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Pe3tome

Lenb. SkerniepumeHmansHo ucciedosame CKOPOCMb U yCKOPeHUe Kanesib 800bl, 8Criibisalowux 6 obbeme MagHUM-
Hou xudkocmu nod delicmeuem HEOOHOPOOHO20 MazHUMHO20 10/, co30agaemMo20 KOMOUHUpo8aHHOU cucmemol
MaeHUmos, sKroYarowel Konbueeol NoCcmosiHHbIU MagHUM, NoMeuw,eHHbIlU Ha conieHoud.

MemoOdhbi. SkcrniepumeHmbI POBOOUSIUCL Ha ycmaHoeke, paspabomaHHol asmopamu. C6op OaHHbIX ocywecms-
NIAMCA € MpuMeHeHUeM cmaHOapmHo20 u3MepumeribHoeo obopydoeaHus. BenuyuHa HanpsxxeHHOCMU MagHUMmHoeo
rons peaucmpuposanack ¢ noMouwbio mecnamempa TI1Y-01, ocHaujeHHo20 npeobpa3osamenem Xosna, obecrnequ-
8aKOWUM BbICOKYIO MOYHOCMb U3MepeHul. Toronoausi MagHUmHo20 rosis bblria cModennuposaHa YUCIIeHHO C UCMOIb-
308aHUEM nakema KOHeYHbIx anemeHmos FEMM, uHmezpuposaHHO20 6 uHmepakmuesHyto cpedy MathLab. [JaHHas
npozpammHasi nnamegopma bbina ucronb3osaHa 0715 pacyema, rocnedyroueli obpabomku u eudyanusayuu pacrpe-
derneHuUsi MaegHUMHO20 o, co3dasaemMo20 KOMBUHUposaHHOU cucmemol maeHumos. Obpabomka u3zobpaxeHul
O8UXYUWUXCS HEMA2HUMHbIX 8KITHOYEHUU 8bIMOJIHAIaCchk C MOMOWbLIO Crieyuanu3upo8aHHo20 npoepaMmmHo20 obecrie-
YyeHus, paspabomaHHo2o asmopamu & npozpamme NI LabVIEW. Teopemuuyeckass uHmepripemauyusi 3KCrepumMeH-
maribHbIX OaHHbIX OCHO8bI8aIaCh Ha MOIOXKEHUsIX PU3UKU KOHOeHCUPOB8aHHO20 COCMOSIHUS.

Pe3ynbmambl. B x00e akcriepumMeHmo8 6biniu roslyYeHbl 3a8ucuMocmu KOOpOUHambl, CKOpocmu, yCcKopeHusi ouc-
MEePCHbIX CUCMeM Ha OCHO8e MacHUMHOU XUOKocmu U 8006 om rnapamempos HeoOHOPOOHO20 MagHUMHOZ0 07,
cosfasaemMoz20 KOMbUHUposaHHOU cucmemol mazHUmMos. KomnsromepHoe modenuposgaHue 8 FEMM ro3eonurno oue-
HUMb MOIoSI02U0 Ma2HUMHORZ0 110115, 8030elicmeayou,e2o Ha Karnnu o0kl 8 06béMe MagHUMHOU XudKkocmu, U corno-
cmasumb pacyemHbie 0aHHbIe C 3KCriepuMeHmarnbHbIMU. YCmaHo8IeHo, Ymo 3KCriepuMeHmaribHbie U meopemuye-
CKue pe3ynbmambi XOPOWO CO2/1acyrmcs.

Bb1800. [lonyqeHHble pe3ynbmambi 0eMOHCMPUPYIOM NPUHUUNUAIbHYH 803MOXHOCMb yrpaeneHusi GuHamMukol
Ma2HUMOXUOKOCMHbLIX cped ¢ MOMOWbIo0 HEOOHOPOOHO20 MagHUMHO20 Morisi, co3dasaeMoao KOMOUHUPO8aHHOU cu-
cmemoli Ma2HUmos. dmo omkpbieaem fiepcriekmuebi 0551 co30aHusi peayrnupyembix 003amopos U cucmem nosyye-
HUSI aKmUBHbIX Kanerb.

Knroyeenble cnoea: MmazHUMHbIE XUOKOCMU; aUCI'IepCHbIe cpedb/; HeO@HOpO@HOG MacHUmMHoe riorsne; KOM6UHU,0068H-
Has cucmema MmacHUMmoas.

KoHgbnnukm unmepecoes: Aemopbl deknapupyom omcymcmeue si8HbIX U MOMeHYuasbHbIX KOHGIUKMOo8 uHmepe-
co8, cesi3aHHbIX ¢ nMybnukayuel Hacmosiueld cmambu.
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Investigation of the dynamic characteristics of water droplets moving
in the volume of a magnetic fluid
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Abstract

Purpose. To experimentally investigate the velocity and acceleration of water droplets rising in a volume of magnetic
fluid under the influence of a non-uniform magnetic field generated by a combined magnet system, which includes a
ring permanent magnet placed on top of a solenoid.

Methods. The experiments were conducted using a setup developed by the authors. Data collection was carried out
employing standard measuring equipment. The magnetic field strength was recorded using a TPU-01 teslameter
equipped with a Hall probe, which ensures high measurement accuracy. The magnetic field topology was numerically
simulated using the FEMM finite element package integrated into the interactive MathLab environment. This software
platform was utilized for the calculation, subsequent processing, and visualization of the magnetic field distribution
generated by the combined magnet system. Image processing of the moving non-magnetic inclusions was performed
using specialized software developed by the authors in the NI LabVIEW environment. The theoretical interpretation of
the experimental data was based on the principles of condensed matter physics.

Results. During the experiments, the dependences of the coordinate, velocity, and acceleration of disperse systems
based on magnetic fluid and water on the parameters of the non-uniform magnetic field generated by the combined
magnet system were obtained. Computer simulation in FEMM made it possible to evaluate the field topology affecting
water droplets in the bulk of the magnetic fluid and to compare the calculated data with experimental results. It was
found that the experimental and theoretical results are in good agreement.

