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Pe3zrome. BonbraMnepHasi XapakTepHCTHKa SBISIETCS OJHOHN M3 HauOoJee 3HAUUMBIX XapaKTEPHCTUK
IepeHoca HMOHOB COJNM B MeMOpaHHbIX cucTeMax. K HacTosmeMy BpeMEHH HMEIOTCS JIMLIb
JKCIIEPUMEHTAIbHbIE HCCIEOBaHUs BOJBTAMIIEPHBIX XapaKTEPUCTHK, KOTOpBIE IIOKA3bIBAIOT
CJIO)KHOE, HECTAallMOHApHOE, HEyCTOHYMBOE IMOBeAEHHEe. JTO OJHA W3 MPHUYHMH, H3-32 KOTOpOM
OTCYTCTBYIOT HCCIEIOBAaHHUA TEOPETUUYECKUX BOJBTAMIICPHBIX XapaKTepUCTUK. Jpyroil mnpuumHOii
SIBIISIIOTCSL MAaTEMaTHYECKHE M BBIUMCIUTENbHBIE TPYAHOCTH. B cTaThe BhIBEAEHA C UCIOJIB30BAaHUEM
3akoHa [aycca-OcTporpajickoro H MpoaHaJu3upoBaHa QopMylia IS pacdeTa TeOpeTHYECKOM
BOJITAMIIEPHOM XapaKTEPUCTHKH IJIsI TPEXMEPHOro KaHaja OOECCONMBAHMS 3JICKTPOIHATU3HOTO
anmapara B HOTCHINOJUHAMUUECKOM pexkuMme. ITokaszano, uTo 3ta popmMysa ycToidnBa OTHOCUTEIBHO
omKrOOK OKpPYIJIEHUSI [0 TPOCTPAHCTBEHHBIM IIEPEMEHHBIM, COXpaHss TPH OTOM CJIOXKHOE
HEeCTalMOHAPHOE MOBEJICHUE BOJIBTAMIIEPHON XapaKTEPUCTHKH 1O BpeMeHH. [[iis mpuMeHeHust Gopmy
HE00XOIMMO PacCUUTHIBATH JOKAIbHYIO INIOTHOCTH TOKA C UCIIOJIb30BAHUEM MaTeMaTHYECKON MOJETH
nepeHoca MOHOB OMHAPHOH COJIH B TPEXMEPHOM KaHase 00eCCOIMBaHUs dIIEKTPOIUATU3HOTO anmapara
C YYETOM 3JIEKTPOKOHBEKLIMH. Y CTAHOBJIEHBI OCHOBHBIE 3aKOHOMEPHOCTH U3MEHEHUS BOJIbTaMIIEpHON
xapakTepucTuku. [loka3aHo, 4YTO OHa Ka4yeCTBEHHO COBMAJAE€T C OKCIEPUMEHTAIBHBIMU
BOJIETAMIIEPHBIMU ~ XapaKTepuCTHKaMu. HeOoubIioe KOJMYECTBEHHOE pa3Uude MOXKET OBbITh
OOBSICHEHO ~ TeM, 4YTO B  MaTeMaTHYeCKOW  MOJAENM  HE  YYUTHIBACTCS  PEaKIus
auccouraryy / pekOMOMHAIIUK BOIbI, TPaBUTAIMOHHAs KOHBEKIIUS U APYTHe MEXaHU3MBbI IIepeHoca 1
TpeOyeT OTAeNbHBIX AaJbHEHIINX UCCIIeIOBAHUI.
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Abstract: The current-voltage characteristic is one of the most significant characteristics of salt ion
transport in membrane systems. To date, there are only experimental studies of current-voltage
characteristics that show complex, unsteady, unstable behavior. This is one of the reasons why there
are no studies of theoretical current-voltage characteristics; another reason is mathematical and
computational difficulties. In this article the formula for calculating the theoretical current-voltage
characteristic for a three-dimensional desalination channel of an electrodialysis apparatus in a
potentiodynamic mode is derived and analyzed, using the Gauss-Ostrogradskii law. It is shown that this
formula is stable with respect to rounding errors in spatial variables, while maintaining the complex
non-stationary behavior of the current-voltage characteristic over time. To apply the formulas, it is
necessary to calculate the local current density using a mathematical model of the binary salt ions
transport in a three-dimensional desalination channel of an electrodialysis apparatus (EDA), taking into
account electroconvection. The main regularities of changes in the current-voltage characteristic are
established. It is demonstrated that it qualitatively coincides with the experimental current-voltage
characteristic. A small quantitative difference can be explained by the fact that the mathematical model
does not take into consideration the dissociation/recombination reaction of water, gravitational
convection and other transport mechanisms and requires separate further studies.

Keywords: desalination, current-voltage curve, electrodialysis, Nernst-Planck-Poisson and Navier-
Stokes equations, Gauss-Ostrogradskii law, numerical methods, membrane systems, ion exchange
membrane, desalination channel

Acknowledgments: This work was supported by the Russian Foundation for Basic Research, project
N0.19-08-00252 A: Theoretical and experimental studies of current—voltage characteristic of
electromembrane systems.

For citation: Kovalenko A.V., Gudza I.V., Chubyr N.O., Urtenov M.Kh., Khromykh A.A.
Formula for calculating the theoretical current-voltage characteristic of the 3D desalination channel
EDA. Modeling, Optimization and Information Technology. 2021;9(4). Available from:
https://moitvivt.ru/ru/journal/pdf?id=1089 DOI: 10.26102/2310-6018/2021.35.4.026 (In Russ).

Beenenne

Bonsramnepnas xapaxrtepuctuka (BAX) saBmsiercss ogHoil W3 HamOolsiee 3HAUYMMBIX
XapaKTePUCTHK MEePEeHOCa HOHOB COJIM B MEMOpPAHHBIX CHCTEMax U WHTEHCHUBHO HCCIEAYEeTCS
B paboTax MHOTHUX aBTOPOB. B pabotax [1, 2] Obun MpoaHaIM3UPOBAHBI HKCIIEPUMEHTATIBLHBIE
BAX 1 ycTaHOBIIE€HBI OCHOBHBIE 3aKOHOMEPHOCTU X U3MeHeHus. [lokazano, uto BAX nmeer
CJI0’KHO€, HECTAllMOHAPHOE, HEYCTONYMBOE MOBEACHUE, TPUYEM MOYKHO BBIJIETUTh HECKOJIBKO
XapakTepHBIX y4acTkoB u3meHenwus (PucyHok 2 6):

a) TIEPBBIA YYaCTOK MPAKTUUYECKH JIMHEWHOTO U3MEHEHHUS, KOTOPBIA MPOJA0HKACTCS TOUTH
710 TIPeIeIbHOr0 TOKA. DTOT Y4aCTOK OOBIYHO HA3bIBAIOT OMUYECKUM YYaCTKOM, TaK KaK Ha
ATOM YYacTKE BBIMOJHSAETCS 0000meHHbI 3akoH OMa, a MMEHHO TUIOTHOCTh TOKa pacTeT
MPONOPLUOHAIBHO CKauKy NMOTEHIUATY;

0) «miaTto», Ha KOTOPOM IUIOTHOCTh TOKA MEHSETCS HE3HAYUTEIbHO, XOTS CKa4oK
MOTEHIIMaIa U3MEHSETCS CYIIECTBEHHO;

B) BTOPUYHBIHN, MPAKTUYECKH JINHEHHBIN MOIBEM INIOTHOCTH TOKA.

OnHako, BBISCHUTH (PU3NYECKUIN CMBICIT BOSHUKHOBEHUS U Pa3BUTHS STUX YUACTKOB, CBSA3b
Mexay xapaktepuctukaMu BAX W MaccomepeHoca 3KCHEPHUMEHTAIBHO —OKa3aloCh
3aTPYAHUTENBHO.
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Jiia petieHust 3TUX IpodsieM HE0OXOAUMO MOCTPOUTDH U IMTPOBECTU aHAIU3 TEOPETUUECKON
BAX. Jlnas moctpoeHuss Tteopernueckoii BAX HeoOXomauMo BbIBeCTH  (hopMyy,
MTO3BOJISAIOIIYI0, C OJTHOW CTOPOHBI, COXPaHUTh Bce ocobeHHocTr BAX, a ¢ pyroit cTOpOHHI,
YCTOMYMBO PACCUUTHIBATH OTHOCHUTEIBHO OMIMOOK OKpyrieHus. Kpome toro, Heo6xoammo
COCTaBUTh MAaTEMAaTHYECKYIO MOJIENb, TO3BOJISIOILYI0 PACCUUTATh IUIOTHOCTh TOKA B KaXKIOU
TOYKE KaHajla 00eCCOIMBaHMS B JTF000I MOMEHT BPEMEHH 110 3aJaHHOMY CKa4Ky MOTEHIIHAaIA.

