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AHomauyis. Y cmammi 3anponoHo8aHo memood po3paxyHKy du- 3 acnipaHt

HaMIKU 3MiHU ycepedHeHoi 3a o6’emom memnepamypu ma  https://orcid.org/0009-0001-9489-1793
KOHUeHmpauii enexkmpu4Hux 3apAadie 8 enemeHmax EHEPZEMU- 4 \yon yayk. criBpob.

YHUX pUCMpois, y AKUX BUKOPUCMOBYIOMbCA €eKMpPOoaimu.  piins.//orcid.org/0000-0002-5770-3677
AKkmyasnsHicme pobomu 3ymosaeHa mum, wo 044 enekmpoxi-
MIYHUX QKYyMynamopis, nanusHUX KOMIPOK, eneKkmponizepis
ma fHWuUx crnopiOHeHUX cucmem ekcrepumMmeHmassHe 8U3Ha-
YeHHA /IOKAAbHUX 3HOYEeHb memrepamypu, HanpyrweHocmi
es1eKmpuUYHo20 NMoAA | KoHyeHmpayili Hociie 3apAa0y € cymmeao ycKAadHeHUM, modi AK iHmezpanbHi abo
cepedHbo0ob’emHi napamempu docmynHi 0718 sumiprosaHHs. Memotr pobomu € nobydosa meopemu4yHo 06-
rpyHmMoB8aHo20 nioxoody, akuli 0ae 3moeay nepelimu 8i0 /I0KA/IbHUX PiBHAHb MersioMaconepeHocy 00 PiBHAHb
0719 ycepeOHeHux y npocmopi xapakmepucmuK. Memod 6a3yemosca HA npueedeHHi 8UxiOHUX pieHAHb 00 Ou-
s8epeeHMHOI hopmMu, iHMeapyB8aHHi 30 06°eMOM Ma 8UKOPUCMAHHI 3aKOHY HotomoHa 0414 onucy mernsnoob-
MiHy i3 308HIWHIM cepedosuwiem. Y pe3ysnomami ompumaHo 3s8u4aliHe dugepeHuianbHe pigHAHHA 04 ce-
pPeGHLOO6 EMHOI memnepamypu ma cucmemy piBHAHb 044 ycepeOHeHUX KOHUeHmpauili 3apsadie pizHux
3Hakie. MMoKa3aHo, wo 8 HabauxceHHi ambinonsapHoi Ougy3ii pieHAHHA 0a58 KOHUeHmMpauyii Habysae cmpyk-
mypu, aHAn02i4YHOI piBHAHHIO HecmayioHapHoOi menaonposidoHocmi 0018 ycepedOHeHuUX napamempis. [1paK-
muyHe 3HaYeHHA pobomu rnosA2ae 8 MOX(/UBOCMI IHMeprnpemauii ekcnepumeHmasnbHO 8U3HAYEHUX iHmeea-
panbHUX napamempie ma BUKOPUCMAHHA 00epH(aHux 3anexHocmell 014 OUIHIOBAHHA Mena08020 i
KOHUeHMpauyiliHo2o cmaHy enekmposimo8miCHUX eHep2emuyHUX cucmem.

L2534 |ucTUTYT BiAHOBNIOBAHOI @HEPreTUKN
HAH YKpainu, m. Kunis, YKpaiHa

Knrouoesi cnoea: enekmponim, ycepedHeHa memnepamypa, KOHUeHmMpayia 3apaois, menaomMmaconepeHoc, ese-
KmpomaconepeHoc, ambinoasapHa ougysia, enekmpoximiyHuli akymyasmop, naaueHa KoOMipKa, enekmposti-
3ep.

I'IepeniK BUKOPUCTAHUX NO3HAYE€Hb Tda CKOPOY€eHb

T —Temnepatypa Q - iHTerpanbHe TenJ0BUAINEHHA B 06’emi

t—vac o — KoedilieHT, LLLO BU3HAYAE XapaKTEPHUI PO3MIp cepeso-
gV — 06’eMHa rycTUHa Tenno0BUAi1eHHSA BMLLA Ta iMoro dopmy

p — ryCTUHa cepeaoBuLLa N+, N— — KOHLUEHTPaL,ii NO3UTUBHO Ta HEraTUBHO 3apaaKe-
C — NUTOMa TENJI0EMHICTb HWX YaCTUHOK