Conclusion. The obtained results demonstrate the fundamental possibility of controlling the dynamics of magnetic fluid
media using the non-uniform magnetic field generated by the combined magnet system. This paves the way for the
development of adjustable dispensers and systems for generating active droplets.
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*kk

BeeaeHue IIUX TEKYYECTb U CUIBHYIO MarHUTHYIO BOC-
MPUUMYUBOCTH [1]. DTO CBONCTBO OTKpHIBAET
LIAPOKHUE BO3MOKHOCTH I YIIPABJIICHUS UX
MOBE/ICHUEM W JTUHAMHUKON JHCIIEPTUPOBAH-
HBIX B HUX (a3 C TOMOIIIBIO BHEITHIX MarHUT-

Marnutssle xunkoctu (MX), unm dep-
POXKUIKOCTH, IPEACTABIISIOT CO00I YHUKAIIb-
HBIM KJacC «yMHBIX» MaTepHalioB, COYETAI0-
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HeIX nosei (MII) [2]. B wactHOCTH, HEOTHO-
ponsbie MII 1mo3BOJISAIOT BO3AEHCTBOBATH HA
HEMAarHUTHbIE BKJIIOYEHHUS (ITy3BIPbKU WM
KaIlTu IPYrou )KUIKOCTH) B oobeMe MK, ko-
TOpbIE MOTYT HCHOJb30BaThCS Il TOYHOU
TPAHCIIOPTUPOBKU [3] ¥ ynpaBlICHUS ABUXKE-
HUEM TaKUX BKIIIOUEHUH [4].

HccnenoBanne AMHAMHUKY Kareb B Mar-
HUTHBIX >KHJIKOCTSAX MMeeT (pyHIaMeHTasb-
HOE U MpuKiIagHoe 3HayeHue. C oHOU CTO-
POHBI, OHO YTJIyOJIsieT TOHUMaHue TUAPOAU-
HAMUKA MHOTOKOMIIOHEHTHBIX MarHUTHBIX
cUCTeM U (PU3UKH KOHJCHCHPOBAHHOTO CO-
crosiaus [S]. C qpyroi CTOpOHBI, pE3yJIbTaThl
TaKUX paboT SBISIOTCS OCHOBOM ISl paspa-
OOTKH TIEPCIIEKTUBHBIX TEXHOJOTUH B MUK-
podaronuke, OUOMEIUITMHE U XUMHUYECKOM
TEXHOJIOTHH: IPOTPAMMHUPYEMBIX J103aTOPOB,
MUKPOMHKCEPOB, CHCTEM aJpecHOil Jo-
CTaBKM BemiecTB [6] W cuHTE3a (PyHKIHO-
HaJIbHBIX MaTepUaioB B popme Karensb [7].

XoTs o01iye IpUHIUIIBI JIEBUTAIUU He-
MarHuTHeIX Tel B MJK u3BeCTHBI, KOJIHYE-
CTBEHHOE OMHUCAHUE U MPOrHO3UPOBAHHUE HX
JTUHAMHYECKUX XapaKTEPUCTHK CKOPOCTH M
YCKOpPEHHUsI B 3aBHUCHUMOCTHU OT MapamMeTpoOB
HEOJHOPOJHOI0 MarHUTHOTO TOJI OCTAIOTCA
aKTyaJIbHOM 3agauveil [8]. BoabIIMHCTBO HC-
CJI€IOBAHMI TMOCBSIIEHO CTAllMOHAPHOMY
MOJIO’KEHUIO PaBHOBECHS BKIIIOUEHUI, TOrAa
KaK aHaJIu3 MepeXx0JHbIX MPOIECCOB UX JBU-
JKEHUs HU3y4YeH B MeHblIel creneHu [9].
Kpome Toro, mis co3gaHusi HEOIHOPOAHBIX
MarHUTHBIX MOJIEH MEPCIIEKTUBHO UCIIOIB30-
BaHWE KOMOMHHPOBAHHBIX HWCTOYHHUKOB,
HaIpUMep, COUYETAIOUINX TOCTOSHHbIE Mar-
HUTBI U DJIEKTPOMArHUTHI (COJICHOUIBI), UTO
MO3BOJISIET JUHAMHYECKA MEHSTH KOH(UTY-
paluio MoJjs B HUPOKOM auanasone [9; 10].

MaTepMaﬂbI n MetToabl

Jl1s IpoBeICHN S SKCIIEPUMEHTOB I10 UC-
CIIENOBAaHUIO JUHAMHUKU Kareiab Boasl B MK
Obuta paspaboTaHa ycTaHOBKa. JleTanmpHas
cXxema ¢ 0TOOpakeHHEM BCEX OCHOBHBIX KOM-
IIOHEHTOB, BXOJAIIUX B €€ COCTaB, IIPECTaB-
JIeHa Ha pUCYHKeE 1.