1. MaTtemaTu4ecKasi MOJe/Ib
B cBepxmpenenbHBIX TOKOBBIX pPEXHMaxX B MEMOpPAaHHBIX CHCTEMax BO3HHKAIOT
CJICYIOIINE BTOPUYHBIC WIH COTPSDHKECHHBIC SBJICHHSI KOHIICHTPAIIMOHHOW TIOJISIPU3AIUH:
1) TpOCTpaHCTBEHHBIM AJICKTPUYECKUN 3aps] 3aHUMAaeT MaKpOCKOIMYECKYI0 00J1acTh,
MEHBIIY0, HO YK€ COITOCTAaBUMYIO C TOJIIHHOMN U dy3rnoHHOTO citost [3-5];
2) HAUYMHAETCS MHTEHCHBHAS T€HEPallrs HOHOB BOJOPOa U ruapokcuia [6-9];
3) B cuUCTeME BO3HHKAeT MHUKPOKOHBEKTHBHBIC TEUCHHS, TpPABUTAI[MOHHAS W
AIIEKTPOKOHBEKIIHS, HHTCHCHUPHUITUpYoias Macconeperoc [10-13].
B Hacrosimiee BpeMs NPUHATO CYUTATh, YTO JJICKTPOKOHBEKIUS SIBIISCTCS OCHOBHBIM
MEXaHM3MOM CBEPXIIPEIeIbHOT0 MAacCOMepeHoca, MOATOMY B JaHHOW CTaTbe OrPaHUYUMCS
uccinenoBanueM pacuera BAX ¢ ucnonab3oBaHMEM MOJEIHU IIEPEHOCA HOHOB OMHAPHOI cosn ¢
Y4ETOM JIEKTPOKOHBEKIMH [ 14]. DTa MOaenb, cocTosas U3 CUCTEMbl YPABHEHHUI B YACTHBIX
MIPOU3BOIHBIX TIPUBE/ICHA HIDKE.
CxemMa TpexMepHOTrO KaHajma O0O0ECCONMBAHUSA JJICKTPOJUAIM3HOIO  armapara
npenacrasieHa Ha Pucynke 1.
1.1 Cxema xaHaJia 00eccoIMBaHus

M

i KOM

Pucynok 1 — Cxema 3D — nzob6pakenus kaHana odecconuBanus. 3aecb AOM —
aHnoHooOMeHHas MemOpaHa, KOM — karnoHooOMeHHast MeMOpaHa
Figure 1 — 3D image of the desalination channel. AEM is an anion exchange membrane, CEM
is a cation exchange membrane

Ha Pucynke 1 mpu x=0 pacmonokeHa aHMOHOOOMEHHass mMemOpaHa, a mpu x=H —
kaTnoHooOMeHHas memOpana. [Ipu y=0 pacnonoskeH BXxoa B KaHal, Y=L — BBIX0OJ U3 KaHAaJA.
Takum 00pa3oMm, x — IepeMeHHas TI0 IUPHUHE KaHama, Y — 1o JJIMHe KaHana, a Zz=0 — «Hu3»
KaHaja, Ha KOTOPOM OH JiexHuT, Z=M — BeicoTa kanana. [Toaromy noHOOOMEHHBIE MEMOPAHbI
KaHaJia PacroJI0XKeHbI MEPICHINKYIISIPHO UIOCKOCTH CTOJIA, Ha KOTOPOM «IeKHT» DJIA.
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Kanain oGecconnBanust 0003Ha4MM 4epe3
Q={(x,y,2):0<x<H,0<y<L0<z<M}.
[110THOCTH TOKA B MPOW3BOJILHOM TOYKE KaHala B HEKOTOPBI MOMEHT BpeMEHHU 0003HAUYUM
r(t, X, Y,Z). TlpsMoyronsHuK Q MCIONB3YETCS HUKE P IPMMEHEHUHU TeopeMbl ['ayccea.
B noreHumoIMHaMUYECKOM pEXHME 3aJacTCs CKAa4OK IIOTEHLMala W PacCUUTHIBACTCS C
UCIIOJIb30BAHUEM MAaTE€MaTU4E€CKOW MOJENN IUIOTHOCTh TOKa r(t,x, Y,Z) B KaXIOH TOUKE

(X,y,2) obacTi B MOMEHT BpeMeHH 1, 110 3aJaHHOMY CKauKy MOTCHIIHAIA.
O003HaUNM:

LM
1
I 4()= mj jlx(t,O, y,z)dzdy — ycpeaHeHHBIH OOIMIMHA TOK, NPOXOMAIIMHA dYepe3
00
AHMOHOOOMEHHYIO MeMOpaHy;
1 LM
Ik (t) = m.[ j I (t,H,y,z)dzdy — ycpenHeHHbI# OOIWMI TOK, NPOXOMINIMNA Yepe3
00

KaTHOHOOOMEHHYIO MeMOpaHy.

B cranmonapnom ciydae |, u |, —3T0 ycpeHEHHbIE INIOTHOCTH TOKOB, IPOXOAAIIMX Yepe3
AOM u KOM, nostomy npu U3MEHEHHMU CKayKa NOTEHIMaja OHHU MpPEJCTaBISIOT COOON
BoJIbTaMIIepHyto xapakrepuctuky AOM u KOM, cootBercTBeHHO. CpenHee apupmMeTHiecKoe
9THUX BEJIWYMH MOXET pacCMaTpUBaTbCA BO MHOTMX CilIy4yasX Kak BOJbTaMIIEpHas
XapaKTepuCcTHKa Bcero kaHana. Mmenno, mostomy | ,(t) u | (f) sBmdroTcs nckoMbiMu

BenuunHamu. Ha mepssiif B3rman, | 4(t) u Ik (t) HecmoxHO paccuuTaTh, €CIIM M3BECTHA

I (t,X,y). Onnako 5TH (OPMYJIBI MCIOJNB3YIOT 3HAYEHHS OPAMHATHI ILIOTHOCTH TOKA Ha

rpaHulle, KOTOpble, KaKk OyJeT MOKa3aHO HUXKE, B CBOI Ouepeib 3aBUCAT OT I'PaJAMEHTOB
KOHIICHTPALWi, KOTOpbIe BOJIM3M HMOHOOOMEHHBIX MEMOpaH MPUHUMAIOT OYEHb OOJbIIHE
3HadyeHus. HeGospmime OomumOKM B BBIYUCICHUM 3THUX TIPAJAMEHTOB HPUBOAAT K OOJBIIMM
norpemHocTsiM B Beiumcienun | (t,x,y,z) npu X=0 u X=H, nockonbky muTErpass

6epytcs 1o nepemennbM (Y, Z) . TlosToMy HEOOXOUMO BBIBECTH (JOPMYITY JJIsi BBIYUCIICHHS
I ,(t) u |, (t), ycTolunByI0O OTHOCHTEIILHO OMNOOK OKPYTIICHHS.

1.2  Cucrema ypaBHeHU#
[lepenoc nonoB conmu B 3D kananme obeccolMBaHMsI C YYETOM 3JIEKTPOKOHBEKIIUU
OIMCBIBACTCS CIEAYIONIEH CHCTEMOI ypaBHEHUH ¢ YaCTHBIMH MTPOU3BOAHBIMH [15]:

j =~ ——2DCE-DYVC +CVi-12 (1)
oC. .

—L=—div}, 1=1,2, 2

~ it 2

SrA¢:_F(Z1C1+22C2)’ (3)

r: F(Zlil+22i2)’ (4)

N VYN - LV LT, (5)
6t /00 pO

div(V) =0, (6)

f =pE. (7
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VYpasuenuss Hepucra-Ilnanka (1) onmuchIBalOT MOTOK PAaCTBOPEHHBIX KOMIIOHEHTOB

- + - J— o o
(uonoB matpus I=1<>Na" u xmopa i=2<>Cl"), o0ycnoBneHHblii Mmurpanueii B
3JIEKTPUYECKOM Imoie, auddy3ueil ¥ KOHBEKLHCH, 3apsIoBble YHMCIa KaTHOHOB Z, =1, u

aHWOHOB Z, =—1; (2) — ypaBHeHHs MaTepuaibHOro O6ananca; (3) — ypasHenue Ilyaccona s

MOTEHIMaa MIEKTPUIECKOTO oIS, (4) — ypaBHEHUE MPOTEKAHUSI TOKA, KOTOPOE 03HAYAET, YTO
TOK, NpoTeKaomuil uyepe3 Aud@y3HOHHBIM CIO0H, ompeaensercs MOTOKOM HOHOB, &, —

JURJIEKTpUYECKasl MPOHMUIIAEMOCTh pacTtBopa, F — umcino @Papanes, R — yHuBepcanbHas

razoBas MOCTosHHas, ¢ — notenmuan, C;, J;, D, | — KoHIeHTpauus, OTOK, KOA(GUITHEHT

i?
muddy3un i-ro noHa, IIIOTHOCTB TOKA, ONpeielisieMast IOTOKOM HOHOB, V — CKOPOCTh TCUCHHUS

pactBopa; ypaBHeHus1 HaBbe-Ctokca (5) 1 Hepa3pbIBHOCTH ISl HEC)KMMAEMOM KuaKocTH (6)
OIUCBIBAIOT IOJIE CKOPOCTEH, GOpMHUpPYEMOE, B TOM YHCIE, O] ACHCTBUEM BBIHYKJIEHHOIO

TEYEHHs] M NPOCTPAHCTBEHHOM dyekTpuueckoil cuibl f = pE — snekrpuueckas cuia, rae
p=F (21C1 + ZZCZ) IUIOTHOCTh PAacCIpeieliCH sl TIPOCTPAHCTBEHHOTO 3apsina, a E=-V¢o —

HaIpPSLDKEHHOCTh 3JIEKTPUUYECKOTo MoJsl, P, — IJIOTHOCTb PacTBOpa, v — KUHEMaTHdecKas
BsA3KoCTh. Popmyny (7) MOXKHO 3amucaTb W IO-IPYroMy, C HMCIIOJIb30BAaHHUEM YpaBHEHUS
ITyaccona (3): f =pE =—g,AQE =¢&,ApVe = ¢ EdIVE.