A\ — KoediuieHT TenaonposigHOCTI E — Hanpy»KeHiCTb eIeKTPMYHOro nons

V—o06'em D+, D- — KoediuieHTn gnuaoysii

S — 3aMKHeHa NoBepxHs, WO 06MeXKye 06’em P+, U= — PYX/IMBOCTI 3apAAKEHUX YaCTUHOK

Tcep — cepeHbOO6’EMHa TemnepaTypa Da — KoediuieHT ambinonapHoi andysii

Bctyn. B eHepreTuui AOCUTb LWMPOKO BUKOPUCTOBY-  KOMIPKW, Ae BOAEHb MOXHa OTPUMYBaTK 3a A40OMNOMO-
I0TbCA CepefoBuLLa, AKI MICTATb eNeKTPUYHI 3apAgM OO TEXHOJIONIA eNeKTPOAI3y BOAM.

NpoTUNEXHUX 3HaKIB. NpnKNagamu NPUCTPOIB, Y AKUX
BUKOPUCTOBYIOTbCA TaKi cepefoBULLd, € €NeKTpo-
XiMIYHi aKyMynATOPU, @ TAKOXK NePCneKTUBHI A1A eKo-
noriyHoi  eHepretMkn [9, 10] BogHeBi NanuBHI

Cnip, 3a3HAYNTK, WO Y BULLE3ragaHMX Ta iHWKUX NpU-
CTPOAX, METOAM JIOKAJIbHOI AiarHOCTUKMN eNeKkTpomar-
HITHMX NOAIB, TEMNepaTypwu i KOHLEHTpaUi 3apaais, a
TAKOX AMHAMIKM iX 3MiHW B 4aci NpPaKTUYHO
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HEMOX/IMBO peasnizyBaTh eKcnepumeHTasbHO. Tomy
0bmexXyloTbCA BM3HAYeHHAM 06’eMHO ycepeaHeHuX
napameTpiBs, iHTepnpeTayia AKMX BUMArae Biagnosia-
HOrO TEOPETUYHOTO OBI'PYHTYBAHHS.

MNocraHoBKa 3apadyi. [o-nepwe po3riAHEMO TaKy
BUXiAHY moAenb npouecy HecTalioHapHOI TenioBoi
npoBigHOCTI:

aT
pCp 5, — AT = q,, (1)

pe T — Temnepatypa; t — yac; q, — 06’eMHa rycTuHa
TENNOBUAINIEHHA BHACNiI 40K NPOXOAKEHHA eNeKTpuy-
HOrO CTPYMY; P, Cp, A — BianosigHo, ryctnHa cepeno-
BULLA, MUTOMA TEMNJIOEMHICTb Ta KoedilieHT TenaoBoi
npoBigHOCTI.

MeToao0n0ria BU3HaYUEHHA ycepeaHeHoi 3a 06’emom
V temneparypu. Npueoasumn onepatop flannaca AT
[0 AuBepreHTHoi Gopmu (AT =V- (VT)), BUKOPU-
cToByloumn 3akoH HetotoHa (G = —AAT), pe G - ry-
CTMHa TEN/IOBOro MOTOKY) i iHTerpyoum 3rigHo 3 meTo-
ponorieto pobit [1, 2] piBHAHHA (1) 3a o6’emom V
OTPUMYEMO

,%J%Hvﬂ(v®W=j%wwa

\

OCKiNlbKN gNa PyXomoro cepefoBMLL@ BUKOHYETbCA
yMOBa

j a—TdV = EI TdV , 1o gas cepenHboob’emHoi

TemnepaTypw
T, =] Tdv/v
Y
3 (2) maemo
T, -0
T;F:: Qt—0Q . (3)
pcpV

TyTQt :J. quV — iHTerpanbHe TennoOBUAINEHHA
\

Bob’emi V,aQ_ = #S q - ds (inTerpan no samk-
HeHili noBepxHi s, oToyeHoi o6’emom V) — Tennosi
BTPaTW B OTOYYIOYE cepeaoBulLe.

Y TepMmiHax cepeiHb00O6’ EMHMX 3HaYEHb

q+ = % ,q_ = % Bupas (3) Habysae surnagy

ATep _ q+—kq-
= k=s/V. 4
n e, / (4)

TyT k — KoediLieHT, AKUI BU3HAYaE XapaKTEPHUIN PO3-
Mip cepeaoBuLLa Ta Moro Gopmy i AKNI € SMiIHHUM.

3micT BMpasy (4) nonarae B Tomy, Wo 6yayyuum ekcne-
PUMEHTANIbHO MNepeBipeHMM A/A KOHKPETHUX 3Ha-
YyeHb Napametpa k [3— 5], BiH MOXe 6yTH peKomeHa0-
BaHMWM i ANA IHWWX 3HaYeHb g4, q_, STa V.