Ilepen wHawamoMm wu3MepeHuil oOpaszeln
MarHUTHON KHUJKOCTH TPHUBOIWIA K OJHO-
POJITHOMY COCTOSIHUIO C ITOMOIIBIO0 BUOpALIU-
OHHOTO TEepEeMEIINBAIOIIEr0  yCTPOWCTBa
VortexV-3 npu wyacrore Bpamenus 3000
00/MuH. JMCTUIIMPOBaHHYIO BOIYy HaOH-
paJii B MIMPUIL, KOTOPBIN 3aTEM MOIKITIOYATN
K CUJIMKOHOBOW TpYyOKe C BHYTPCHHHM JHa-
METpOM | MM, COEIMHEHHOM C KaHaJIOM. DKC-
MepuMeHTaabHas siaeiika 1 Oblla M3roToB-
JIeHa B BHJIE IIJIOCKOTO CTEKJIIHHOTO KaHaja:
JIB€ CTEKJISIHHbIE IUIACTUHBI CKJICUBAJINChH
JBYXKOMIIOHEHTHOW 3MOKCUIHOM CMOJIOH €
dhopMHUpOBaHKEM 3a30pa IMIUPUHONW POBHO 2
MM. 3aloJHEHHEe MAarHUTHOW IKUAKOCTBHIO
BEJIM C TOPIA, YTO TAPAHTHPOBAIO COXpaHe-
HUE TTPO3PAYHOCTH GPOHTATIHLHOMN M THIJIOBOM
nosepxHocren. Ilocie 3amonHeHus A4eHKy
JIera3upoBaJId B BaKYyMHOM Kamepe, yIauss
My3BIPBKHA BO3JIyXa M3 pabodero oobema, H
3aTeM yCTaHABIMBAIU CTPOTO BEPTHKAIBHO,
(buKcHupys KpernexoM U3 HEeMarHUTHBIX MaTe-
puanioB. Jlyis reHepanuu MAarHUTHOTO TOJS
MPUMEHSIACh KOMOMHHUPOBAHHAs CHCTEMa
MarauToB (KCM). B e€ cocTaB BXoamIT KOJTb-
ueBoi nocrosiHubli Maruut (KIIM) 2, umeto-
it ocodyro Tomonoruto [11], pasmemnien-
HbIH MOBEpX cojeHouaa 3. Pukcanus mar-
HUTA OCYIIECTBIISIIACH JIBYCTOPOHHHM CKOT-
YeM JIJISl UCKIIIOUEHUS CIBUTOB B XO/I€ U3Me-
pEHUI, IpU ATOM MarHUT U COJICHOUJ BBI-
CTaBJSUIMCh COOCHO. JlaHHBIA y3en ycra-
HOBKU MOJKIIOYaiCs K OJIOKy muTanus 4,
MO3BOJISIFOIIEMY PEryJIUpOBaTh HampsKEH-
HOCTb TOJISI ITyTEM M3MEHEHUS! CHIIBI TOKA B
ooMoTtke cosenouaa ot 0 go 2,7 A. Ilogaua
BOJIBI B KaHaJ MTPOU3BOIUIIACH YePE3 CUITUKO-
HOBYIO TPYOKY, COETUHEHHYIO C IIITPULIEBBIM
HacocoM 5. J{ist moacBeTkH paboueit ooactu
WCIIOJIb30BAJICSl  YIPABISEMBIA CBETOIHO/I-
HbIA UCTOYHUK 6. Peructpamus mporeccon
BBITIONTHSTACH BBICOKOCKOPOCTHOM Kamepoit
7 (Nikon 1), moakIrO4eHHOW K MEpPCOHAIb-
HOMYy KommbioTepy 8. OOpaboTka 3KcrepH-
MEHTAJIbHBIX BUJCOJIAHHBIX BBIMOJHSIACH B
nporpammHoii cpene National Instruments
LabView. C sTo#i 1ienpr0 ObLI 3a1€HCTBOBAH
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CIECLMAIN3UPOBAHHBINA KOMIUIEKC IIPOTrPaMM,
CO3JaHHBIM aBTOPaMH, KOTOPBIN UCIIOJIb3YET
COBPEMEHHBIE AJITOPUTMbI MAalIMHHOIO 3pe-
HUS JUIs QaHAJIN3a N300paKeHHit'.

B xadecTBe MarHuTHOM (ha3bl HCIIOIB30-
Basicsi oOpaszenr M)XK Ha OCHOBe KepocHHaA C

.
v—

4
\ 2

| -

L

IJIOTHOCTBIO p = 936 Kr/M°, KOHIIEHTpalHuei
MarHuTHOM (a3sl @ = 3,63 %, HaMarHu4eH-
HOCTBIO M;=12,5kA/M U BI3KOCTBIO
n=2,45 mlla-c.

Puc. 1. Cxema ycTaHOBKM 4118 UCCNeQoBaHNs AMHAMUKM kanenb Bogdbl B MXK: 1 — Nnockuii CTeKNAHHLIN KaHarm;
2 — KOMbLEBOW MarHuT; 3 — coneHoug; 4 — UICTOYHMK NUTaHUS; 5 — WNPULEBOI HAcoc; 6 — OCBETUTEND;

7 — BbICOKOCKOPOCTHasi kKamepa; 8 — KoMNbloTep

Fig. 1. Schematic diagram of the setup for studying the dynamics of water droplets in MF: 1 — planar glass
channel; 2 — ring magnet; 3 — solenoid; 4 — power supply; 5 — syringe pump; 6 — illuminator; 7 — high-

speed camera; 8 — computer

'TIporpamMma 11 MCCIIEIOBaHMS JMHAMUKI
ra30’KUAKOCTHBIX CHCTEM B TUIOCKOM KaHaje:
CBUJIETEIILCTBO O FOCYIAPCTBEHHOW PETUCTPAIIU
nporpammel st O9BM Ne 2019663759 Poc-

cuiickas Penepauus / Psamonos I1. A., Coko-
noB E. A., Kamoxnas J[. A., BacunseBa A. O.
No 2019662610 ;3asBm. 16.10.2019; omy6m.
23.10.2019, bron. Ne 1.
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PesynbTaTtbl  ux obcyxxaeHue CKHe nnapaMeTpsl MarautHoro nosst KCM. Ipu-

M M UPOBAHUS MArHUTHOI'O II KCM
OKCMEPUMEHTAIBHO U C MOMOIIBIO MO- €p MoAeIposa a oro monda KC

MIPEICTaBIECH Ha PUCYHKE 2.
IEIUPOBaHUSA B [POTPAMMHOM  ITAKETE

FEMM [12], Obun uccnemoBaHbl (u3mye-

: 6.424e+004
: 4.818e+004
1.606e+004 : 3.212e+004
<8.323e-002 : 1.606e+004
Density Plot: [H|, A/m

Density Plot: |H|, A/m

Puc. 2. Mogenuposanue B FEMM HanpspkeHHocTn MI, cosgaBaemoro KCM: a—1=0A; 6 - 1=2,7 A;
1 — obnacTb coneHouaa; 2 — obnactb KIMNM; 3 — pacyeTHas obnacTb

Fig. 2. FEMM modeling of the MF voltage generated by the CMS: a—1=0A; 6 —1=2.7 A; 1 — the solenoid
area; 2 — the RPM area; 3 — the calculated area