Ecnu noxncraButs (1) B (2), To ypaBHeHus (2) 3anuuryTcs B BUIE

oC, F . . =\ -
EI = o7t D,div(C,Ve)-D,AC, — dIV(CiV ) i=12.

VpaBuenust Hepucra-Ilnanka, [lyaccona u HaBwre-CTokca SIBISIOTCS BhIpa)KEHHUEM
OOIIMX 3aKOHOB COXPaHEHMs, II0TOMY MOJENb IEepeHoca HOHOB COJIM C Y4YeTOM
AJIEKTPOKOHBEKINH OMpPEACISETCS HapsiLy ¢ (GOPMYJION SIIEKTPHUECKON CHIIBI B ypaBHEHHUU
Hape-Ctokca u, B IepByl0 odepenb, KpaeBbIMU ycinoBusMu. Hipke onmucan oguH w3
BAapHaHTOB KPAEBBIX YCIOBHIA.

1.2 Kpaesble yci1oBusi

DNEKTPOANANIM3HBIE annapaThl UCIONb3YIOT, KaK MPaBUJIo, B ABYX Pa3HbIX PEKHUMAX
pabotsl: B noteHnmoanHamudeckom pexkume (I1/1P), korpa 3agaercs nmajgeHue moTeHInana B
L[eNU, ¥ B TaIbBAHOJMHAMHUYECKOM, KOTJa 3aJaeTcs TUIOTHOCTh TOKa B uenu. [lanee Oynem

m3yyarb  [IJIP, npuyemM  NOBEPXHOCTM  HOHOOOMEHHBIX  MeMOpaH  CcuuTaTh
OKBUIIOTCHIUAIBHBIM, T. €. IPEII0JIaracTCs BBIIIOJHEHHBIM YCIIOBHE:

Hapsiny ¢ (8) Oysem ucronb30BaTh ClIEIYONIE KPACBbIC YCIOBHS:
1) Vcnorust Ha aHHOHOOOMEHHO#H MemOpane (x=0)

Cz (t’ 0y, Z) = C2m’ (9)
- ],(t,0,y,2) =0, (10)
o(t,0,y,2) =at, (11)
~fi-V(t,0,y,2)=0. (12)
2) YcioBue Ha KAaTHOHOOOMeHHON MeMmOpane (x=H)
C(t.H,y,z)=C,, (13)
—i-J,(t,H,y,2) =0, (14)
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p(t,H,y,2)=0, (15)
—fi-V(t,H,y,2)=0. (16)

3) VYcrnosue Ha Bxoze B kaHai (2=0).
CunraeM 3aaHHBIMH KOHIIEHTPAIIMM HOHOB TaK, YTOOBI HA BXOJE BBIMOJIHSIIOCH
YCIIOBHE JIEKTPOHEHTPAIbHOCTH, T. €.

Ci(txy0)=C, i=12 7
o(t, %, y,0) = at —“th (18)
- X X
V(0,x, y,z):(0,0,6voﬁ(1—ﬁ)) (19)

4) VYcnoBue Ha BbIXOJIC U3 KaHana (Z=L).

JIs1st KOHIIEHTpaI|MK OyIeM HCIIOJIb30BaTh YCIOBHE Ha IIOTOK HOHOB, IIPEIONATAIOIIEE,
YTO MOHBI COJIM BBIHOCSTCS U3 KaHala 00ECCOIMBAHMUS HIICKTPOAUATM3HOTO arnapara TOJIbKO
3a CYET TEYECHHUS PacTBOpa:

—-J(t, %, Y, L) =V, (t, %, ¥, L)C, (t, X, ¥, L),i =1,2.

(20)
Jnst ckauka MmoTeHIumana CTaBUTCs yCIOBUE:
—f-Vo(t,x,y,L)=0. (21)
5) VYcioBue Ha OOKOBBIX IPaHIX KaHalIa, TO €CTh H30JISATOPAX.
n-J.(txy,2)=0. (22)
6) HauanbHble yCIOBUSL.
Hauanburnie YCJI0BUS BO3bMEM COIIaCOBAHHBIMU C I'PaHUYHBIMUA YCIIOBHUAMMU.
C.(0,x,y,2)=C, i=12, (23)
»(0,%,y,2) =0, (24)
V(0,x, y,z):(O,O,GVO%(l—%)). (25)

1.3. BcnomoraresabHbie GopMyJibl
1.3.1 luBepreHus mJIO0THOCTH TOKA
2(z1Cy +2,C . . -
YMHOXUM Ha Z; Y CJIOKHM, TOIa G lo”t 2C2) =—div(z1J1 + 22 ]2)

op P -
WK o =-Fdiv(z1J; +22]2), rtme p=F(zC;+2,Cy) — IUIOTHOCTH DPACIpPECICHNUS

3apsnoB. C yuetom (4) momyudaeM 3akoH [aycca-Octporpazckoro B iuddepeHimansHoi hopme:

% .-
2P — _divi (26)
ot

Cnenoparensio, divl =0 |  Tomeko ecnmum  BhINONHAETCS  yCIOBUE  JIOKAIbHOM

DIIEKTPOHEUTPANBHOCTH  p = F(2;C; +2,C,) =0, b0 paccMaTpHBacTCs CTALMOHAPHBIN
npouecc p = F(zCy + z,C,) =Const.
Taxkum 06p330M, INIOTHOCTD TOKA ABIACTCSA COJICHON JAaJIbHBIM ITOJIEM JIMIIb JIJIsA CTaHHOHapHOﬁ

3ajaud M (WIM) B TeX O0JacTiX, TA€ BBHINOJHAETCS  YCIOBHE  JIOKAJbHOU
3IEKTPOHEUTPATILHOCTH.

1.3.2 ®opmy.ia ajs pacyeTa IJIOTHOCTH TOKA
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IInoTHOCTE TOKA B KaHaJe 00€CCOINBAHUS AO0JIDKHa CHUTATBCA C YYETOM IIOTOKOB KaTUOHOB U
AHUOHOB COTJIAaCHO YPAaBHCHHIO:

| = F<21]1 + szz)
Ortcroza ¢ yuetom dhopmysisl (6):
T =F 4DCE-DVC +CV, =12
RT
nMeeM
I 5 _ -
| = ﬁ (Zl D]_Cl +1Z5 D2C2) E- F(Z]_D]_V C]_ +15 D2V C2) + F(Z]_C]_ + ZzCz)V 1781041
- F%2 , 9 -
| = —ﬁ(zl DlC]_ +Z3 D2C2)V(0— F(21D1V Cl +Zy Dzv C2) + F(Z]_C]_ + 22C2)V
U3 (22) cnenyet, 4To Ha OOKOBBIX IPAHSX BHITOJIHEHO

ﬁ'fIF(Zlﬁ'Tl+22ﬁ'Tz)=O (27)

Takum o6pasom, |, =0 Ha GOKOBBIX IpaHsIX

2. ®opmyaa pas pacuera BAX

Q®opmyna mna  pacueta BAX ocHoBaHa Ha 3akoHe [aycca-Octporpanckoro [4],
(hopMyJIHPOBKa KOTOPOTO 3aBUCHUT OT TOTO, SIBISICTCS JIM TUIOTHOCTh TOKA COJCHOWIATBHBIM
MIOJIEM WJIH HET.