MeTtogonoria BU3HAUEHHA YycepeAHEeHUX 3HauYeHb
KOHLLeHTpauii 3apagiB y npoueci Tennomaconepe-
Hocy. [lns npoueciB enekTpomaconepeHocy 3apsjis
Pi3HMX 3HAKIiB BUXigHa maTeMaTMyHa MOLENb Ma€E BU-
rnag, [6]

N .
a—; — DyAN, + V- (uyNLE) = Fy(NLN),
= —D_AN_+V - (u-N_E) = F.(N,N). (5)

=

Tyt E — Hanpy»eHicTb enekTpuyHoro nons; F,, F_-
NOKanbHi OYHKLIT AnA KoHueHTpauin N, N_ BHa-
CNifoK Npouecis ioHisauii Ta pekombiHauiiii; Dy, D_Ta
Uy, U_,BianosigHo, koediuieHTn andysii Ta pyxomocTi
3apAOKEeHMX YacTMHOK, AKi nos’asaHi Mmixk coboto
cnieBigHOWeEHHAMN EMHWITENHA.

Ockinbkm AN, =V - (VN,),AN_ =V - (VN_), To cu-
ctema (5) npuBoanTbCA 40 AMBEpPreHTHoi popmu no
NPOCTOPOBUX KOOPAUHATAX, i 3aCTOCYBaHHA TEOpPEMMU
npo Aueeprexuito [7] Aae 3mory oTpMmat cuctemy
[ABOX 3BMYaliHUX gudepeHLiabHNX PiBHAHb 33 YaCOM
t ons ycepeaHeHux 3a o6’emom VKoHUeHTpauil 3a-
pagisn,,n_

n+:Vj N.dV /V, n+=\_/[ N_dV /V.

Y HabaunxkeHHi ambinonapHoi andysii [6], Aka YacTo
BMKOPUCTOBYETLCA B TEOPIii eN1eKTpomMaconepeHocy,
npu Ny = N_ = N, u,,u_,D,,D_ — const piBHAHHA
ana Nmae surnaga, aHanoriynumi (1),

ON

2 —
— = D V2N = Fy(N), (6)
Diyu_+D_
ne D, = DR TR KoedilieHT ambinonsapHoi
Mty
Andysii. TakoX BUAHO, LLO CTPYKTYpa 3a/1€XKHOCTI
dN, 1 ON
d—;p = " fV 3t dV mae surnsag, aHanoriunuii (4).

Ha 3aBepleHHA 3ayBa)kMMO, WO 3arnpornoHOBaHWA
nigxig moke 6yTM 3aCTOCOBAHWUM i ANA BU3HAUYEHHSA B
Yyaci NPOCTOPOBO HEOAHOPIAHMX Manux 36ypeHb na-
pameTpiB, ycepefHeHUX 33 06'eMOM, OCKiNbKM B
LbOMY pasi onepaTopu NO NPOCTOPOBUX KOOPAMHATAX
TAKOX MaloTb AnBepreHTHy popmy [8].
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MoxnmBe 3acTOoCyBaHHA OTPUMAHUX CNiBBigHO-
weHb. OTpUMaHI cniBBigHOWEHHA ANA ycepeaHeHOoi
3a 06’emom TemnepaTypu Ta KOHUEHTpauii 3apsgis
MaloTb BaXK/IMBE METOAMYHEe 3HAYEeHHA ONA aHanisy
€HepreTUYHMX NPUCTPOIB, Y AKUX BUKOPUCTOBYIOTLCA
enekTponitM. Hacamnepep, ue CTOCyeTbCA CUCTEM, A€
npAmMme eKcnepMmeHTasibHe BU3HAYEHHA NOKAJIbHUX
TemnepaTypHMX NOANIB i NONIB KOHLUEHTpPALLi HOCIiB 3a-
pPA4Y € YCKAAAHEHWM, a KOHTPO/b CTaHy o6’eKTa
34,iMCHIOETBCA NEPEBAXKHO 3a iHTerpanbHUMM abo yce-
pegHeHMMKM napameTpamu. Y Takomy pasi 3anpono-
HOBaHWI Niagxia Oae 3mory MoB’A3aTW pesynbTaTu
BMMiptOBaHb 3 ¢isMYHMMM Npouecamu Tenaonepe-
HOCY Ta efleKTpomMaconepeHocy B poboyomy 06’ emi.