OceBoe pacnpenencHue MarHUTHOTO JIEMOHCTPUPYIOLIUE XapaKTep HN3MEHEHUs

1oJIsi KOMOMHUPOBAHHOTO UCTOYHHKA HCCIIe-
JIOBAJIOCh JKCIIEPUMEHTAIBHO IIyTEM Iepe-
Menienus myna tecaametpa TITY-01 Brons
BepTuKanbHOW ocu. Illar mepememenus 3a-
JaBajics MOJBEMHBIM MEXaHM3MOM, OTCYET
KoopauHatsl Bencs oT uentpa KIIM B nuntep-
Basie 10 30 MM. 3aperucTpupoBaHHbIE 3HAYE-
HUS COIIOCTABJIEHBI C PE3YJIbTaTaMU YU CIIEH-
HOTO MOJIEJIUPOBAHUS, BBIIOJHEHHOTO IS
pa3IMYHBIX 3HAYEHUH CHIIBI TOKa B 0OMOTKE
coneHonna. CooTBeTcTByIOIME TpaduKH,

' UBanos U. C. TuapoauHamMuKa KaneabHbIX
arperaToB U HEMAarHUTHBIX TEJ, IOTPY>KEHHBIX B

MII npu M3MEHEHUM CUIIBI TOKA Ha OCHOBE
AKCIEPUMEHTAIbHBIX U3MEPEHUN U pacyer-
HBIX JaHHBIX, IPEJICTABICHbI HA PUCYHKE 3.

AHau3 Moy4eHHbIX 3aBUCUMOCTEH M0~
Ka3bIBAET, YTO C POCTOM CHIIBI TOKa 00JacTh
IepexoJja MarHuTHOTO TOJISI Yepe3 HOJIb 3a-
KOHOMEpHO CJBHUTaeTcs B CTOpoHy. Bcnen-
CTBHE 3TOT'0 HAOJIFOIaeTCs COKpaIIeHNnEe 00b-
éMa HeMarHUTHOH (a3l BHyTpH MXK!, uToO
OTKPBIBAET BO3MOKHOCTH BJIMSThH Ha TIOBEIE-
HUE TaKuX BKItOYeHUH [13].

MarHUTHYIO XKHJIKOCTb : JHUC. ... J-pa (H3.-MaT.
Hayk. [lepms, 2023. 282 c.
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Puc. 3. MogenvpoBaHue 1 sKkcnepuMeHTarnbHble AaHHble HanpshkeHHocTn MI ot pacctosiHua go KCM

Fig. 3. Modeling and experimental data of the MF tension from the distance to the CMS
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B xauectBe HUCXOOJHBIX NJAHHBIX dJIA I10-
CJICAYIOIICTO BBIYUCICHUA KOOpAWUHAT U
YCKOPCHHA HCMArnuTHBIX O6’beKTOB npu-
HATBI CICAYIOINHUEC 3HAYCHUA HaprI)KéHHO-
ctu: 41,9 kA/M (pu OTCYTCTBHH TOKA B CO-
nenoune), 44,9 kA/m (mpu Toke 0,9 A),

48,2 kA/™m (mipu Toke 1,8 A)u 51,2 kA/™m (ipu
Toke 2,7 A).

YKkazaHHbIE BEJIUYHHBI, COOTBETCTBYIO-
e uHTepBaity paccrosHuil ot 20 1o 30 mm
OT MTOBEPXHOCTU KOMOMHUPOBAHHOI'O UCTOY-
HUKa, CHCTEMAaTU3UPOBaHbI B Tabuuue 1.

Tabnuua 1. CBogHblE AaHHbIE 3HAYEHUI HanpskeHHoCTM MIT OT 3Ha4YeHMs1 Cunbl TOKa Ha coneHomae

Table 1. Summary data of the MF voltage values from the current value at the solenoid

LA 0

0,9

1,8 2,7

H, xA/m 41,9

44,9

48,2 51,2

Panee nunamuka rpaHuilbl pasnena ¢as
«MX — Boga» B HeonHOopoaHoM MII, co3na-
BaeMoM KCM, paccmarpuBanaceh B pado-
Te [14].

[Iepecuer koOpAMHAT W3 NHUKCEIBHOMN
CHUCTEMbl B MUJUIUMETPbI MPOU3BOAUIICSA Ha
OCHOBE KaJMOpPOBKHM MaciiTaba u3o0pake-
HUs, & BDEMEHHBIC HHTEPBaJIbl YCTAaHABINBA-
JUCh TI0 HOMEPAM KaJpoB Buaeopsana. M3-3a
MaJioro pasmepa HalOJI01aeMbIX HEMarHuT-
HBIX BKJIIOUEHUN M ONTHUYECKOM HENpo3pad-
HOCTHM MAarHUTHOM >KUJIKOCTU NMPOBECTU W3-
MEpEHUsT NOpU  HANPSHDKEHHOCTH  TOJIA
51,2 kA/M (4TO COOTBETCTBYET 3HAUYCHHIO
CUJIBI TOKa 2,7 A Ha COJICHOW]E) HE Tpe-
CTaBJSETCA BO3MOXHBIM B HCIOJb3yEMOM
kaHasie. OJHaKoO JaHHOE OrpaHUYEHUE
MO>KHO MPEOI0JIETh, UCTIOIb3Ys KaHAI MEHb-
nieit TonmuHsl. Ho rmomy4yeHHble pe3ynbTaThl
HENb3sl OyJIET COMOCTaBUTh C MMEIOIIMMHUCS
U3MEPECHUSIMU.

Ha xamito BoabI A€MCTBYET pe3yabTUPY-
omas cuna Fpes3, kotopas onpenensercs ¢
MTOMOILIbIO BBIPAKEHUS:

Fo=E+F-F,~F,
)

rae Fn — marautHas cuna; FA — cuina Apxu-
Mena; Frp — cuia Bsiskoro tpenus; Frsox —
CHUJIA TSKECTH.

