,
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d). It is convenient to determine the power consumption for transporting excavated
rock mass by the rotor through torque. The torque on the rotor shaft expended for
material transportation is proposed to be determined by two methods. In the first
method, the volume of material to be transported is assumed to be constant. The
second method takes into account the mass variability in the rotor of bucket or
bucketless design. The action of external forces for the bucketless inertial rotor
is shown in Figure 2, b and d, bucket rotor in Figure 2, c. These figures show the
following external forces acting on the bucket and bucketless rotors: G - the
force of gravity; P, - centrifugal force of inertia; F,, - the force of friction of the
transported material on the surface of the developed layer and the trough; N - the
normal force of resistance to soil destruction; F - the force of normal pressure
on the radial surface (Kozbagarov et al., 2023b; Kozbagarov et al., 2026; Nurakov
and Awwad, 2019).

In order to establish the applicability and accuracy of both methods, it became
necessary to make comparisons between them.

Figure 2. Calculation schemes of soil development and transportation by inertial bottom
discharge rotor, a) face development,
b) transportation by bucketless rotor at variable material weight, c) transportation by bucket at
variable weight, d) transportation by bucketless rotor at constant weight, ¢) rotor shell reaming.
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The torque on the rotor shaft expended on transporting the cut material is
considered using the theorem on the change in kinetic moment of a variable mass
point JK .4s', as the sum of the moments of all active and reactive forces
(Kozbagarov et al., 2023b; Kozbagarov et al., 2026)

dK -dt" =M + M, 3)

where M - the main moment of all external forces, which consists of the
moment from the action of mass forces M 5o friction forces of excavated material
on the profile of shear and trough, as well as on the walls of cutting and transport
elements M, ; J7, moment of impulse forces, neglecting the work of Coriolis
and variation forces. The action of external forces for the bucketless inertial rotor
is shown in Figure 2, b, and for the bucket rotor - in Figure 2, ¢ (Kozbagarov et al.,
2023b; Kozbagarov et al., 2026).

Average energy consumption for transportation of excavated material by
inertial bucketless rotor can be determined by taking an infinite number of cutting
and transport elements, and the transport volume itself in the working process
unchanged and having a constant value within the angles from B to B, (Figure 2,
a) (Kozbagarov et al., 2023b; Kozbagarov et al., 2026).

Then the elementary volume of the removed chip in the natural state ¢V, can
be compared with the elementary volume in the stress-free state dV, through the
loosening factor &,

dv,=dV.k, (4)
or
B, R, df-C(B)=k,v,dS, sin fdp> (5)

where dfi =, dt: angle [ - position of the cutting edge of the blade relative
to the rotor axis; B,, - the average distance between the cutting elements; Vv, -
rotor side feed; S, — maximum chip thickness to be removed; - rotor angular
velocity; () - rotor radius.

There fore, the accepted regularity of distribution of thickness of the excavated
material along the plurality of cutting and transporting elements C(ﬂ) can be
written as follows.

p

C(B)= 225 i pap =525 (o5~ cosp) (6)
R B o R B.w

pTcep™p c=c™p

Such distribution of the excavated mass between cutting and transporting
elements of the bucketless inertial rotor can be considered as a constant transport
mass, on which the forces of gravity G and friction of the transported material on
the surface of the developed layer and trough £, act.
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Applying the theorem of change of quantity of motion and dividing the transport
mass into two parts from S, to 7 and from 7 to [, respectively, with centers
of gravity C, and C,, the elementary transport area from B, to 7 can be written
as (Kozbagarov et al., 2023b; Kozbagarov et al., 2026)

dF, = C(ﬂ)RP -dp (7)
or
F R Bcp pRp [S]Il ﬂl ( —ﬁl)COSﬂl]- (8)

The coordinates of the center of gravity of this transport section are defined by
angle f.,:

[pC(BIR, -dp
p =" ’ ©)

f (m P hetpr,ap o

where £; and B+ 7 -coordinates of the center of gravity of the elementary

_clp)

2

Substituting in formulas (9) and (10) the obtained values included in them, and
integrating, we obtain:

site (P, =R ).

