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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. Improving the energy efficiency and wear resistance of mixing devices
is one of the priority challenges in geological, chemical, and processing industries.
Under conditions of intensive abrasive action of mineral suspension particles on
the working elements, a rapid decrease in performance and service life is observed.
The nonuniform distribution of velocity and pressure within the flow leads to
increased energy consumption and premature blade wear, making the optimization
of impeller geometry and operating parameters highly relevant. Addressing this
problem contributes to process stability and reduces operational costs. This study
presents the results of numerical modeling and tribological analysis of an energy-
efficient three-blade mixer designed for liquid—solid systems. Modeling was carried
out using the finite element method (APM FEM) and hydrodynamic analysis in the
KOMPAS-3D environment with the APM Flow module, followed by tribological
simulation in MSC Marc. The integrated use of these tools provided a reliable
representation of the velocity and pressure fields, as well as the distribution of local
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contact stresses on the blade surfaces. It was found that an impeller with a 45° blade
inclination generates a stable axial flow that prevents solid particle sedimentation
and ensures homogeneous suspension mixing. The proposed modeling approach
enables a comprehensive evaluation of tribological characteristics, improves
calculation accuracy, and supports optimization of energy-efficient impeller design.
The results can be used in developing resource- and energy-saving systems for
geological and metalworking industries.

Key words: tribotechnical analysis; numerical modeling; KOMPAS-3D; APM
Flow; three-blade mixer; hydrodynamics; energy efficiency; mineral suspension
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MuHepanablK CyCHEH3Usl OeJIIEeKTEePiHIH JKYMBIC OpraHAapblHa KapKbIHbI
abpasuBTIK ocep €Tyl JKaOIBIKTBIH OHIMIUIIIH XOHE KBI3MET €Ty Mep3iMiH
alTapIbIKTal KBICKAPTaAbl. AFBIH IITIHICTI KBUTAAMIBIK MTeH KBICBIMHBIH O1pKeKi
TapajgMaybl DHEPrHsl IIBIFBIHBIH apTTHIPBIN, KaJlaKTapAblH Mep3iMiHeH OypbiH
To3yblHa oKeneni. COHABIKTaH ONIApAbIH TEOMETPHSUIBIK IMapaMeTpiepl MeH
KYMBIC PEKUMIH OHTAWIAHIBIPY ©3€KTi FHUIBIMH-TEXHUKAIBIK MIHIET OOJIBII
TaObUIaABl. Byl MacereHi menry TeXHOJOTUSUIBIK MPOIEeCTEPAiH TYPAKThUIBIFbIH
apTTHIPBIN, TMalAaNaHydblH SHEPreTHKABIK YKOHE MAaTepUaNIbIK HIBIFBIHAAPHIH
azaiiTyra MyMKiHIIK Oepemi. 3epTTey XYMBICBIHAA «CYHBIKTBIK—KATTBI JICHE»
THUITI )Kyienepre apHaJFaH SHEPIrUsl YHEMICHTIH YIII KalIaKThl apatacThIPFBIIITHIH
CaHIBIK MOJICNIBICY1 MCH TPUOOTEXHUKAJIBIK TAJIIAYBIHBIH HOTHKEIICP1 KEeTIPIJITCH.
Mopnenbaey akbipibl 3ementTep ouici (APM FEM) xone KOMIIAC-3D
opraceinaarsl APM Flow mMonymi apKbUTbl THAPOAMHAMHKAJIBIK TaJiay 9JiCiMEH,
coHmaii-ak MSC Marc OarnapinaMachiHa KeHiHTI TPUOOTEXHHKAIBIK Taay
apKbUIBl OpbIHJANABI. byn OarmapiaManblK KypajzapAbl KeIIeHAl KONJaHy
KaJlaKk OeTTepiHJeri IKbUIAAMIBIKTAP/bIH, KbICBIMIAP/BIH JKOHE IKEePIUIIKTI
KaHacy KepHEyJepiHiH CeHIMIl YJecTipilyiH aHBIKTayFa MYMKIHIOIK Oepai.
3epTTey HoTHXKeNepi OOWBIHINA, KAJIaKTaphIHBIH KesOey OypbIlibl 45° OonaThiH
apaJIacTHIPFBIII TYPAKTBI OCBTIK aFBIH TY3iM, KaTTel OemekTepAid TyOiHe
IeryiHe ko1 OepMeHTIHI JKOHE CYCIICH3USHBIH OIpKeNKi apanacyblH KaMTaMachl3
ereTiHi aHbIKTanAbl. JKYyKTeMmesnepHiH TapalyblH Tanjgay COKKbI-a0pa3uBTIK,
CBIPFBIMAJIBI KOHE KYMBIHIBIK YHKeIiC alMaKTapblH KOpPCETTi, Oy MeTalKeCKill
acranTapiablH Kecy KbIpJapblHAArbl TO3y IIApTTapblHA YKcac. Y ChIHBUIFAH
MOJETBACY OIICTEMECI KOHCTPYKIHSIHBIH OEpPIKTIK J>KOHE TPHUOOTEXHHUKAIBIK
cUMaTTaMaJIapblH KellleH 11 Oaranayra, eCenTey AJIrH apTThIpyFa KoHe DHEPrust
TUIMJII apaslaCThIPFBILTAPABIH KYPBUIBIMBIH OHTAMIAHABIPYFa MYMKIHAIK Oepei.
AJbIHFaH HOTHKEJEP Fe0IOTHSUIBIK-TEX HUKAJIBIK )KOHE METAJU1 OHAEY caslaapblHIa
PECYPCTHI JKOHE DHEPTUSHBI YHEMJICHTIH Kylemnepal kobamay MeH >KeTUIIipyae
naianaHbuTybl MYMKIH.