DOKCnepUMEHTalNbHbIE JaHHbIE, MOIY-
yeHHble B cpene LabView, mocmyxunu ocHo-
BOM JUIsl IOCTPOCHUS 3aBUCUMOCTEN nepeme-

IIeHMs] Karuid Bojbl OT BpeMeHu. CooTBeT-
CTBYIOIIME T'paUKU MpEICTaBICHb Ha PH-
cynke 4 [15]. Ha rpaduke coBOKynmHOCTB TO-
Y€K, CTPYNIIUPOBAHHBIX 10 TUIIAaM MapKepOB,
OTpaXaC€T TPAaCKTOPHUHN OTACIbHBIX BCILIbIBA-
omux Kamnenas. Hauano oTcuera koopauHar
COOTBETCTBOBAJIO IMOJIOKEHHUIO MTOBEPXHOCTH
KOJIBIIEBOT'O MOCTOSIHHOTO MarHuTa.

[lepecuer KOOpAMHAT B MHJITUMETPHI
OTIpeAEIISIIN 1O MUKCENsIM, a BpeMs — 10 HO-
MepaM KaJIpoB.

I[aHHBIe 3aBUCUMOCTH MOT'YT GBITB HH-
TEPIPETUPOBAHBI C TIOMOIIBIO (POPMYJIBI

x(t) = xo + vytl —exp(—t/1)], (2)

rne Xo U Vo — HAdalbHOE IIOJIOKEHUE H
HayalbHash CKOPOCTh Karuid (HadalbHOE
YCKOpEHHE HEMOCPEACTBEHHO CIEAYeT U3
OTHX MapaMeTpoB Kak ag = (—vy/T), T —
BpeMs 3aMeJICHUs ABUKCHUS Karlin).

O6paboTka JTaHHBIX, TOJYYCHHBIX MPH
aHaJIM3€e BUJICO3AMKICe MPOIecca BCILTBITHS
Karemb BOJbI (MOMEHT OTPBIBA KOTOPBIX OBLT
OJIMHAKOBBIM I BCEX pPacCMaTPUBAEMBIX
CIIy4aeB), MPOBOAMIIACH C HCIOJIb30BAHHEM
BcTpoeHHOW ¢GyHkumn MATLAB "nlinfit".
JanHass (yHKIOUS peanu3yeT HEeTMHEHHBIN
METOJl HAaUMEHBIIMX KBaJIpaToB, OCHOBaH-
HBId Ha anroputMme JleBeHOepra — Mapk-
BapjaTa. ITOroBbie YNCIICHHBIE 3HAYCHHUS, T10-
JTydeHHBbIE B pe3yJbTaTe anmpoKCUMAIIWH,
MpeiCTaBjIeHbI B Ta0IHIIE 2.
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Puc. 4. Npadvkn 3aBUCMMOCTEN KOOPAMHATLI ABWKEHMS Kannuv oT BpemeHu: a — npu H = 41,9 kA/wm;
6 —npn H = 44,9 kA/m; B — npu H = 48,2 kKA/m

Fig. 4. Graphs of the dependences of the drop motion coordinate on time: a — at H = 41,9 kA/m;
0 —at H=44,9 kA/m; c —at H=48,2 KA/m

Tabnuua 2. NapameTpbl ypaBHeHus (1)

Table 2. Parameters of equation (1)

[TapameTpsl H=419 kA/Mm H=449 kA/m H=482 xkA/m
Xo, MM 32,8 33,2 32,5
Vo, MM/C 92,7 101,5 105,2
T,C 0,42 0,40 0,42
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C wucCnonap30BaHUEM HKCIEPUMEHTAIb-
HBIX JIaHHBIX, CBEICHHBIX B TAOIHILYy 2, ObUTH
MOJTYYEHbI BPEMEHHBIE 3aBUCUMOCTH CKOPO-
CTU M YCKOPEHHMS BCIUIBIBAIOILIECH B MarHUT-

110 v, MM/C
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HOM XKUAKOCTH BomstHOM Karmin. CooTBeT-
CTByIOUIME I'padUKU I PAa3TUYHBIX YPOB-
HEeW HaANpPsHDKEHHOCTH MArHUTHOTO — TIOJIA
IIPE/ICTaBJIEHbl HA PUCYHKaX 5 U 6.

f,c
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Puc. 5. 3aBMcnmocTy CKOpOCTU Kannm BoAbl OT BPEMEHU OIS pa3HbIX HanpsikeHHocTen MI:
a—H=419«kA/m; 6 — H=44,9 kA/m; B — H = 48,2 KA/m

Fig. 5. Dependences of the velocity of a water drop on time for different MF voltages: a — H = 41,9 kA/wm;

06— H=44,9 kA/m; B— H=48,2 KA/Mm

[IpencraBieHHbIE HA PUCYHKE 5 KpUBBIE
OTPAXKAIOT XapaKTep H3MEHEHUs CKOPOCTH
KaIlJId BO BPEMEHU U OIHUCHIBAIOTCS 3aBUCH-
MOCTBIO CIEAYIOLIETO BUAA:

v(t) = vyexp (— E) (3)

YuciieHHbIC 3HAYCHUS TTapaMETPOB Vy U
T, COOTBETCTBYIOIINE PA3TUYHBIM HAIIPSIKEH-
HOCTSIM MAarHUTHOT'O T10JIsI, B3ATHI U3 JaHHBIX,
CHUCTEMAaTHU3UPOBAHHBIX B TaONHUIIE 2.
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Puc. 6. 3aBucumocTb YCKOpPEHUA Kannn BoAbl OT BpeMeHU ANnA pa3HbIX 3HaYeHun HaMNpA>XeHHOCTU MI:

H =419 kA/m;

H =449 kA/wm;

H = 48,2 kKA/m

Fig. 6. Dependence of the acceleration of a water drop on time for different values of the MF voltage:

______ H=41.9 kAlw;

Kak cnenyer u3 rpadukoB, MpHUBEICH-
HBIX Ha PUCYHKE 6, YCKOpEHUE KaIlJIl BOJIbI
IIPY €€ BCIUIBITUN B MarHUTHOM KUAKOCTH C
TEYEHHEM BPEMEHH MOHOTOHHO YOBIBAeT,
npUOINKAsICh K HYJIEBOMY 3HAYCHHUIO.