_ Rl v,S, 0.75sin2ﬂ1+(7r—,81)(0.5+cos2,81) , (11)
= 2B,0,R, sin B, + (7 — 3 )cos B,
Be, = (1+ Bsin B, + [1+0.5(z> = B2 JJoos B, )x[sin B+ (7 - B, )cos B ] (12)

In the second part of the transport site from 7 to By, the excavated material
with center of gravity C, is carried on a lotox of constant height C (7[) , therefore

13)
Then the total torque, spent on the transport of excavated material by
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inertial bucketless rotor, from the action of gravity and friction forces of the
material transported by it on the profile of the developed layer and trough, after
transformations is reduced to the form

nS, 075sn2f +(z-p J0.5+cos? ) )

M=M, =—RB,_(sin B, +(z - B )cos p, ){{1

_ZBLpa)pRp sin 3, +(7r—ﬁl)cos/3l
. R0, S
xsin f,, +[cosﬂd - pg u ],u}+(ﬂ1, —77)-(1+cos,81)><{{1—232:’:Rp(lJrcosﬂ1 )]cos%{— (14)
B, R R0, v,S ’
| e FH PP PP 1- b~o 1 1 .
[sm ) + p ],ul}+ . { ZBcpw,,Rp( +cosﬁ1)} ( +cos/}1)

The obtained formula is more preferable than expression (1), but for
determination of energy consumption spent by inertial rotor on transportation of
excavated material more simplified methods of calculation are needed.

For what, having expressed a part of parameters (3) and (14) through
dimensionless coefficients, it is possible to write:

2 2
S S S 1% R w
e:‘}l’io: Voo _ Do tgr, and C, = £ -2 F (15)
Bcpa)pRp B aVp B P ng g

where g - free fall acceleration.

Setting B, =60°, B, =125° and making pre-transformations of formulas (3) and
(14) can be reduced to these forms:

- for the first method (3), considering the transport volume as a continuous flow
of variable mass:

M, =B, Re[-0.86+0.72¢-1.137¢ + C,u(2.82 - 3.52e+1.22¢* )+ u(2.13 - 1.5¢) -

@tp

—C,(1.5-38¢+2.54¢" —0.63¢° )} (16)

-for the second method (14), considering the transport flow as a constant mass
on the shear and chute surfaces:

ML =B R[1.07-0.97e-2.83uC, +2.23u+C,(1.5-338¢+2.53¢ +0.63¢' )| (17)

Results and Discussions. Experimental studies of a number of models of
inertial rotors in field and production conditions have established that at z =8 +12
pair of knives with angles of installation 7, =15° and cutting 7, =7° a8 well
as the coefficient of their height £ =1.35 + 4.0 determining the ratio of the rotor
radius to the height of cutting elements, almost all the cut material is carried out
by cutting and transporting elements on the receiving conveyor. At that, 90%
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filling of the volume between the paired knives was observed, characterized by
the coefficient of geometric capacity of a pair of knives k, =0.8+0.9 (lower
value for cohesive rocks, higher value for uncohesive rocks). From here we can
proceed to determination of rotor parameters. To calculate the size and distance
between the pair of knives, it is necessary to proceed from the correspondence of
the volume between the knives to the volume of cut chips with the coefficient of
loosening of excavated materials k£, =1.35 +1.5:

B, -hl,k,=S,bhk, (18)

where h_, [, and B, - respectively height, length and average distance
between a pair of knives diverging at angle 27,,; S , b, h_ - respectively the
thickness, width and height of the chip to be cut.

Figure 2, e also shows such parameters of the inertial rotor as /_ - distance
between the knives; [’ - length of the working part of the knife; v, - rotational
speed of the rotor.