Tyiiin ce3nep: TpuOOTEXHMKANBIK Tanday; caHIblk mozaeibiaey; KOMITAC-
3D; APM Flow; y11 kanakThl apaiaCThIPFBIIT; THAPOIMHAMHKA; YHEPTHSI THIMILITIT;
MUHEpaAbl CyCICH3Hs
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Aunnoranus. [loBeiieHne 3HEProdPEKTUBHOCTH W U3HOCOCTOMKOCTH
MEPEMEIINBAIOIINX YCTPOUCTB SIBISETCS ONHOW M3 KIIIOYEBBIX 337a4 B T€0JIOTO-
TEXHUYICCKONW, XUMUYIECKON W TepepadaThIBAIONICH MPOMBIIIICHHOCTH. YacTHIIBI
MUHEpPAJIbHBIX CYCIEH3UI BBI3BIBAIOT MHTEHCHBHOE a0pa3sMBHOE BO3JECHCTBHE Ha
paboure oprasl, YTO IPUBOJUT K CHHKEHHUIO TPOU3BOAUTEILHOCTH M COKPAILICHHIO
cpoka ciyObl oOopynoBaHus. HepaBHOMEpHOCTH pacipeesieHnsi CKOpOCTei
W JaBJI€HUH B MOTOKE YCHJIMBAET IHEPro3arparbl M YCKOPsieT W3HOC JIOMAcTew,
YTO aKTyaJIM3UPyeT HEOOXOJMMOCTh ONTHUMH3AIMH WX TEOMETPUU M PEXKHMOB
paboTel. B crarbe mpencTaBieHBI PE3yIbTaThl YHCICHHOTO MOJACTUPOBAHHUS H
TPUOOTEXHUUECKOTO aHain3a SHEprodGEeKTUBHONW TPEXIIONMACTHON MEIIANKH,
MIPUMEHSAEMOM B CCTEMaX THIA «GKUAKOCTb—TBEPOE TEN0». PacuéThl BBITOTHEHBI
METOZIOM KOHeuHbIX 31eMeHToB (APM FEM) u ruznpoanHamuyeckoro aHaiansza B
KOMITAC-3D c ucnions3oBanreM Moayist APM Flow, a Takxke TpuOOTEeXHUIECKOTO
apamm3a B MSC Marc. KoMiiekcHOe TpUMEHEHHE WHCTPYMEHTOB TIO3BOJIHIIO
MOJIYYUTh ACTAIU3UPOBAHHBIE KapThl PACHpPENETCHUS CKOPOCTEH, NABICHUS U
JIOKaJIbHBIX KOHTAKTHBIX HAMPSDKEHUI Ha JIOMACTSIX. YCTAHOBJIEHO, YTO MELIAiKa
C YIIOM HakjoHa Jomacteid 45° QopMuUpyeT YCTOHUMBBIH OCEBOI TOTOK,
MPEAOTBPAIIAOIINE OceAanue TBEPIBIX YACTHIL M 00CCIICUNBAIOIINI paBHOMEPHOE
MepeMelInBaHie CYCIeH3WH. AHalU3 HaNpsOHKeHWH BBIABIWII 30HBI  yAapHO-
abpa3WBHOTO, CKOJB3AIIETO W BHXPEBOTO TPEHUS, XapaKTepHBIE I YCIOBUI
M3HOCA PEKYIIMX KPOMOK METAUIOPEXKYLIUMX HHCTpyMEHTOB. IlpemiokeHHas
METOIUKA MOJACIMPOBAHHUA 00ECIIEUMBACT KOMIUIEKCHYIO OLICHKY HPOYHOCTHBIX
U TpHUOOTEXHMUYECKUX XapaKTEePUCTUK, TMOBBIIIAET TOYHOCTh pacu€ToB U
MO3BOJISIET ONTHMHU3UPOBATh KOHCTPYKIHIO DHEProd(GPEeKTUBHBIX MeEIIaIoK.
[TomyueHHble pe3ynbTaTbl MOTYT OBITH HCIIONB30BAHBI IMPH MPOSKTHPOBAHUU
pecypco- ® DHeprocOeperammmx CUCTeM I TeOJOTO-TEXHHYECKHX H
METaI000pa0aTHIBAFOIIINX.