BbiBOoAbI

B xome BeImosHEHUs pabOThI dKCIIEPH-
MCHTAJIbHO yCTaHOBHGHBI KOJIMYCCTBCHHBIC
XapaKTEPUCTUKHA CKOPOCTH U YCKOPEHHMSI Ka-
II€Jb BOABI, IOAHUMAIOIINXCA B Mar HHTHOfI
XKUJKOCTH, B 3aBUCUMOCTH OT HaIPSHKEHHO-
CTHU HGO,Z[HOpOI[HOFO MAarHuTHOroO I110Jjisd, Co-
31aBa€MOr0 KOMOWHHUPOBAHHOW CHCTEMOM
MAar"HuToB. 9KCHepI/IM€HTaﬂbHBIe JaHHBIC,

IMOJIYUYCHHBIC C TIOMOIIIBIO OpHFHHaHBHOﬁ M¢E-

H =449 kA/w;

H=48.2 kA/m

TOJUKUA U TNPOrPaMMHO-AMNapaTHOrO KOM-
IUIEKCa, XOPOILO COrJacyloTCsi ¢ pe3yibTa-
TaMH YHUCJIEHHOTO MOJICIMPOBAHMS B MAKETE
FEMM. Iloka3aHo, 4TO H3MEHEHHE CHIIBI
TOKa B COJICHOUJE IO3BOJISIET A(PPEKTUBHO
yIpaBIATh JUHAMUKON HEMarHUTHBIX BKIIIO-
YEeHUH, U3MEHSASA UX CKOPOCTh M YCKOPEHHE.
[TomyuyeHHble pe3ynbTaThl MOATBEP-
KTAIOT BO3MOKHOCTH YIPABJICHHUS JIBUXKE-
HUEM JUCIEPCHBIX (a3 B MarHUTOXKHUIKOCT-
HBIX Cpe/ax C IMOMOIIBIO BHEIIHETO HEOIHO-
POJHOIO MarHUTHOTO MOJsI. DTO OTKPHIBAET
NEPCHEKTUBBI IS Pa3pabOTKU HOBBIX TEXHO-
JIOTH, OCHOBAaHHBIX Ha KOHTPOJIHUPYEMOM
JIO3UPOBAHUU U CHHTE3€ Kallelb, TAKUX Kak
IpOTrpaMMHUpPYEMBIE  J103aTOPBI,
pHUH-Ha-YUIe U MUKPOMHKCEPBHI.

naboparo-

Cnucok nutepaTtypbl

1. Magnetic fluids: the interaction between the microstructure, macroscopic properties, and dynamics
under different combinations of external influences / P. Ryapolov, A. Vasilyeva, D. Kalyuzhnaya,
A. Churaev, E. Sokolov, E. Shel’deshova // Nanomaterials. 2024. Vol. 14, no. 2. P. 222, https://doi.org/

10.3390/nan014020222.

2. Lee C.P,, LanT. S., Lai M. F. Fabrication of two-dimensional ferrofluid microdroplet lattices in a
microfluidic channel // Journal of Applied Physics. 2014. Vol. 115, no. 17. https://doi.org/10.1063/1.

4867964.

MsBectus KOro-3anagHoro rocygapcteeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonormum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2026;16(1):114-126



124 duamka / Physics

3. Hejazian M., Phan D. T., Nguyen N. T. Mass transport improvement in microscale using diluted
ferrofluid and a non-uniform magnetic field / RSC advances. 2016. Vol. 6, no. 67. P. 62439-62444.
https://doi.org/10.1039/C6RA11703A.

4. Bohara R. A., Thorat N. D., Pawar S. H. Role of functionalization: Strategies to explore potential
nano-bio applications of magnetic nanoparticles // RSC advances. 2016. Vol. 6, no. 50. P. 43989-44012.
https://doi.org/10.1039/C6RA02129H.

5. Capture of a moving ferrofluid droplet in a minichannel with a nonuniform magnetic field / Y. He,
C. Huang, J. Liu, X. Yang, F. Jiao // Chemical Engineering Science. 2025. Vol. 319. P. 122314,
https://doi.org/10.1016/j.ces.2025.122314.

6. Asfer M., Saroj S. K., Panigrahi P. K. Retention of ferrofluid aggregates at the target site during
magnetic drug targeting //Journal of Magnetism and Magnetic Materials. 2017. Vol. 436. P. 47-56.
https://doi.org/10.1016/j.jmmm.2017.04.020.

7. Iron oxide nanoparticles for magnetically-guided and magnetically-responsive drug delivery /
J. Estelrich, E. Escribano, J. Queralt, M. A. Busquets // International journal of molecular sciences. 2015.
Vol. 16, no. 4. P. 8070-8101. https://doi.org/10.3390/ijms16048070.

8. Momynuu B. M., Mso M. T., boes M. JI. HoBsIif MeTOT HicCTIeJOBaHMsI, OCHOBAHHEIN Ha MCIIONb-
30BaHMU dPPeKTa MarHUTHOW JIeBHTAIMU // YIBTPa3ByK M TEPMOJUHAMUYECKUE CBOMCTBA BEIECTBA.
2012. Ne 38. C. 77-82.

9. Psamoinos I1. A., CokosoB E. A., Kanroxknas []. A. Biausaue koHGUTypaluy MarHUTHOTO TIOJIS Ha
OTpPBIB ra30BBIX My3bIPHKOB B MArHUTHOM skuaKkocTH // M3Bectus Poccuiickoit akamemuu Hayk. Cepust du-
suueckast. 2023. T. 87, Ne 3. C. 348-352. https://doi.org/10.3103/s106287382 270112x.