Taking &, =1.5R,, S,=0.8h,, b=27R v, (z-vp )_l and  making
transformations, we can write according to Figure 2, e:

B,, =24k, R2igz,(z,k, ) (19)
and
[, =2R 1g7, [z(tng +1gr7, )]71 (20)

The last value should be increased by 2.5 times, because it is determined by the
width of the removed chips, which in case of oscillating processes of the boom can
practically exceed its calculated value by 1.8+2.5 times. Using the experimental
values obtained & po k +» Toand Tp,the dimensions of the blades for dense rock
of category IV can be determined using the following expressions:

B. =(210+310)D,; 1, =(210+320)D, and B, =(220+340)D, (21)

P

where the smaller value is for z = 12 and k, = 4.0, and the larger value is
for z=8 and k, =2.0. Then the values of the dimensionless coefficient will
be e=0.06 at k, = 4.0 and e=0.08 at k, =0.2, respectively, which, in turn,
makes it possible to write formulas (16) and (17), taking £ = 0.7 as:

-at k, = 4.0 and e =0.06:

M, =B, Re(0.61+0.504C,) and M/ =B, R’e(0.568+0.68C, ) (22)
-atx, =2.0 and e=0.08:
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M, =B, R e0.603+0.533C,) and M. =B, Re(0.568+0.59C,) (23)

Calculated values of these equations for Ekibastuz coals with volumetric
bulk weight of y=1.3 t/m® are summarized in Table 1 in the form of power
consumption of the bucketless inertial rotor for the transport of excavated material
along the profiles of the removed layer and chute, considering it as a constant
transport mass and a continuous variable mass flow.

For more complete identification of advantages of the inertial rotor it is
advisable to analyze its performance in comparison with existing rotors.

One of the main advantages of inertial rotor should be attributed to its high
transport capacity, which is determined by the ability to work at high digging
speeds and to apply increased height of cutting and transport elements.

The design capacity of the bottom discharge bucketless inertial rotor is
determined by the formula

2

Dv
Qp:IIO—” L. (24)
K

&

where D, - rotor diameter, mm; v » - rotor linear velocity along cutting edges,
m/s; k, - height coefficient of cutting elements.

Let us analyze the formula for the value of coefficient k., which corresponds
to the average values of the working bodies with centrifugal and gravity bucket
unloading, the productivity of which is determined respectively by the formulas

2

0 =110 D, (25)
P 0.0004

0, = kD* (26)

where k=12+30 — performance coefficient (the first value is used for cohesive
rock formations, the second for non-cohesive rock formations).
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Table 1. Power consumption of inertial rotors for transportation of excavated material along the
profiles of the removed layer and chute.

Ne, v, D, C B.,, mm, at Oc, m*/hour, N,fp, kW, at -f:,) KWh m?, at
na pfg e at ’ ’

k =4 k =2 k=4 k=2 k=4 k =2 k =4 k =2
1 2 2000 0.410 400000 600000 220 440 5/5.2 10.2/9.7 0.023/0.024  0.023/0.022
2 4000 0.204 800000 1200000 880 1760  35/36.1 69.7/66.4  0.04/0.041 0.039/0.038
3 6000 0.136 1200000 1800000 1960 3960 112.1/109.3 222/215  0.057/0.056 0.056/0.054
4 8000 0.102 1600000 2400000 3520 7040 253.2/250.0 476/491  0.072/0.071  0.068/0.07

4 2000 1.161 400000 600000 440 880  18.8/20.0  37/37.6 0.043/0.0455 0.042/0.043
4000 0.816 800000 1200000 1760 3520 100/104 203/207  0.057/0.059  0.058/0.059
6000 0.544 1200000 1800000 3960 7920 292/302 588/593  0.074/0.076  0.074/0.075
8000 0.408 1600000 2400000 7040 14080 644/661 1288/1278 0.092/0.094  0.091/0.092

0 3 N Wn

9 6 2000 3.670 400000 600000 660 1320 49.3/54.0  94/98.9 0.075/0.080  0.071/0.076

10 4000 1.835 800000 1200000 2640 5280 246/266 465/484  0.093/0.10  0.088/0.092
11 6000 1.223 1200000 1800000 5420 11980 647/693 1241/1277 0.109/0.118  0.104/0.107
12 8000 0.917 1600000 2400000 10500 21120 1369/1388 2566/2601 0.129/0.131 0.121/0.123

*- in the numerator - estimated power and specific energy consumption of the rotor drive, spent
on transportation of excavated material along the face and chute, considering the flow as a constant
transport mass;

- in the denominator the same as variable flow

For a centrifugal rotor the formula of productivity is written for &, = 3.85
and its application is expedient at rotor diameter 3500 mm and above, because for
providing full unloading of rotors of smaller sizes speeds considerably exceeding
6 m/s are required.