2.1 3akon I'aycca-OcTporpaackoro

B tpexmepHoM ciryuae 3akoH ["aycca-Octporpaackoro 3anuinercs B Bume [4]:

§1-dS = [[] divid

S Q
3nech 0S =fdS — dIeMEHT OPUEHTHPOBAHHOM I'DAHMIBIL, T. €. Nl — BHEIIHsS HOPMAlb K
rpanuie, dS — 6eCKOHEYHO Malblid AJIeMEHT rpaHulibl, a Q) — OECKOHEYHO MBI JIIEMEHT
o0beMa.
Ecnu yuecTh OTAENBHO CKaYKH MOTEHIMATIOB Yepe3 MEMOpPaHbl U CUUTATh MX MOCTOSTHHBIMU
kak B paborax [3,9,13], To moxkuO cumrats, Q={(X,y,2):0<x<H,0<y<L0<z<M}

TOTA:

- . HM HM LM
f1-dS=—] [1,(t,x0,z)dzdx+[ [ 1 (t,x,L,z)dzdx— [ [1,(t,0,y,z)dzdy+
S 00 00 00

LM HL HL
+ [ [1x(t,H,y,2)dzdy — [ [1,(t,x,y,0)dydx+ [ [1(t x,y,M)dydx

00 00 00

[Tockonbky, yepe3 OOKOBblE TpaHHM (M30JATOPbI TOK HE MPOTEKaeT), TO IOCIETHUE JABa
WHTETpaia paBHbI HYIO, TO €CTh

HL HL
” I, (t,x, y,0)dydx :J'J' I,(t,x,y,M)dydx=0
00 00

Y MHTErpalibHbIN 3aKOH ["aycca-OcTporpaackoro 3anuileTcs B BUAE:
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HM
- [ 1y x0, z)dzdx+” Iy (t, %, L, z)dzdx — HI (t,0,y,z)dzdy +
00 00
LM _
+ [ [1x(t,H,y,z)dzdy = [[[ dividQ
00 Q

2.2 BoiBoa popmy.ibl aisi pacdera BAX B djieKTprUYecKoi nemnu

AJIsl COJICHOUIAJIBHOI'O CJ1yvyasi

Jlnst conenonpanbhoii motHoctu Toka divl =0 materpansueiii 3akon aycca, kak ciuemyer

U3 npeabayeit popmybl, pruodpeTaeT BUIL: ﬁ 1-dS =0 WIH

S
H M HM LM LM
—f fly(t x,0, z)dzdx+j j ly(t,x, L, z)dzdx— | [1,(t,0,y,z)dzdy+[ [1,(t,H,y,z)dzdy=0.
00 00
BOSBMCM ITPOU3BOJIbHYIO TOYKY Se (O, H ) u pacCMOTpUM CCUCHUC
A={(x,y,2):x=5,0<y<L,0<z<M} u obnactu
O ={(X,y,2):0sx<50<y<L,0<z<M} "

Q1 ={(x,y,2):0<x<5,0<y<L,0<z<M}. OueBugno, utoQ=0Q, UQ,.

Tak Kak 1oJe IUIOTHOCTH TOKa sBJsAeTCs coleHonuanshbiM B oonactn (2, to divl =0 s
[[divid@=0, i=12
Q.

W3 3akona I'aycca-Ocrporpajckoro, IPUMEHEHHOrO A Kaxaod m3 obmacten Q, u Q,,

Kax104 3 obnacreid €2, u Q,, U, CJIE€NOBATENLHO:

cnenyeT

—j jl (t,x,0, z)dzdx+jj ly(t,x, L, z)dzdx— HI (t,0,y, z)dzdy+j jl (t,s,y,z)dzdy =0
oo 00

—Ijly(t,x,o, z)dzdx+f'[|y(t,x, L,z)dzdx—jj I, (t,s, y,z)dzdy+” I,(t,H,y,z)dzdy=0
s 0 s 0 00 00

YMHOXHM TepBoe ypaBHeHHE Ha (-1) W CIOXXHM CO BTOPBIM, TOTJA IOJIYYUM DPABEHCTBO
CHpaBCI[J'II/IBOG a1 moo6oro Se[0,H]:

“.I (t,x,0,z)dzdx — III (t,x,0,z)dzdx— _HI (t,x,L,z)dzdx +

+

O e T
ot

LM
I, (txL, z)dzdx+” l, (t,0, y,z)dzdy—ZH I, (ts,y, z)dzdy+jjlx(t, H,y,z)dzdy=0
00 00 00

[TpouHTETpUpPYEM TO TOKIECTBO IO S OT 0 1o H , TOTJ1a TIOTYYUM:

HsM HHM HsM
[ ] 11yt x0,z)dzdxds— [ [ [1,(t,x,0,z)dzdxds— | | [1,(t x,L,z)dzdxds+
000 0s0 000
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HHM HLM HLM
[T]1y@x L z)dzdxds+ [ [ [1(t,0,y,2)dzdyds—2[[ [1y(t,s,y,z)dzdyds+
0s0 000 000

HLM
+ [ [1x(t,H,y, z)dzdyds = 0

000

€TOM

LM
I, (t,0,y,2z)dzdyds = HH I, (t,0,y,2)dzdy

O ™ o'—u—%
—_—=< o—=< O

I (t,H,y,z)dzdyds=H j j I, (t,H,y,z)dzdy

X

= Oty T O%= T O

0
OJIy4nUM
HsM HHM HsM
[ ] 11yt x0,2)dzdxds— [ [ [1y(t,x0 z)dzdxds— [ [ [1(t, x,L,z)dzdxds +
000 0s0 000
HHM LM HLM
+ [ [ J1y(tx L, z)dzdxds+ H [ [1(t,0,y,z)dzdy -2 [ | [1(t,s,y,z)dzdyds+
050 00 000
LM
+H[ [I,(t,H,y, z)dzdy =0
00
NJIIn

M LM HLM
I (t,0,y,z)dzdy+H [ [ 1, (t,H,y,2)dzdy =2 [ [1,(ts,y,z)dzdyds—
00 000

HJ ]
00
HsM HHM HsM
— [ [ [1y(@tx0,z)dzdxds+ [ [ [1,(t,x,0,z)dzdxds+ [ [ [1,(t,x,L,z)dzdxds -
000 0s0 000
HH
-]

M
[1y(t,x,L,z)dzdxds

0s O
Pa3znenum o6e yactu Ha 2HLM, Toraa nonyuum
1 1 LM 1 LM
=(——1 | 14(t,0,y,2)dzdyds+ — | | 1 (t,H,y, z)dzd
2(LMHX( y, z)dzdy +LMHX( y, z)dzdy) =
Il il
I (t,s,y,z)dzdyds— 'y (t, x,0, z)dzdxds +
HLM 000 2HLM 000
HHM 1 HsMm
2HL [ [ [1y(t x0,2)dzdxds+ Y [] 1y x L, z)dzdxds - (28)
0sO 000
1 HHM
Y j | ({Iy(t,x, L, z)dzdxds
S
O603HaqHM
1 HLM
I, @)= m_([!_([ I, (t,x,y,z)dzdydx — cpenuuii Tok;
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1 M H
I,.(t)= —_” I, (t,x,0,2)dxdz — ycpemHeHHBIN BXOIAIIHIA TOK;

HM %
1 M H

I, .(t)=— II I, (t,x,L,z)dxdz — ycpenneHnHblii BIXOAAMIHI TOK;

HM ¢+

1 HsMm HHM

I, (t)=— I (t,x,0,z)dzdxds+ I (t,x,0,z)dzdxds+
W () HLMMV( ) MHI( )

2H

HHM

-[J..[ Iy(t,X' I—1 Z)dZdXdS
0s 0

Tornaa u3 (28) nonyyaem %(IA + 1 )=, )+ 1, ()

Ouenum | (t). 1 3TOro oLleHUM UHTETPAIbl

LT [Ty xo.)
(t, x,0, z)dzdxds < Iy (t, x,0, z)|dzdxds <
2HLM |g55 7 000
HHM 1
Y (j)(j)(j)\ly(t,x,o, z)\dzdxdsSZLM J'Hly(t,x,o, z)‘dzdx:
H 1 HM H |
Ty jj‘ly(t x,0, z)‘dzdx< L -
AHaJ'IOFI/I‘lHO MMOJIyUYUM:
L]
I (t,%,0,2)dzdxds| <—I
2HLM 329 2L
HsM
L Hﬂly(t,x,L,z)‘dzdxdssiIW
2HLM 93 2L
1 HHM H
I, (t,x,L,z)dzdxds< —1,
s 1 x oo <
CrenoBaTenbHO:

H
|IN|ST(|6x+ I8blx)

Ecnu BXOQHOM M BBIXOJHBIE TOKM Maibl, WK (M) KaHal JOCTATOYHO JUIMHHBIN (Ha
MpaKTUKE JJMHA KaHana OObIYHO B JIECATKH U COTHU pa3 JAJTUHHEE LIUPUHBI), TO ||N| Majo,

1
nosromy noiydum gy = E(IA +1x).

Taxum 00pa3oM, B KauecTBE CpeHEN INIOTHOCTH TOKA, nepeHocumoro uepe3 3D kanain
00eccoyInBaHusl, MOKHO UCIIOJIb30BATh UHTErPall

1 HLM
lay(t) = iy (j)(j)(j)lx(t X, Y, z)dzdydx. (29)

B otnnuue ot unTerpanos (28) B TpoitHOM uHTerpasie (29) omudKy Ipyu BIYUCICHUN
MPOU3BOIHOW MO TMepeMeHHOW X KOMIIEHCHPYIOTCS HWHTETPUPOBAHMEM 110 OSTOW JKe
IIEPEMEHHOM.
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Takum o6pa3om, TpoitHOW wmHTEerpan (29) I COJEHOMAAIBHOTO CIy4as TO3BOJISIET
JIOCTAaTOYHO TOYHO U aJIeKBaTHO BhIYUCIUTH BAX.

®opmyna (29) mocTaTOYHO TOYHA IS JUIMHHBIX KaHAJOB, OJHAKO I KOPOTKHX
KaHAJIOB JIaeT 3HAYCHUE BEIMYMHBI TOKA CO 3HAYUTEIILHOHN OIHOKOM.