10. JIunamuyeckoe MOBeICHIE Ta30BbIX MTy3bIPEKOB ¥ KaIlellb B MATHUTHON JKUIAKOCTH B MUKPOKHUJI-
KOCTHBIX YHIIAX Pa3IMYHON KOH(HTypanuu B HeomHOpoAaHOM MmarHuTHOM mone / JI. A. KamoxkHas,
E. A. Cokonog, A. O. Bacunbera, U. 0. Cyrapuna, E. B. lllensaeriosa, I1. A. Psanonos // M3sectust FOro-
3anagHoro rocymapctBeHHoro yauepcurera. Cepust: Texuuka u texnonorun. 2022. T. 12, Ne 4, C. 152-
167. https://doi.org/10.21869/2223-1528-2022-12-4-152-167.

11. Ryapolov P. A., Sokolov E. A., Postnikov E. B. Behavior of a gas bubble separating from a cavity
formed in magnetic fluid in an inhomogeneous magnetic field // Journal of Magnetism and Magnetic Ma-
terials. 2022. Vol. 549. P. 169067.

12. Kamal H. A., Salloom M. Y. Evaluation of FEMM software for magnetic analysis of the magne-
torheological application // AIP Conference Proceedings. 2022. Vol. 2415, no. 1. P. 060021.
https://doi.org/10.1063/5.0092911.

13. Ivanov A. S., Pshenichnikov A. F. Magnetostatic buoyancy force acting on a non-magnetic sphere
immersed in a ferrofluid magnetized by a gradient field // Journal of Magnetism and Magnetic Materials.
2023. Vol. 565. P. 170294.

14. Sokolov E. A., Kalyuzhnaya D. A., Ryapolov P. A. Behavior of bubbles and droplets in magnetic
fluid: comparison of experiment and modeling // Proceedings of the 2025 Conference of Young Resear-
chers in Electrical and Electronic Engineering (2025 ElCon). St. Petersburg: Saint Petersburg Electrotech-
nical University “LETI”, 2025. P. 1214-1217.

15. Coxonos E. A., Psanonos I1. A. [ToBeaeHue AUCTIEPCHBIX Cpell HA MATHUTOXUAKOCTHON OCHOBE B
HEOTHOPOIHBIX MarHUTHBIX 1oJisix // M3Bectus FOro-3amagHoro rocy rapcTBeHHOTO yHUBepcuTera. Cepust:
Texnuka u texuonoruu. 2025. T. 15, Ne 1. C. 177-193. https://doi.org/10.21869/2223-1528-2025-15-1-
177-193.

References

1. Ryapolov P., Vasilyeva A., Kalyuzhnaya D., Churaev A., Sokolov E., Shel’deshova E. Magnetic
fluids: the interaction between the microstructure, macroscopic properties, and dynamics under different
combinations of external influences. Nanomaterials. 2024;14(2):222. https://doi.org/10.3390/nano 14020222.

W3secTus FOro-3anagHoro rocygapcTBeHHoro yHusepcuteTa. Cepust: TexHuka n TexHonormm /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2026;16(1):114-126



Coxkornos E. A., KantoxHas [. A., lupses O. N. n gp. VccnepoBaHve AMHaAMUYECKUX XapaKTepPUCTUK. .. 125

2. Lee C.P., Lan T.S., Lai M.F. Fabrication of two-dimensional ferrofluid microdroplet lattices in a
microfluidic channel. Journal of Applied Physics. 2014;115(17). https://doi.org/10.1063/1. 4867964.

3. Hejazian M., Phan D.T., Nguyen N.T. Mass transport improvement in microscale using diluted
ferrofluid and a non-uniform magnetic field. RSC advances. 2016;6(67):62439-62444. https://doi.org/
10.1039/C6RA11703A.

4. Bohara R.A., Thorat N.D., Pawar S.H. Role of functionalization: Strategies to explore potential
nano-bio applications of magnetic nanoparticles. RSC advances. 2016;6(50):43989-44012. https://doi.org/
10.1039/C6RA02129H.

5.He Y., Huang C., LiuJ., Yang X., Jiao F. Capture of a moving ferrofluid droplet in a minichannel
with a nonuniform magnetic field. Chemical Engineering Science. 2025;319:122314. https://doi.org/
10.1016/j.ces.2025.122314.

6. Asfer M., Saroj S.K., Panigrahi P.K. Retention of ferrofluid aggregates at the target site during
magnetic drug targeting. Journal of Magnetism and Magnetic Materials. 2017;(436):47-56.
https://doi.org/10.1016/j.jmmm.2017.04.020.

7. Estelrich J., Escribano E., Queralt J., Busquets M.A. Iron oxide nanoparticles for magnetically-
guided and magnetically-responsive drug delivery. International journal of molecular sciences.
2015;16(4):8070-8101. https://doi.org/10.3390/ijms16048070.

8. Polunin V.M., M'o M.T., Boev M.L. A new research method based on the use of the magnetic
levitation effect. Ul'trazvuk i termodinamicheskie svoistva veshchestva = Ultrasound and thermodynamic
properties of matter. 2012;(38):77-82. (In Russ.)

9. Ryapolov P.A., Sokolov E.A., Kalyuzhnaya D.A. Influence of the magnetic field configuration on
the separation of gas bubbles in a magnetic liquid. [zvestiya Rossiiskoi akademii nauk. Seriya fizicheskaya
= Bulletin of the Russian Academy of Sciences: Physics. 2023;87(3):348-352. (In Russ.) https://doi.org/
10.3103/s106287382 2701 12x.

10. Kalyuzhnaya D.A., Sokolov E.A., Vasil'eva A.O., Sutarina 1.Yu., Shel'deshova E.V., Ryapo-
lov P.A. Dynamic behavior of gas bubbles and droplets in a magnetic liquid in microfluidic chips of various
configurations in an inhomogeneous magnetic field. lzvestivya Yugo-Zapadnogo gosudarstvennogo univer-
siteta. Seriya: Tekhnika i tekhnologii = Proceedings of the Southwest StateUniversity. Series: Engineering
and Technologies. 2022;12(4):152-167. (In Russ.) https://doi.org/10.21869/2223-1528-2022-12-4-152-
167.