KiroueBble ciioBa: TpHOOTEXHUYECKHH aHAN3; YHCIEHHOE MOJCINPOBAHNE;
KOMIIAC-3D; APM Flow; tpéxjonacTHas MelIaJKa, T'HIPOAMHAMUKA;
3HEProd(PeKTUBHOCTh; MUHEPAJIbHAS CyCIICH3US

Introduction
Mixing devices are widely used in the chemical, petrochemical, metallurgical,
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food, pharmaceutical, and geological engineering industries, as they ensure the
productionofsuspensions andsolutions withahighdegree ofhomogeneity throughout
the entire volume of the apparatus. The efficiency of technological processes and
the quality of the resulting substances depend on the uniform distribution of solid
particles within the liquid. The energy consumed by mixing devices is one of the
key factors determining the technical and economic performance of the installation.
The mixing process can be carried out using impellers of various types. The choice
of impeller design depends on the specific objectives of the technological process:
preventing solid particle sedimentation, ensuring suspension homogeneity, or
intensifying mass transfer. The most common designs are propeller-type impellers
with different numbers of blades, installed at a distance from the bottom of the
apparatus equal to the impeller diameter (Stelmach, 2023: 13; Wang, 2022: 4561;
Stelmach, 2022: 585; Baba, 2022: 10). Among them, three-blade impellers with
inclined blades are considered the basic and most versatile configurations.

Studies analyzing the parameters of three-blade impellers emphasize that the
blade inclination angle is a critical parameter influencing both mixing efficiency and
power consumption. Compared with the basic design, experimental results show
that optimizing the blade inclination angle can reduce energy consumption by 10—
35% and shorten the mixing time by 20-30% (Wu, 2024: 11; Hong Jian-Hao, 2013:
9; Martinetz, 2021: 880). Traditionally, the calculation of impeller parameters has
been carried out using data from specialized literature. However, such an approach
does not meet modern requirements for calculation accuracy and optimization of
geometric parameters, since it does not take into account the actual distribution of
velocities and pressures in the liquid, nor the tribotechnical processes occurring on
the surfaces of the blades.

To improve the technological and energy efficiency of mixing devices, several
studies have examined the influence of impeller type on the sedimentation of
suspension particles in the bottom layer of the apparatus. Eleven types of impellers
were tested, including hydrofoil impellers, standard pitched-blade turbines with
blade angles of 24°, 35°, and 45°, as well as impellers designed according to the
CVS 69 1043 standard (Nikiforov, 2018: 60). The efficiency of the tested impellers
was compared based on the power required to prevent solid particles of the
suspension from settling on the bottom. It was found that hydrofoil impellers are
the most efficient, while the CVS 69 1043 designs are characterized by the greatest
geometric simplicity. Power consumption is practically independent of the number
of turbine blades, and the blade inclination angle has a minimal effect on the mixing
efficiency of fine particles in the bottom layer (Nikiforov, 2018: 60).