2.3 BoiBoa popmyuibl st pacdera BAX B 3j1eKTpUUYECKOM 1enu 1JIs
HECOJIEHOUIAJIbHOTO CIy4ast

B O6H.I€M cirydae s HCCOHCHOHHaHBHOﬁ IINIOTHOCTH TOKAa BBIBO/ (bOpMy.]'IBI IJI pacucTra

BAX ananoruueH npenpiiyiieMy 1 OHa UMEET BUI:
HLM

1 HLM
Iav(t):m_([.([_([lx(t,x, Y, 2)dzdydx—— - -([_H(H 2x)divI (t, x, y, z)dzdydx, (30)
HLM -
II€ YyCpeIHEHHas IUIOTHOCTh Toka |, (1) = SHLM _!J;!(H —2x)divl (t, x, y, z)dzdydx

CBsI3aHa C HECOJICHOMIAIbHOCTHIO MIIOTHOCTH TOKA.
Takum ob6pazom, u3 popmynst (30) ciemyer, uto obuas cpenHss WIOTHOCTH Toka | (t)

COCTOMT, I‘py60 TOBOpsA, U3 CYMMBbI COHCHOHH&HBHOﬁ qaCTu CpC,Z[HCfI IINIOTHOCTH TOKa

17 y
()= Y I I, (t,X,y,2z)dzdydX u HecoseHOMAANBHON YaCTH CPEAHEH IOTHOCTH TOKA
0

o'—.I O ey ™

M
|
LM _
[ [(H=2x)divT (t, %, y,2)dzdydx, 1,,(t) = l,ys (1) + Lo (1)
00

HecnoxHo HOKaSaTL 4TO

"
Ly (O] SHLM j”|H 2X”d|V| (t, Xy, z)‘dzdydx<2|_1|vI !

000

ot—yr

T‘divf(t, X, Y, z)‘dzdydx,
0

mo3TOMYy ecaum  MaX
(x,y,2)eQ

divl‘ MaJio, T.€. IUIOTHOCTh TOKa TMPAKTUYECKH SIBISCTCS

1
HLM

COJICHOUTIATIBHOM, TO OISITh mosy4aem |, (t) =

HLM
”JU(LX,y,Z)dzdydx,
000

3. Pe3yJII>TaTbI YUCJTCHHOI'0 OKCIIEPUMEHTA

B paGote mpoBenen ananus teopernueckod BAX (PucyHok 2) m ee cpaBHEHHE C
skcniepuMenTanbHeiMu BAX (Pucynok 3).
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E
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=
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Pucynok 2 — I'paduk Teoperndeckoit 3D BAX u yBennueHne OTIETbHBIX yUYACTKOB
Figure 2 — Graph of theoretical 3D CVC and magnification of individual sections

Kak BunHo n3 Pucynka 2, rpapuk BAX MoxHO mpumepHO pazOUTh Ha HECKOJBKO
yuactkoB. Ha nepBom yuactke ot OB u no 0,1B rpadux npakruuyecku nuneinslii. Ha atom
ydacTKe MMEETCs [1Ba CTAllMOHAPHBIX BUXPsl B Hadajle KaHaja, KOTOPBIE, KAK CIEIyeT W3
Pucynka 3, moX0’u Ha CUJIBHO BBITSHYTBIE AJUTMIICOU I BpaleHus. [Ipuuem, ot «annuncona
BPALLECHUS», PACIIOIOKEHHOIO OKOJO KaTMOHOOOMEHHOM MeMOpaHbl 00pa3zyeTcs BUXpPEBOU
cie BHU3 MO TedeHuto. [locKoybKy, IJIOTHOCTh TOKa JIMHEMHO 3aBUCUT OT CKaudka
MOTEHI[MajIa, TO Ha 3TOM Y4acTKe BbINOJIHsAETCS 3akoH OMa, M0ATOMY OH MOKET ObITh Ha3BaH
Omuueckum yuyactkom BAX. B mpomexytke ot 0,1B u g0 0,15B ckopocTh yBenunueHus
rpadyKa 3HAUMTEIBHO MEHbBIIE, Ye€M Ha IEepPBOM Yy4yacTKe, U OH COOTBETCTBYET TakK
Ha3piBaeMoMy «miatoy» [15]. Ha yuactke ot 0,15B nmo 0,17B nHabmromaercs yBenuyeHue
noabeMa rpaguka (yHKIMHM, KOTOPBIH BBI3BAH PA3BUTHUEM D3JIEKTPOKOHBEKIIMU OKOJIO
KaTHOHOOOMeHHOM MemOpansb! (PucyHok 3).

Hauunas ¢ 0,17B u nanee 31eKTPOKOHBEKIMS HAUMHACTCS TAaKKe Y aHHOHOOOMEHHOM
MeMOpaHBl M JaeT CBOM BKJIAJl B MaccomepeHoc u modTomy rpaduk BAX mpomomxaer
yBenuuuBathes 10 0,18B. DTu BUXpH BRI3BIBAIOT 3aMeTHBIE koseOanust BAX. B nanpHeiimem,
npumepHo 10 0,42B 371eKTpOKOHBEKTUBHBIE BUXPH BO3JIe KAaTHOHOOOMEHHOW MeMOpaHbl U
aHMOHOOOMEHHON MeMOpaHbl MPAKTUUYECKU HE B3aUMOJICHCTBYIOT Mex 1y co0oil (Pucynok 3),
nostomy TpeHna rpadpuka BAX mnpaktuuecku nocrossHHbM (Pucynok 2). Ilocne 0,42B
9JIEKTPOKOHBEKTHBHBIE BUXPHU BO3JIe KaTMOHOOOMEHHOH MeMOpaHbl M KaTHOHOOOMEHHOMU
MeMOpaHbl HAYMHAIOT B3aMMOJEHCTBOBATh M IMPAKTUYECKH MOJHOCTHIO 3aMOJIHSIOT KaHaj
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obecconuBanus (Pucynok 3). 3To NpuBOANUT K YCUIIEHUIO MAacCONEPEHOCa U COOTBETCTBEHHO
HOBOMY nojbeMy rpaduka BAX (Pucynok 2).

Ha Pucynke 3 mnpuBeaeHsl rpadpukn BAX, mocuuTaHHbIE € HMCIHOJb30BaHUEM
JBYMEPHOM U TPEXMEPHON MOJAENIM (TOUKH), & TAK)KE UX IOJMHOMHUAIIbHBIE AlIIPOKCUMALUH.

s 2D ato Y = 5,9x° —7,8x* +4,3x> —1,3x* + 0,2x ,a s 3D —
y = 0,6x> —1,6x" +1,5x*—0,7x* +0,2X . Buano, 4ro rpapuky >THX (QYHKLIUA COBIALAIOT C
xopoieit Tounocteio 10 40c¢ (0,2B). B mpomexytke ot 40c¢ (0,2B) u mo 100c (0,5B) rpaduk

BAX 3D mnpoxomutr Hwke rpapuka BAX 2D, a 3arem rpapuk BAX 3D Owictpo
YBETMYNBACTCSI.

0,025

-~
0,02 .

2

30,015

Iav,Am

y =0,6131x" - 1,5578x* + 1,5452x> - 0,7216x? + 0,163x + 0,0011

0,005

20¢ 40c 60 ¢ 80¢ 100 ¢ 120 ¢ 4V

0 0,1 0,2 03 04 05 0,6 0,7 08

—I1av 3D (A/m"2) —Iav 2D (A/m"2) «+-Ilosmaomuaasnas (I av 3D (A/m”2)) «+-Ioaunomuaasuas (I av 2D (A/m*"2))

y =5,8885x5 - 7,8188x* + 4,2722x3 - 1,2585x2 + 0,2026x + 0,0003

a)

2,0 - Nafion

i

1,0 -

NP/NS electroneutral

0,0 0,5 1,0 1,5 2,0
A,V

6)
Pucynok 3 — Cpasaenue 2D teopernueckoit BAX (NPP/NS) u sxcniepumenTansabix BAX
Figure 3 — Comparison of 2D theoretical CVC (NPP / NS) and experimental CVC
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PucyHnok 4 — a) ceueHus kaHana 00eccONMBaHUs, MTEPIICHANKYIISPHbIE TOBEPXHOCTH
noHoo6mennsix mem6pan npu Y =0,75mm, Y =0,41mm, Yy =0,25mm; 6)-r) nuaum Toka pacTsopa
B KaXKJIOM U3 ceuenuii B pasubie Bpemena: t=20c, t =30c, t=40c, t =50c, t =80c,t=90c

Figure 4 — a) sections of the desalination channel perpendicular to the surfaces of ion-exchange
membranes at Y =0,75mm, y =0,41mm, y =0,25mm ; b)-d) solution flow lines of current in each

of the sections at different times: t =20s, t =30s, t =40s, t =50s, t =80s,t =90s

Ha Pucynke 4 mnpuBeneHsl pe3yibTaTel cpaBHeHMs TrpapukoB BAX 2D u
skcriepuMeHTanbHelx BAX. BuaHo, uto skcnepumentanbHble BAX, kpome BAX,
usMepeHHbix ¢ memOpanamu Nafion, mpoxoast vmwke BAX 2D, kak u BAX 3D. Tloatomy
MO>KHO CUMTaTh, 4To rpadpuk BAX 3D Ommxke k sxcnepumentanbHsiM BAX, yem BAX 2D
[16]. D10 OOBsACHsAETCS TeM, 4YTO TpeXMepHas MoOJelb KaHaja oOeccoiMBaHus Ooiee
aJIeKBaTHa, YeM JIByMEpHasl.