Comparing the calculated data made by these formulas, it is easy to notice
that the productivity of inertial rotors of the same diameter significantly exceeds
the productivity of working bodies with gravitational and centrifugal unloading
(Figure 3 and Table 2).

For example, the productivity of a D, =4000 mm inertial bucketless rotor at
a digging speed of 6 m/s exceeds that of a centrifugal rotor of the same diameter
and with a bucket height coefficient of k,=4.0 by 2. 4 times at k, =1.25, a
gravitational - respectively 3.6 and 10 times when developing unconsolidated
rocks and 7.3 and 14 times or more when excavating consolidated rocks.
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Table 2. Comparison of calculated values of inertial, gravity and centrifugal rotor capacities.

Maximum capacity of rotors in dense body @, , max, m*/ hour

inertial bottom unloading gravitational at v, centrifugal at v, Note
D, k, atv, m/s m/s m/s
2 3 4 5 6 v=03v,  v=07v v, on O, .
1.6 4.00 145 186 250 320 400 35 85 8.76 320 K, =3.65

200 260 400 530 670 800 - - - - -
1.25 485 600 800 1000 1320 - - - - -

20 400 225 330 450 570 670 70 170 762 625 K, =3.72
200 450 670 900 1120 1350 - - - - -
125 760 1120 1340 1950 2150 - - - - -

3.0 4.00 510 760 1000 1270 1520 140 450 6.84 1400 K, =3.80
2.00 1000 1520 2000 2520 3050 - - - - -
1.25 1860 2740 3460 4250 5120 - - - - -

40 4.00 900 1330 1880 2250 2700 370 920 586 2300 K, =3.82

2.00 1880 2660 3600 4500 5400 - - - - -
1.25 3000 4440 5920 7560 9600 - - - - -

Increase in the performance indicators of inertial bucketless rotor in comparison
with centrifugal and gravity working bodies is due to its greater transport capacity
due to the ability to produce excavation works with a greater height of cutting and
transport elements and at higher digging speeds.

Efficiency of rotors with inertial, centrifugal and gravitational unloading can
be compared krr by determining their transport capacity, defined as the ratio of
the volume of excavated material fed for one turn of the rotor to the transport
annular cavity enclosed between the outer and inner diameter of the rotor and its
width, called the geometric transport volume of the rotor. The calculation results
are presented in Table 3, which also contains experimental data from testing rotor
models in field and laboratory conditions. For gravitational and centrifugal types of
working bodies, the passport parameters of boom rotary excavators manufactured
by foreign industries were used.
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Figure 3. Dependence of productivity on the diameter of rotors, their transport capacity and
properties of excavated rocks,
1 — gravitational; 2 - centrifugal; 3 — inertial.

The calculated and experimental values of the transport capacity coefficient
krp of the inertial bucketless rotor given in Table 3 are much higher than those of
traditional machines. Increase in the output of the investigated working body only
due to its greater transport capacity can be up to 1.2+3.0 times. The value of the
coefficient &, increases significantly with the increase in the height of the cutting
elements and the diameter of the rotor, but decreases slightly with the increase
in digging speed, although productivity increases. The latter can be explained by
the fact that increasing the height of the cutting elements leads to a decrease in
the number of cutting elements due to their design and attachment to a smaller
diameter shell.

The experimental results presented in Table 3 were obtained during field tests
of the full-scale inertial rotor prototype under identical operating conditions. For
each operating mode, the energy consumption, rotor torque, rotational speed and
excavation productivity were recorded. These experimental data served as the
basis for validating the proposed calculation method and assessing its agreement
with the analytical predictions.

Dependence of inertial bucketless rotor output on its diameter, operating
speed and coefficient value is graphically shown in Figure 4, which significantly
increases with the increase of one of these parameters.

The results of experimental and calculated data for the bearingless inertial rotor
show high transport capacity, allowing for a significant increase in its performance.