According to the research by (Heidari, 2020: 13), the influence of four pitched-
blade impellers (15°, 30°, 45°, and 60°) on the mixing performance in a gas—liquid
vessel was analyzed using the Computational Fluid Dynamics (CFD) method. The
behavior of the multiphase flow was modeled using the Euler—Euler multiphase
approach. Based on the standard deviation criterion, it was observed that the axial
gas-phase distribution for the 30° impeller was approximately 55% better than that
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of the other configurations. In addition, the results showed that the 30° impeller
provided uniform radial distribution and maximum gas-phase retention within the
vessel. The energy consumption analysis revealed that the 30° impeller exhibited
the highest power demand among the investigated designs; however, it also ensured
the best mixing quality (Heidari, 2020: 13).

In the current investigation, the KOMPAS-3D software package with the APM
Flow module was used for hydrodynamic analysis, while MSC Marc was applied
to calculate contact interactions and tribotechnical characteristics. The combined
use of these systems provided a comprehensive assessment of the impeller’s energy
efficiency and wear resistance.

According to the research by (Ding Xia, 2023: 11), the problem of flow
nonuniformity and inefficient utilization of mixing energy in a stirred tank with
two impellers was investigated. Using the Sobol method (Monte Carlo numerical
techniques), an approximate model was developed, which reduced energy
consumption by 15.6% compared with the prototype. Experimental tests conducted
before and after optimization confirmed the reliability of the obtained results.

When operating mixers, it is important to consider changes in drive load during
the filling and emptying stages of the apparatus. An increase in energy consumption
and the potential risk of drive failure were reported in the research by (Stelmach J.,
2021: 341), which investigated variations in mixing power during tank emptying
for propeller-type impellers. For impellers with wide blades, the mixing power can
be up to three times higher than that of a fully filled tank. The phenomenon of
power increase during emptying is observed only for axially acting impellers. The
instantaneous rise in power for two impellers mounted on a common shaft may
exceed the calculated value by more than 50%, which can lead to motor overload
(Stelmach, 2021: 341; Kassenov, 2022: 15; Mashekov et al., 2018: 12).

To determine the optimal parameters of a mixer and to predict its performance
during the design stage, a calculation method for propeller-type impellers used for
mixing non-Newtonian fluids is applied (Reviol, 2018: 16). The proposed method
is based on the principle of inverse calculation and allows determining the complete
set of impeller characteristics for fluids with different properties. Furthermore,
the design and optimization of mixers are often carried out using internal flow
field modeling. In the research by (Wang, 2023: 1808), single-factor numerical
simulations and analysis of the influence of structural parameters were performed.
The use of Latin Hypercube Sampling made it possible to design 100 sets of test
configurations varying in impeller installation height and baffle angle, which
improved mixing uniformity by 10% and reduced power consumption by 8.3%.

Thus, the analysis of scientific literature in the field of mixer design and
optimization has made it possible to identify the following key points:

- Three-blade impellers with inclined blades represent the basic design
configuration.

- The blade inclination angle has a significant influence on the uniform
distribution of particles in the liquid and on the energy efficiency of the apparatus.
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- The use of mathematical modeling and calculations in the KOMPAS-3D +
APM Flow environment significantly reduces design time and increases calculation
accuracy. In addition, the use of the APM FEM module within the KOMPAS-3D
software suite allows for strength analysis of the mixer structure and assessment of
its stress—strain state under various operating conditions.

- There is no consensus regarding the optimal inclination angles and geometric
parameters of the blades.

At the same time, during the mixing of mineral suspensions, the working
surfaces of the impeller blades are subjected to intense abrasive action from solid
particles, leading to gradual wear and changes in the hydrodynamic characteristics
of the flow. These processes are tribotechnical in nature and are similar to the
wear mechanisms of cutting edges in metal-cutting tools operating in contact
with abrasive chips. Therefore, the study of the tribotechnical characteristics of
impeller working surfaces is of both engineering and scientific-practical interest for
increasing the service life and energy efficiency of the equipment.

The purpose of this research is to conduct numerical modeling and tribotechnical
analysis of an energy-efficient three-blade impeller designed for the preparation of
mineral suspensions, with a comparison of friction and wear conditions to similar
processes typical of metal-cutting tools.