3aki0yenue

B pabGore BeBemeHbl GopMysbl, MMO3BOJAMOIIME cuuTtath BAX, ycToW4MBO
OTHOCHUTENILHO CITy4YaifHBIX OMIMOOK M OUIMOOK OKPYTJIEHUS, M BBISICHEH (PU3NYECKUI CMBICI
atux popmyin. [lpuBenen pacuer teoperudeckoit BAX ¢ ucnosb3oBaHuE MaTeMaTHYECKOM
MOJIETIH TIEPEHOCa MOHOB OMHAPHON COJIM C YYETOM DJIEKTPOKOHBEKIIMU U MOKA3aHO, YTO OHA
Ka4eCTBEHHO COBMAaJaeT ¢ dKcrnepuMeHTanbHbIMu BAX. KonundyecTBeHHOE pa3indme MOKET
OBITh OOBSICHEHO TEeM, YTO B MaTEeMaTHYeCKOW MOJENM HE YYHUTHIBACTCS pPEaKIus
JMCCONMAINK /| PEeKOMOMHAIIMK BOJBI, TPABHTAI[MOHHAS KOHBEKIUS M JIPYTHe MEXaHH3MBI
MepeHoca HOHOB COJIM B MEMOpPaHHBIX cucTemMax. TakuMm oOpazom, hopmyy:

1 HLM
I, r —— I, (t,X, Y, z)dzdydx
av(t) HLM(I){”I)X( y, z)dzdy

14119



MoaenrupoBanue, ONTHMHU3ANHS 1 HH(POPMALMOHHbIE TEXHOJOTHH / 2021;9(4)
Modeling, optimization and information technology https://moitvivt.ru

MOXHO MCIOJIb30BaTh B TEOPETUYECKUX HCCIEAOBAHUSAX IIEPEHOCA MOHOB COJU B
ANEKTpOMEMOpaHHBIX cucTeMax Juist pacuera BAX.

10.

CIIMCOK UICTOYHHUKOB

bynuukos E.JO. Ananu3 ¢uiyKTyallMOHHBIX SIBJICHHH B 00JIaCTH 3ampe/elbHBIX TOKOB B
a7eKTpoMeMOpanHoi cucteme. Jlucc. kaua. ¢us.-mat. H. M.; 2000;115.

bynuukos E.lO., Kykoes N.IO., MakcumbrueB A.B., MupomnukoBa M.H., Tumamen
C.®@., I'ynse A.M. BeiiBner u ®ypbe-aHanu3 3JIEKTPHUECKUX (IIYKTyallMii B TO-
JYIPOBOJHUKOBBIX H JJIEKTPOXUMUYECKUX cHUCTeMax. M3amepumenvruas Texnuka.
1999;11:40-44.

Mani A., Bazant M.Z. Deionization shocks in microstructures. Physical Review E.
2011;84:061504. IoctymHo moO:

https://www.researchgate.net/publication/221804743 Deionization_shocks_in_microstru
ctures. DOI:10.1103/PhysReVvE.84.061504. (nata obpamenus: 22.11.2021).

Jannay JI.JI., Jludumun E.M. Dnexmpoounamuka cniownwix cpeo. M.: Hayka; 1982:621.

VYprenoB K.M., Kosanenko A.B., UyOsipp H.O., Xpombix A.A. KpaeBas 3agaua mms
IJIOTHOCTA TOKa B OO0JAacTH MPOCTPAHCTBEHHOTO 3apsifa. IKoIo2UUeCKUll BeCMHUK
HayuHvlx yenmpos Yeprnomopcrkoeo skonomuueckoeo compyonuuecmaa. 2010;7(1):70-73.
Hoctymno no: https://elibrary.ru/item.asp?id=14435210. (nara oopamenus: 22.11.2021).
Simons R. Nature, Land. 1979;280:41.

Nikonenko V., Kovalenko, A., Urtenov, M., Pismenskaya, N., Han, J., Sistat, P., Pourcelly,
G. Desalination at overlimiting currents: State-of-the-art and perspectives. Desalination.
2014:342:85-106. HoctynHo o:
https://www.researchgate.net/publication/261563484 Desalination_at_overlimiting_curr
ents_State-of-the-art_and_perspectives. DOI:10.1016/j.desal.2014.01.008. (nara
obpamienus: 22.11.2021).

Rubinstein 1., Zaltzman B. Equilibrium electro-osmotic instability in concentration
polarization at a perfectly charge-selective interface. Physical Review Fluids. 2017;2(9).
HoctynHo 1o:
https://www.researchgate.net/publication/320070217_Equilibrium_electro-
osmotic_instability in_concentration_polarization_at_a_perfectly charge-
selective_interface. DOI: 10.1103/PhysRevFluids.2.093702. (mata oOparieHus:
22.11.2021).

Urtenov M.K., Chubyr N.O., Gudza V.A. Reasons for the formation and properties of
soliton-like charge waves in membrane systems when using overlimiting current modes.
Membranes. 2020;10(8):189. JlocTymHO 1o:
https://www.researchgate.net/publication/343693372_Reasons_for_the Formation_and
Properties_of Soliton-

Like Charge Waves in_Membrane Systems_When_Using_Overlimiting_Current Mod
es. DOI:10.3390/membranes10080189. (nata obpamenus: 22.11.2021).

Greben V.P., Pivovarov, N.Y., Kovarskii, N.Y., Nefedova, G.V. Influence of ion-
exchange resin nature on physic-chemical properties of bipolar membranes. Sov. J. Phys.
Chem. 1978:52:2641-2645. JoctymHo o:

1519


https://www.researchgate.net/publication/221804743_Deionization_shocks_in_microstructures
https://www.researchgate.net/publication/221804743_Deionization_shocks_in_microstructures
https://elibrary.ru/item.asp?id=14435210
https://www.researchgate.net/publication/261563484_Desalination_at_overlimiting_currents_State-of-the-art_and_perspectives
https://www.researchgate.net/publication/261563484_Desalination_at_overlimiting_currents_State-of-the-art_and_perspectives
https://www.researchgate.net/publication/320070217_Equilibrium_electro-osmotic_instability_in_concentration_polarization_at_a_perfectly_charge-selective_interface
https://www.researchgate.net/publication/320070217_Equilibrium_electro-osmotic_instability_in_concentration_polarization_at_a_perfectly_charge-selective_interface
https://www.researchgate.net/publication/320070217_Equilibrium_electro-osmotic_instability_in_concentration_polarization_at_a_perfectly_charge-selective_interface
https://www.elibrary.ru/item.asp?id=43997834
https://www.elibrary.ru/item.asp?id=43997834
https://www.elibrary.ru/contents.asp?id=43997833
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes

MoaenrupoBanue, ONTHMHU3ANHS 1 HH(POPMALMOHHbIE TEXHOJOTHH / 2021;9(4)
Modeling, optimization and information technology https://moitvivt.ru

11.

12.

13.

14.

15.

16.

https://www.researchgate.net/publication/284830531 Influence_of ion-

exchange resin_nature_on_physic-chemical _properties_of bipolar_membranes.  (mara
obpamienus: 22.11.2021).

Rubinstein 1., Zaltzman B. Electro-osmotic slip and electroconvective instability. J. Fluid
Mech. 2007;579:173-226. JoctymHo 1o:
https://www.researchgate.net/publication/231948195 Electro-
osmotic_slip_and_electroconvective_instability. DOI:10.1017/S0022112007004880.
(mara obpamienus: 22.11.2021).

Uzdenova A.M., Kovalenko A.V., Urtenov M.K., Nikonenko V.V Effect of
electroconvection during pulsed electric field electrodialysis. Numerical experiments.
Electrochemistry Communications. 2015;51:1-5. JlocTymHo 10:
https://www.researchgate.net/publication/272395440 Effect of electroconvection_durin
g_pulsed_electric_field_electrodialysis_Numerical_experiments.
DOI:10.1016/j.elecom.2014.11.021. (nata oOpamienus:22.11.2021).

Urtenov M.A.Kh., Gudza V.A.,Chubyr N.O., Shkorkina 1.V. Theoretical Analysis of the
Stationary Transport of 1:1 Salt lons in a Cross-Section of a Desalination Channel, Taking
into Account the Non-Catalytic Dissociation/Recombination Reaction of Water Molecules
/ Membranes. 2020;10(11):342. JlocTyrmHo 10:
https://www.researchgate.net/publication/346881766 Theoretical Analysis_of the Stati
onary Transport_of 11 Salt lons_in_a Cross-

Section_of a_Desalination_Channel_Taking_into_Account_the_Non-
Catalytic_DissociationRecombination_Reaction_of Water_Molecule.
DOI:10.3390/membranes10110342. (nata obpamenus: 22.11.2021).