CyTTeEBOIO NepeBaroto 3anpornoHOBaHOro Nigxoay € Te,
O nicna nepexoay A0 ycepeAHEHUX XapaKTepuUCTUK
36epiraeTbca MOK/IMBICTb aHaNi3y YacoBOi AMHAMIKK
NpoL,eciB y NOPIBHAHO MNPOCTI MaTeMaTUUHIN dopmi.
Lle € BaxkAnBMmM pns 3agady OLiHIOBaHHA TeMN/J0BOro
CTaHy €eNeKTPOXiMIYHMX aKyMyAnAaATopiB, MaJUNBHUX
KOMIPOK Ta eNIeKTPONI3HUX CUCTEM, B AKMX Temrnepa-
Typa i KOHUEHTpaLia HOCIiB 3apAaay iCTOTHO BN/MBa-
10Tb Ha ePEKTUBHICTb NEepPEeTBOPEHHA eHeprii, cTabisb-
HiCTb peXxumiB poboTn Ta pecypc obnagHaHHA. Mpwu
LbOMY BMKOPUCTaHHA ycepeaHEeHUX moaenein € po-
LiNbHMM Yy TUX BUNAAKax, KON AeTanbHUN NPOCTOPO-
BMMA PO3MOAIN MapameTpiB HeZOCTYMHUM abo He €
BU3HAYa/IbHUM ANA iHXEHEePHOI OLLiHKM.

OKpemo cnif, 3a3HaA4YUTK, WO aHANOrA MiXK PiBHAH-
HAMM ANA cepefHboob’EMHOI TemnepaTypu Ta yce-
peaHeHUX KOHUEHTpaUild 3apAgiB y HabauKeHHi
ambinonsapHoi andysii cTBoploe niacTtaBn Ana BUKO-
PUCTAHHA EAUHUX NiOXOAIB A0 aHani3y TenaoBux pe-
UMIB | peXXMMiB 3MiHW KOHLEHTpaLLii HOCIiiB 3apAaay B
Takux cuctemax. Lle cnpouye iHTepnpeTaLito ekcne-
PUMEHTaNIbHUX OAHUX Ta BiAKPUBAE MOXKIMBICTb NO-
6yn08BM y3arasbHEHUX iHXKEHEePHUX moaenen ans pis-
HUX TUNIB EHEePreTUYHUX NPUCTPOIB 3 eNEeKTPONITaMK,
30KpemMa eKBiBa/IEHTHUX CXEM Ta eIeKTPUYHUX MmoJe-
nel enekTpoximiyHMx akymynatopis [11]. Y npaktmu-
HOMY BiAHOLIEHHI e MmoxKe ByTU KOPUCHUM ANA Npo-
rHO3yBaHHA 3MiHM CTaHy NPUCTPOIO B 4aci Ta AnA
NOPIBHANBHOIO aHaNi3y Pi3HUX KOHCTPYKTUBHUX
pileHb.

BoaHouac 3aCTOCYBaHHA O4€eprKaHMX CMiBBigHOLWEHDb
notpebye BpaxyBaHHA NPUMYLWEHb, NPUAHATUX NPU
ycepeaHeHHi BUXigHMX pPiBHAHb. 30Kpema, TOYHICTb
OMUCYy BWU3HAYaTMMETbCA XapaKTepPOM MNpPOCTOPOBOi
HeoZHOpPIgHOCTI cepefoBuLLa, YMOBAMM TEMNN006-
MiHY Ha MeXi Ta ocobnMBoCTAMM AyKepen Tenno-
BUAINEHHA | reHepau,ii HociiB 3apAaay. Tomy 3anpono-
HOBaHWI  Migxia  AouiibHO  pPo3rNsgaTM sk

ePeKTUBHUI IHCTPYMEHT TEOPETUYHOIO aHai3y Ta iH-
TepnpeTauii eKCnepumeHTasIbHO BUM3HAYEHUX (HTe-
rpanbHUX XapaKTEPUCTUK, AKUIA Y NOJANBLIOMY MOXKE
OyTM YTOUHEHUIM ANA KOHKPETHUX TUMIB eNeKkTpo-
JNITOBMiCHUX EHEePreTUYHUX CUCTEM.