Materials and methods.

All experiments were carried out at Toraighyrov University. The dimensions of
the tank, with a capacity of 1 m?, are as follows: height H= 1270 mm and diameter
D = 1000 mm. The experimental setup is shown in Figure 1a.

The object of the study is an energy-efficient three-blade impeller designed for
the preparation of mineral suspensions used in geological and technical processes.
The impeller consists of a hub with an inner diameter d, to which three flat blades
are welded along the outer diameter d_ at an angle of 45° to the plane of rotation.
The blade inclination angle is 45°. The impeller diameter is d[7 = 0.7D, where D
is the internal diameter of the vessel. The blade width is selected as 0.2d[7 (Figure
1b).

Calculation of
mixing device
parameters

v

Creation of a solid-
state model

'

Process modelling
in Ansys

a)

Figure 1 — Experiment procedure (a), parameters of a three-bladed agitator (b)
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The circumferential velocity at the impeller blade tip, depending on the
viscosity of the mixed medium, ranged from 1 to 3 m/s. The impeller parameters
were determined in accordance with the recommendations of RD 26-01-90-85
(Absolyamova, 2025: 11). When mixing suspensions in a liquid-solid (L:S) system,
a blade-type impeller without additional internal components was used, providing
the possibility of generating a turbulent hydrodynamic regime (Absolyamova,
2025: 11).

The rated power of the drive unit was selected taking into account the starting
conditions and amounts to 100% for vessels without internal components, at
Reynolds numbers greater than 500 and when G_<1,5

Re = Y42 (1)
u

where N — the rotational speed of the impeller, rev/s;

d — the impeller diameter, with a tank diameter of 1m, d =0,7 m;

p — the liquid density (water), p=1000 kg/m?;

1 — the dynamic viscosity of the liquid (water), 4= 0,001 Pa-s.

In the calculations, the influence of the structural features of the impeller was
taken into account using two coefficients: the impeller resistance coefficient &[] =
0.56 and the circulation flow coefficient K,=0,0028. The values of these coefficients
remain constant under turbulent flow conditions (Absolyamova, 2025: 11).

After calculating the impeller parameters, a solid-phase model was constructed
in the KOMPAS software. The solid model was analyzed in the KOMPAS-3D
environment using the APM Flow module, which performs finite element and
hydrodynamic analysis with an adaptive mesh in the rotation zone. To verify the
strength and stability of the structure, the APM FEM module was used; it applies
the finite element method to calculate stresses and deformations in the blade nodes
and hub.

To refine the stress—strain state and simulate tribotechnical contacts, the results
of the hydrodynamic analysis were exported to the MSC Marc software package,
where the distribution of contact pressures and the areas of increased wear on the
working surfaces were analyzed. The physical properties of the liquid corresponded
to those of water at T =21°C, p = 1000 kg/m?, and p=0.001 Pa-s.

To evaluate the hydrodynamic and tribotechnical loads, the obtained distributions
of pressure and velocity along the blade surfaces were used to determine the contact
stresses and the local zones of increased friction.

Results and discussion.

The results of the calculated geometric parameters of the impeller are presented
below. The internal diameter of the vessel was taken as D = 1 m, and the height H =
1.27 m, corresponding to a tank capacity of 1 m’. Based on these values:

- impeller diameter d[7 =700 mm;

- blade width h = 140 mm;

- diameter d = 120 mm;
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- drive power N = 3.2 kW (Absolyamova D.R., 2025: 11);

- rotational speed 60 and 90 rpm (Absolyamova D.R., 2025: 11).

Considering all parameters, it was found that the Reynolds number falls within
the range corresponding to the turbulent mixing regime. The Reynolds number
makes it possible to use experimental data for known impeller designs to determine
the Kn coefficient, which in turn is required to calculate the rotational speed of the
impeller. Based on the specified parameters, a solid model of the apparatus was
constructed and imported into the KOMPAS-3D + APM Flow software environment
for simulation. Figure 2 shows the solid model of the mixing apparatus (Figure 2a)
and a cross-section of the model with a finite element mesh. The data preparation
and mesh generation algorithm in APM Flow follows the procedure described in
the KOMPAS-3D (APM Flow) user manual. The internal volume of the vessel was
separated from the rotation plane at the outermost points of the impeller blades
(indicated by a red dashed line in Figure 2b).