Huxonenko B.B., MapeeB C.A., [Tucemenckas H.JI., Y3nenoa A.M., Koasienko A.B.,
YprenoB M.X., ITypcenu XK. 3ddekT ameKTpOKOHBEKIIUN U €ro HCIOIb30BAHHUE IS

MHTeHCU(UKAIMM  MacconepeHoca B anekrpoauanuze (O030p). Dnexmpoxumus.
2017;53(10):1266-1289. Hocrymuo mo: https://elibrary.ru/item.asp?id=30297556. DOI:
10.7868/S0424857017100061. (mara obpamenns:22.11.2021).

Urtenov M.Kh., Kovalenko A.V., Sukhinov A.l., Chubyr N.O., Gudza V.A. Model and
numerical experiment for calculating the theoretical current-voltage characteristic in
electro-membrane systems. 1OP Conference Series: Materials Science and
Engineering. Collection of materials of the XV International Scientific - Technical
Conference. Don State Technical University. 2019;012030._ JloctymHo 110:
https://www.researchgate.net/publication/337743733 Model_and_numerical_experiment
for_calculating_the_theoretical current-voltage characteristic_in_electro-
membrane_systems. DOI: 10.1088/1757-899X/680/1/012030. (mara oOpaieHus:
22.11.2021).

Mkopkuna W.B., Yyo6eipp H.O., I'ynza B.A., VprenoB M.A.X. BonbrammnepHas

XapaKTEPUCTHKAa HECTAlMOHApPHOIO IlepeHoca HMOHOB 1:1 conm B cedeHMM KaHana
00€eCCOIMBaHNUS. Modeﬂupoeaﬂue, onmumuzayusl u qubOpMﬂL;uOHHble mexHoJiocuu.
2020;8(3). HoctymnHO 1o: https://moit.vivt.ru/wp-
content/uploads/2020/08/ShkorkinaSoavtors 3 20 1.pdf. DOI: 10.26102/2310-
6018/2020.30.3.020. (nata oopamenus: 22.11.2021).

16119


https://www.researchgate.net/publication/284830531_Influence_of_ion-exchange_resin_nature_on_physic-chemical_properties_of_bipolar_membranes
https://www.researchgate.net/publication/284830531_Influence_of_ion-exchange_resin_nature_on_physic-chemical_properties_of_bipolar_membranes
https://www.researchgate.net/publication/231948195_Electro-osmotic_slip_and_electroconvective_instability
https://www.researchgate.net/publication/231948195_Electro-osmotic_slip_and_electroconvective_instability
https://elibrary.ru/item.asp?id=23958835
https://elibrary.ru/item.asp?id=23958835
https://elibrary.ru/contents.asp?id=34090205
https://www.researchgate.net/publication/272395440_Effect_of_electroconvection_during_pulsed_electric_field_electrodialysis_Numerical_experiments
https://www.researchgate.net/publication/272395440_Effect_of_electroconvection_during_pulsed_electric_field_electrodialysis_Numerical_experiments
https://www.elibrary.ru/contents.asp?id=43997833
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://elibrary.ru/item.asp?id=30297556
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Доступно%20по:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Доступно%20по:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Доступно%20по:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Доступно%20по:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
https://moit.vivt.ru/wp-content/uploads/2020/08/ShkorkinaSoavtors_3_20_1.pdf
https://moit.vivt.ru/wp-content/uploads/2020/08/ShkorkinaSoavtors_3_20_1.pdf

MoaenrupoBanue, ONTHMHU3ANHS 1 HH(POPMALMOHHbIE TEXHOJOTHH / 2021;9(4)

Modeling, optimization and information technology https://moitvivt.ru
REFERENCES
1. Budnikov E. Y. Analysis of fluctuation phenomena in the field of extreme currents in an

10.

electromembrane system. Dissertation for the degree of Candidate of Physical and
Mathematical Sciences. Moscow. 2000;115. (In Russ.)

Budnikov E. Yu., Kukoev I. Yu., Maksimychev A.V., Miroshnikova I. N., Timashev S.
F., Gulyaev A.M.. Wavelet and Fourier analysis of electrical fluctuations in
polyconducting and electrochemical systems. lzmeritel'naya Tekhnika = Measuring
Equipment. 1999;11:40-44. (In Russ.)

Mani A., Bazant M.Z. Deionization shocks in microstructures. Physical Review E.
2011;84:061504. Available at:
https://www.researchgate.net/publication/221804743 Deionization_shocks_in_microstru
ctures. DOI:10.1103/PhysRevE.84.061504. (accessed 22.11.2021).

Landau L.D., Lifshits E.M. Electrodynamics of continuous media. M.: Science; 1982:621.
(In Russ.)

Urtenov K.M., Kovalenko A.V., Chubyr N.O., Khromykh A.A. Boundary value problem
for current density in the space charge region. Ekologicheskiy vestnik nauchnykh tsentrov
Chernomorskogo ekonomicheskogo sotrudnichestva = Ecological Bulletin of the Scientific
Centers of the Black Sea Economic Cooperation. 2010;7(1):70-73. Available at:
https://elibrary.ru/item.asp?id=14435210. (accessed 22.11.2021). (In Russ.)

Simons R. Nature, Land. 1979;280:41.

Nikonenko V., Kovalenko, A., Urtenov, M., Pismenskaya, N., Han, J., Sistat, P., Pourcelly,
G. Desalination at overlimiting currents: State-of-the-art and perspectives. Desalination.
2014;342:85-106. Available at:
https://www.researchgate.net/publication/261563484 Desalination_at_overlimiting_curr
ents_State-of-the-art_and_perspectives. DOI:10.1016/j.desal.2014.01.008.  (accessed
22.11.2021).

Rubinstein 1., Zaltzman B. Equilibrium electro-osmotic instability in concentration
polarization at a perfectly charge-selective interface. Physical Review Fluids. 2017;2(9).
Available at: https://www.researchgate.net/publication/320070217_Equilibrium_electro-
osmotic_instability in_concentration_polarization_at_a_perfectly charge-
selective_interface. DOI: 10.1103/PhysRevFluids.2.093702. (accessed 22.11.2021).
Urtenov M.K., Chubyr N.O., Gudza V.A. Reasons for the formation and properties of
soliton-like charge waves in membrane systems when using overlimiting current modes.
Membranes. 2020;10(8):189. Available at:
https://www.researchgate.net/publication/343693372_Reasons_for_the Formation_and
Properties_of Soliton-

Like Charge Waves in_Membrane Systems_When_Using_Overlimiting_Current Mod
es. DOI:10.3390/membranes10080189. (accessed 22.11.2021).

Greben V.P., Pivovarov, N.Y., Kovarskii, N.Y., Nefedova, G.V. Influence of ion-
exchange resin nature on physic-chemical properties of bipolar membranes. Sov. J. Phys.
Chem. 1978;52:2641-2645. Available at:
https://www.researchgate.net/publication/284830531 _Influence_of ion-

1719


https://www.researchgate.net/publication/221804743_Deionization_shocks_in_microstructures
https://www.researchgate.net/publication/221804743_Deionization_shocks_in_microstructures
https://elibrary.ru/item.asp?id=14435210
https://www.researchgate.net/publication/261563484_Desalination_at_overlimiting_currents_State-of-the-art_and_perspectives
https://www.researchgate.net/publication/261563484_Desalination_at_overlimiting_currents_State-of-the-art_and_perspectives
https://www.researchgate.net/publication/320070217_Equilibrium_electro-osmotic_instability_in_concentration_polarization_at_a_perfectly_charge-selective_interface
https://www.researchgate.net/publication/320070217_Equilibrium_electro-osmotic_instability_in_concentration_polarization_at_a_perfectly_charge-selective_interface
https://www.researchgate.net/publication/320070217_Equilibrium_electro-osmotic_instability_in_concentration_polarization_at_a_perfectly_charge-selective_interface
https://www.elibrary.ru/item.asp?id=43997834
https://www.elibrary.ru/item.asp?id=43997834
https://www.elibrary.ru/contents.asp?id=43997833
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/343693372_Reasons_for_the_Formation_and_Properties_of_Soliton-Like_Charge_Waves_in_Membrane_Systems_When_Using_Overlimiting_Current_Modes
https://www.researchgate.net/publication/284830531_Influence_of_ion-exchange_resin_nature_on_physic-chemical_properties_of_bipolar_membranes

MoaenrupoBanue, ONTHMHU3ANHS 1 HH(POPMALMOHHbIE TEXHOJOTHH / 2021;9(4)
Modeling, optimization and information technology https://moitvivt.ru

11.

12.

13.

14.

15.

16.

exchange_resin_nature_on_physic-chemical_properties_of bipolar_membranes.
(accessed 22.11.2021).