It should be noted that the proposed model is intended for engineering
estimation of the transport process and therefore employs a number of simplifying
assumptions regarding the behaviour of fragmented rock. Further improvement
of the model should include the influence of particle size distribution, moisture,
cohesion, internal friction, self-compaction and possible particle interlocking
between the rotor blades, which may affect transport resistance and excavation
productivity under specific mining conditions.
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It should be noted that the analytical model developed in this study is intended
to evaluate the transport energy consumption and excavation productivity of the
inertial rotor under steady operating conditions. The model is focused on the
kinematic and energy characteristics of the excavation process and therefore does
not account for dynamic and impact loads acting on the cutting tools, rotor shell or
excavator boom at increased peripheral rotor speeds. Consequently, the effects of
these loads on structural strength, wear resistance and operational reliability were
beyond the scope of the present investigation. Consideration of these phenomena
requires coupled dynamic and structural analyses and will be the subject of future
research.

Table 3. Comparison of main parameters and transport capacity of gravity, centrifugal and
inertial rotor.

Ne Parameters Methods of discharging excavated material from rotor wheel buckets
= gravity centrifugal  inertial
g experimental calculated at 2...5 m/s
o &_; RE- RE- RE- RE- MPS RTC RTM ERE-
= § 1250 2500 1250- 1600- 200
== oCc 0OC
Rotor diameter, D, mm 6500 8000 4000 4000 1540 650 1600 2400 2000 4000
2 Rotor speed:
— rotations 7, tur/m 85 72 28 30 584 70 80 26 19.2-87.3 9.6-28.65
— linear v m/s 289 362 586 628 46 232 64 326 3-6 2-8
3 RTE height factor, k, — 445 44 364 366 43 235 134 42 40-125 4.0-1.25
Feeding of excavated m?  3.83 578 125 1.75 0.1 0.022 0.748 0.204 0.2-0.64 1.56-525
material per revolu-  tur
tion of the rotor wheel
5 Coefficient kp : - 021 02 016 022 023 043 0.66 025 - -
—at k,=4.0 - - - - - - - - - 0.28-0.24 0.36-0.28

~at ,=2.0 - 033027 044032

Cat k=125 — - - - o === 042-036 0.54-038
6 Performance m¥h 1700 2500 2100 3150 360 86 3560 390 — -
—at k,=4.0 - - - - - - - = - 227670 900-2700
Cat k,=2.0 - - = == === = 4501350 1860-5300
—at k,=125 - - - = - = = = — 760-3150 300-8100

L

Figure 4. Dependence of inertial rotor productivity on its diameter D, , digging speed Vr and
height of cutting elements £,
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The proposed analytical model should be interpreted within the limits of the
adopted assumptions. In practical excavation conditions, additional transport
resistance may arise due to friction of the fragmented material against the lower
part of the excavation face and the accumulation of a rock cushion at the bottom
of the excavation. These effects were not explicitly considered in the present
model and may influence the quantitative agreement between calculated and
experimental results under specific operating conditions. Their incorporation into
the mathematical model requires further investigation and represents a direction
for future research.

Conclusion. Comparison of the obtained values of the two calculation methods
shows that the energy inputs increase significantly with increasing speed and
rotor diameter and have insignificant differences between them. So the minimum
percentage of discrepancies of these energy inputs (2+5)% is observed at rotor
diameter of D, =(4000+6000) mm, v, = (4+5) m/s and k, =2.0, and the
maximum - at the same parameters respectively (6+2.9)%. Such small percentage of
discrepancies and compliance of calculated values with experimental data indicates
that both calculation methods are acceptable for practical use and contribute to the
determination of the main parameters of the cutting and transporting elements of
the inertial rotor according to the simplified formulas proposed by the authors.

The increase in the performance indicators of the inertial bucketless rotor
compared to centrifugal and gravitational working bodies is due to its greater
transport capacity, thanks to the ability to perform excavation work with greater
height of cutting and transport elements and at increased digging speeds.

The new design of the slewing ringless inertial rotor and the unconventional
rock excavation process proposed in the article make it possible to significantly
increase the productivity of rotary excavators and reduce energy consumption by
increasing the height of the cutting and transport elements.

Overall, the results of the analysis of experimental and calculated data for the
bottom discharge inertial rotor confirm its potential for creating a new type of
high-performance excavation equipment.
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