11. Ryapolov P.A., Sokolov E.A., Postnikov E.B. Ryapolov P.A. Behavior of a gas bubble separating
from a cavity formed in magnetic flu-id in an inhomogeneous magnetic field. Journal of Magnetism and
Magnetic Materials. 2022;(549):169067.

12. Kamal H.A., Salloom M.Y. Evaluation of FEMM software for magnetic analysis of the magne-
torheological application. AIP Conference Proceedings. 2022;2415(1):060021. https://doi.org/10.1063/
5.0092911.

13. Ivanov A. S., Pshenichnikov A. F. Magnetostatic buoyancy force acting on a non-magnetic sphere
immersed in a ferrofluid magnetized by a gradient field. Journal of Magnetism and Magnetic Materials.
2023;(565):170294.

14. Sokolov E.A., Kalyuzhnaya D.A., Ryapolov P.A. Behavior of bubbles and droplets in magnetic
fluid: comparison of experiment and modeling. Proceedings of the 2025 Conference of Young Researchers
in Electrical and Electronic Engineering (2025 ElCon). St. Petersburg: Saint Petersburg Electrotechnical
University “LETI”; 2025. P. 1214-1217.

15. Sokolov E.A., Ryapolov P.A. Behavior of disperse media based on magnetic fluids in inhomoge-
neous magnetic fields. Izvestiya Yugo-Zapadnogo gosudarstvennogo universiteta. Seriya: Tekhnika i
tekhnologii = Proceedings of the Southwest StateUniversity. Series: Engineering and Technologies.
2025;15(1):177-193. (In Russ.) https://doi.org/10.21869/2223-1528-2025-15-1-177-193.

MsBectus KOro-3anagHoro rocygapcteeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonormum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2026;16(1):114-126



126 duamka / Physics

MHdopmauusa 06 aBTopax / Information about the Authors

Coxos0B EBrennii AnexkcanapoBuy, KaHIUAaT
(u3NKO-MaTeMaTHYECKUX HAYK, CTAPIIUH Mpeno-
napatepb KadeIpbl HAHOTEXHOJIOI U, MUKPO3JICK-
TPOHMKH, 00Iel 1 npuKIagHoil pusuku, FOro-
3anaHblii TOCYJapCTBEHHBIH YHUBEPCUTET,

r. Kypck, Poccuiickas denepanus,

e-mail: evgeniysokolov1@yandex.ru

Kanrosxknas Jlapesa AHaToIbeBHA, aCIIUPAHT Ka-
(benpbl HAHOTEXHOJIOI U, MUKPOAJIEKTPOHUKH,
oO1ieit u npukiaaHoi pusrku, FOro-3amaaHpiii
rocy/apCTBEHHBIN yHUBepCHUTET, T. Kypck, Poc-
cuiickas denepanus,

e-mail: kalyuzhnaya.dariya@yandex.ru

IMupsies Imutpuii UBaHOBMY, CTYIEHT Ka-
(eapsl HAHOTEXHOJIOT U, MUKPOAJIEKTPOHUKH,
oOmiei u npukiaaHoi pusrku, FOro-3amaaHpiii
rocyIapCTBEHHbIN YHUBepcUTeT, T. Kypck, Poc-
cuiickas denepanus,

e-mail: dsiraev611@gmail.com

Bbyarakosa BapBapa AjiekceeBHA, CTYJICHT Ka-
(heapbl HAHOTEXHOJIOTHiA, MUKPOAJICKTPOHUKH,
oO1iei u npukiaaHoi pusrku, FOro-3amaaHeiii
rocyapCTBEHHbIN yHUBepcuTeT, T. Kypck, Poc-
cuiickas denepanus,

e-mail: bulg-varvara@yandex.ru

Macaosa Bacuamca IlaBioBHa, CTyI€HT Ka-
(beapbl HAHOTEXHOJIOTHid, MUKPOAJICKTPOHUKH,
oOmiei n npuknaaHoi Gusnku, FOro-3anaHerii
rocyIapCTBEHHbIN yHUBepcUTeT, T. Kypck, Poc-
cuiickas Denepanus,

e-mail: pivonapolyy@mail.ru

PsizanueBa Mapus OJieroBHa, CTyJICHT Ka-
(heapsl HAHOTEXHOJIOT WA, MUKPOAJIEKTPOHUKH,
o0miei n npuknaaHoi Gusnku, FOro-3anaaHerii
rocy/apCTBEHHBIN yHUBEpCHUTeT, T. Kypck, Poc-
cuiickas @enepanus,

e-mail: masarazanceva878@gmail.com

Evgeniy A. Sokolov, Candidate of Sciences
(Physics and Mathematics), Senior Lecturer of the
Department of Nanotechnology, Microelectronics,
General and Applied Physics, Southwest State
University, Kursk, Russian Federation,

e-mail: evgeniysokolov1@yandex.ru

Dariya A. Kalyuzhnaya, Postgraduate Student
of the Department of Nanotechnology, Microelec-
tronics, General and Applied Physics, Southwest
State University, Kursk, Russian Federation,
e-mail: kalyuzhnaya.dariya@yandex.ru

Dmitry I. Shiryaev, Student of the Department of
Nanotechnology, Microelectronics, General and
Applied Physics, Southwest State University,
Kursk, Russian Federation,

e-mail: e-mail: dsiraev611@gmail.com

Varvara A. Bulgakova, Student of the Department
of Nanotechnology, Microelectronics, General and
Applied Physics, Southwest State University,
Kursk, Russian Federation,

e-mail: bulg-varvara@yandex.ru

Vasilisa P. Maslova, Student of the Department of
Nanotechnology, Microelectronics, General and
Applied Physics, Southwest State University,
Kursk, Russian Federation,

e-mail: pivonapolyy@mail.ru

Maria O. Ryazantseva, Student of the Department
of Nanotechnology, Microelectronics, General and
Applied Physics, Southwest State University,
Kursk, Russian Federation,

e-mail: masarazanceva878@gmail.com

W3secTus FOro-3anagHoro rocygapcTBeHHoro yHusepcuteTa. Cepust: TexHuka n TexHonormm /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2026;16(1):114-126