After inputting the physical characteristics of water at a temperature of 21°C,
the solver was initiated to determine the optimal rotation parameters that ensure a
turbulent regime without foam formation caused by air entrainment.

The simulation made it possible not only to determine the flow structure but
also to identify regions of increased pressure and velocity, which served as the
basis for evaluating local contact loads and analyzing the tribotechnical condition
of the blade surfaces. The obtained load distributions were further analyzed in the
APM FEM module, allowing identification of stress concentration zones at the
blade attachment points and confirmation of the structural reliability. To refine the

contact stress distribution and wear zones, the calculated data were additionally
‘.ﬁ |
é_:

processed in MSC Marc.
& a5 -

(a) (b)
Figure 2 — Solid model of the mixing apparatus (a) and cross-section of the model with a finite
clement mesh (b)
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The simulation results are shown in Figure 3. In the KOMPAS-3D + APM Flow
environment, the liquid flow distribution during mixer operation was determined
at a drive power of 3.2 kW and rotational speeds of 60 and 90 rpm. From Figure
3, the flow patterns clearly indicate that mixing occurs in the turbulent regime, yet
without foam formation due to the entrainment of gases from the surrounding air.
At 60 rpm, the flow pressure generated by the impeller is directed mainly sideways,
whereas at 90 rpm, it is directed toward the bottom, ensuring better suspension
mixing.

(@) (b)
Figure 3 — Solid model of the mixing apparatus at a rotational speed of 60 rpm (a) and 90 rpm (b)

The presence of a 45° blade inclination promotes the formation of an axial flow
that effectively draws solid particles into the overall liquid volume and prevents
them from settling at the bottom. The obtained results confirm the correctness of the
chosen impeller design and parameters, which ensure an optimal balance between
energy efficiency and mixing quality.

From a tribotechnical perspective, it was observed that the blade surfaces
experience different types of contact interactions depending on the flow direction.
In the area of the leading edge, the flow exerts increased hydrodynamic pressure,
accompanied by impact—abrasive interaction of particles with the metal surface. In
the middle section, a sliding mode of particle motion along the surface is observed,
while in the trailing part, the flow weakens, forming zones with reduced friction.
Such a distribution of loads makes it possible to assess surface wear resistance in
a manner similar to that used in analyzing contact stresses and wear on the cutting
edges of metal-cutting tools.

Thus, the simulation results obtained in KOMPAS-3D + APM Flow confirm
that a three-blade impeller with a blade inclination angle of 45° is both structurally
and energetically efficient for working with mineral suspensions. The identified
flow distribution patterns and contact interaction characteristics can be applied
to the selection of materials and coatings for working elements, as well as to the
development of resource- and energy-saving systems, including in the design of
metal-cutting equipment operating under similar mechanical and abrasive loading
conditions.

Conclusions. The proposed design of the three-blade impeller demonstrated
high efficiency in mixing liquid-solid systems. The optimal blade inclination angle
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of 45° ensures uniform flow distribution and prevents solid particles from settling
in the bottom zone. Under the specified operating conditions — drive power of 3.2
kW and rotational speeds of 60 and 90 rpm — the impeller can be powered by
conventional energy sources such as the vehicle-mounted power system or a battery
unit, which makes the design both energy-efficient and technologically adaptable.

The developed calculation and modeling methodology, implemented using the
APM Flow and APM FEM modules within the KOMPAS-3D environment, as well
as subsequent tribotechnical analysis in MSC Marc, proved to be fully effective. It
enabled the identification of hydrodynamic load distributions and zones of potential
particle friction against the blade surfaces. The nature of the contact interactions on
the working surfaces is comparable to the abrasive wear processes observed on
the cutting edges of metal-cutting tools. This confirms the feasibility of applying a
tribotechnical approach in the design and optimization of such equipment.

Future work is planned to expand the range of investigated power levels from
3.2 to 15 kW and rotational speeds from 95 to 750 rpm, as well as to analyze the
behavior of solid particles in the flow for various suspension types and impeller
geometries. The obtained results will be used to refine the criteria for wear resistance
and energy efficiency of the working elements in apparatuses used in geological,
technical, and metalworking processes.
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