Rubinstein 1., Zaltzman B. Electro-osmotic slip and electroconvective instability. J. Fluid
Mech. 2007;579:173-226. Available at:
https://www.researchgate.net/publication/231948195 Electro-
osmotic_slip_and_electroconvective_instability. DOI:10.1017/S0022112007004880.
(accessed 22.11.2021).

Uzdenova A.M., Kovalenko A.V., Urtenov M.K., Nikonenko V.V Effect of
electroconvection during pulsed electric field electrodialysis. Numerical experiments.
Electrochemistry Communications. 2015;51:1-5. Available at:
https://www.researchgate.net/publication/272395440 Effect of electroconvection_durin
g_pulsed_electric_field_electrodialysis_Numerical_experiments.
DOI:10.1016/j.elecom.2014.11.021. (accessed 22.11.2021).

Urtenov M.A.Kh., Gudza V.A.,Chubyr N.O., Shkorkina 1.V. Theoretical Analysis of the
Stationary Transport of 1:1 Salt lons in a Cross-Section of a Desalination Channel, Taking
into Account the Non-Catalytic Dissociation/Recombination Reaction of Water Molecules
/ Membranes. 2020;10(11):342. Available at:
https://www.researchgate.net/publication/346881766_Theoretical Analysis_of the Stati
onary Transport_of 11 Salt lons_in_a Cross-

Section_of a_Desalination_Channel_Taking_into_Account_the_Non-
Catalytic_DissociationRecombination_Reaction_of Water_Molecule.
DOI:10.3390/membranes10110342. (accessed 22.11.2021).

Nikonenko V.V., Mareev S.A., Pismenskaya N.D., Uzdenova A.M., Kovalenko A.V.,
Urtenov M.H., Purseli J. The effect of electroconvection and its use for the intensification
of mass transfer in electrodialysis (Review). Elektrokhimiya = Electrochemistry.
2017;53(10):1266-1289. Available at: https://elibrary.ru/item.asp?id=30297556. DOI:
10.7868/S0424857017100061. (accessed 22.11.2021). (In Russ.)

Urtenov M.Kh., Kovalenko A.V., Sukhinov A.l., Chubyr N.O., Gudza V.A. Model and
numerical experiment for calculating the theoretical current-voltage characteristic in
electro-membrane systems. 1OP Conference Series: Materials Science and
Engineering. Collection of materials of the XV International Scientific - Technical
Conference. Don State Technical University. 2019;012030._ Available at:
https://www.researchgate.net/publication/337743733 _Model_and_numerical_experiment
for_calculating_the_theoretical _current-voltage characteristic_in_electro-
membrane_systems. DOI: 10.1088/1757-899X/680/1/012030. (accessed 22.11.2021).
Shkorkina 1.V., Chubyr N.O., Gudza V.A., Urtenov M.A. Kh. Current-voltage
characteristic of unsteady 1:1 salt ion transfer in the cross-section of the desalination
channel. Modelirovaniye, optimizatsiya i informatsionnyye tekhnologii = Modeling,
optimization and information technology. 2020;8(3). Available at: https://moit.vivt.ru/wp-
content/uploads/2020/08/ShkorkinaSoavtors_3 20 1.pdf. DOIl: 10.26102/2310-
6018/2020.30.3.020. (accessed 22.11.2021). (In Russ.)

18119


https://www.researchgate.net/publication/284830531_Influence_of_ion-exchange_resin_nature_on_physic-chemical_properties_of_bipolar_membranes
https://www.researchgate.net/publication/231948195_Electro-osmotic_slip_and_electroconvective_instability
https://www.researchgate.net/publication/231948195_Electro-osmotic_slip_and_electroconvective_instability
https://elibrary.ru/item.asp?id=23958835
https://elibrary.ru/item.asp?id=23958835
https://elibrary.ru/contents.asp?id=34090205
https://www.researchgate.net/publication/272395440_Effect_of_electroconvection_during_pulsed_electric_field_electrodialysis_Numerical_experiments
https://www.researchgate.net/publication/272395440_Effect_of_electroconvection_during_pulsed_electric_field_electrodialysis_Numerical_experiments
https://www.elibrary.ru/contents.asp?id=43997833
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://www.researchgate.net/publication/346881766_Theoretical_Analysis_of_the_Stationary_Transport_of_11_Salt_Ions_in_a_Cross-Section_of_a_Desalination_Channel_Taking_into_Account_the_Non-Catalytic_DissociationRecombination_Reaction_of_Water_Molecule
https://elibrary.ru/item.asp?id=30297556
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Available%20at:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Available%20at:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Available%20at:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
file:///E:/Vipusk_4(35)_2021/42_KovalenkoSoavtors_4_21_1@/Available%20at:%20https:/www.researchgate.net/publication/337743733_Model_and_numerical_experiment_for_calculating_the_theoretical_current-voltage_characteristic_in_electro-membrane_systems
https://moit.vivt.ru/wp-content/uploads/2020/08/ShkorkinaSoavtors_3_20_1.pdf
https://moit.vivt.ru/wp-content/uploads/2020/08/ShkorkinaSoavtors_3_20_1.pdf

MoaenrupoBanue, ONTHMHU3ANHS 1 HH(POPMALMOHHbIE TEXHOJOTHH /

Modeling, optimization and information technology

2021;9(4)
https://moitvivt.ru

NH®OPMAIIUS Ob ABTOPAX / INFORMATION ABOUT THE AUTHORS

KoBasenko AnHa BuaagumMupoBHa, 1-p. TEXH.
HayK, JIOIICHT, Kadeapa MPUKIaIHOW MaTeMaTHUKH,

OI'bOY BO «Kybanckuii rocymapcTBEHHBIH
YHUBEPCUTETY, Kpacunonap, Poccuiickas
®denepanus.

e-mail: savanna-05@mail.ru
ORCID: 0000-0002-3991-0361

I'ynza Muna BiaaaguMupoBHa, acliupaHT,
kadeapa npuknagHoit maremaruku, @IT'bOY BO
«KyOaHCKHT TOCYZapCTBEHHBI yHHBEPCUTET»,
Kpacuonap, Poccuiickas deneparusi.

e-mail: shkorkina_inna@mail.ru

Yyosipr Haransa OueroBna, kaHn. ¢uz-mart.
HayK, JIOIICHT, Kadeapa MpUKIaJAHOW MaTeMaTHKH,
O®I'bBOY BO «Kybanckwifi  TOCYmapCTBEHHBIN
TEXHOJIOTUYECKHM  yHuBepcuteT», KpacHogmap,
Poccuiickas @eneparusi.

e-mail: chubyr-natalja@mail.ru

ORCID: 0000-0003-3535-0361

YprenoB Maxamert XyceeBu4, 1-p. GU3-MaT. HayK,
npodeccop, Kadenpa TNPHUKIATHOW MaTEeMaTHKH,

OI'bBOY BO «KybOanckmifi  TOCYIapCTBEHHBIN
YHUBEPCUTETY, Kpacuonap, Poccuiickas
depnepanys.

e-mail: urtenovmax@mail.ru

ORCID: 0000-0002-0252-6247

XpombIx AHHA AJleKkceeBHA, KaH/I. pU3-MaT. HayK,
kadeapa napopmatuku u Matematuku ®I'KOYBO
«KpacHomapckuii  yHuBepcutrer MuHMCTEpCTBA
BHyTpeHHMX Jnen  Poccuiickoit ~ @enepanuny,
Kpacuognap, Poccuiickas ®@enepanus.

e-mail: AnnXA@mail.ru

Anna Vladimirovna Kovalenko, Dr. Sci.,
associate professor, Applied Mathematics
Department, Federal State  Budgetary
Educational Institution of Higher Education
«Kuban State University», Krasnodar, Russian
Federation

Inna Vladimirovna Gudza, aspirant,
Applied Mathematics Department, Federal
State Budgetary Educational Institution of
Higher Education «Kuban State University»,
Krasnodar, Russian Federation

Natalia Olegovna Chubyr, Cand.Sci. (Phys.—
Math.), associate  professor,  Applied
Mathematics Department, Federal State
Budgetary Educational Institution of Higher
Education «Kuban State Technological
University», Krasnodar, Russian Federation

Makhamet Khuseevich. Urtenov, Dr. Sci.
(Phys.—Math.), Professor, Applied
Mathematics Department, Federal State
Budgetary Educational Institution of Higher
Education «Kuban State  University»,
Krasnodar, Russian Federation

Anna Alekseyevna Khromykh, Cand. Sci.
(Phys.—Math.), Department of Informatics
and Mathematics, Federal State Treasury
Educational Institution of Higher Education
«Krasnodar University of the Ministry of the
Internal of Russia», Krasnodar, Russian
Federation

Cmamovsa nocmynuna 6 peoakyuto 29.11.2021; o0obpena nocne peyensuposanus 19.12.2021,
npunama k nyoauxayuu 29.12.2021.

The article was submitted 29.11.2021; approved after reviewing 19.12.2021;
accepted for publication 29.12.2021.

19119


https://orcid.org/0000-0002-3991
mailto:shkorkina_inna@mail.ru
https://orcid.org/0000-0003-3535-0361
mailto:urtenovmax@mail.ru
https://orcid.org/0000-0002-0252-6247