YMOBM 3acTOCYBaHHA ycepeaHeHUX mopaenei y 3a-
[ayax aHani3y eneKTpPoniTOBMICHUX eHepreTUYHUX
cuctem. BuKopucTaHHA ycepegHeHUX MoJenein €
HaMOBrPYHTOBAHIWMM Y TUX BMNAAKAX, KON OCHOB-
HWI iHTEpeC CTaHOBUTb iHTErpasibHa peakKL,ia cuctemm
Ha 30BHiLWHi ab0 BHYTPILWHI 30ypeHHs, a He AeTanbHa
CTPYKTYypa NIOKaNbHUX NOAiB. [11A eNeKTPOoXiMiYHUX Ta
€NEeKTPONI3HMX MNPUCTPOIB Le BiANOBIAAE 3agayvyam
OLiHIOBaHHA TEM/IOBOrO CTaHy, 3arajbHOi iHTEHCKB-
HOCTi MaconepeHocy, NOPiBHAHHA PeXUMiB poboTH Ta
aHani3y BNAUBY NapameTpiB KOHCTPYKLIT HA AMHAMIKY
npouecis y Bcbomy 06’emi cepeosulLLa.

[0 TOro * Ba)K/IMBO, LLO FEOMETPUYHI 0COBAMBOCTI
06’eKTa Ta xapaKTep Tenn100bmiHy 3 HAaBKOIULLIHIM ce-
pefoBuLEeM y 3anponoHOBaHOMY NiAxoAi BpaxoBy-
I0TbCA Yepes y3arasabHeHi MapameTpu mogeni. Takui
cnoci6 onucy Aa€e 3MOry 3acTOCOBYBaTM OZepKaHi
CNiBBiAHOLWEHHA A0 CMCTEM pi3HOT popmu i po3mipis
33 YMOBM HanexHoro Bubopy abo ekcnepMmeHTanb-
HOro YTOYHeHHA BignosiaHux KoediuieHTiB. Came
TOMY METOZ MOXKe BYTU KOPUCHUM He nunlle aasa Teo-
PEeTUYHOro aHanisy, a i Ana NobyaoBU iHXKEHEePHMUX
po3paxyHKoBux cxem [12].

LLle ogHieto nepeBaroto niaxony € MOXAUBICTb MOro
BMKOPWUCTaHHA Nig 4Yac 06pobKu pesynbTaTiB ekcnepu-
MEHTIB, KON BMMIPIOIOTLCA CepeaHi Temnepartypu,
CyMapHi eNeKTPUYHI XapaKTepUCTUKM abo iHWi iHTe-
rpasibHi NMOKAa3HMKKM, a BiAHOBNEHHA JIOKaNbHOI Kap-
TUHW NPOLLECY € NPAKTUYHO HEAOCTYMHMUM. Y TaKil no-
CTAHOBL ycepegHeHi MoAeni MOXYTb BUCTYMaTu
OCHOBOIO ANfA iHTepnpeTayii eKcnepumMeHTanbHUX Aa-
HWX, OLiHIOBAHHA epeKTUBHOCTI PO6OTU NPUCTPOLO Ta
BMABMEHHA 3arajibHUX 3aKOHOMipHOCTen nepebiry
NoB’A3aHWUX TEMNJIOBUX | eNeKTPoOMaconepeHOCHUX
npouecis.

BoaHouac ons perunmis 3 pisKo BUPArKEHUMM JIOKAb-
HMMW NeperpiBamu, CyTTEBUMM FPagiEHTAMM KOHLEH-
Tpauii abo ckNagHO HENiHIMHOW KiHEeTUKOI 3anpo-
NOHOBaHi CMiBBIgHOLWEHHA CAig po3rnagatTM Ak
MoZe/lb MepLoro HabaMKeHHs. Y Takux BMNagKax
BOHM MOXYTb BUKOPUCTOBYBATUCH IK 6A30BMI piBEHD
onucy, AKMN y NoAANbLIOMY YTOYHIOETLCA 33 A0MNOMO-
rolo AeTaNbHilMX NPOCTOPOBO 3a/eXHUX Mogenen
abo [0[3aTKOBOK  EKCMEePUMEHTANIbHOW  igeHTU-
dikauieto napameTpiB.
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BucHoBKM

Y pob6oTi 3anponoHOBaHO MeTOf, BM3HAYEHHA AuU-
HaMiKn ycepeaHeHoT 3a 06'eMom TemnepaTypu B ene-
MeHTaxX eHepreTUYHUX NPUCTPOIB 3 eNIeKTPONITamMM Ha
OCHOBI iHTerpyBaHHA PiBHAHHA HeCTauiOHapHOI Ten-
nonposigHoCTi 32 06’emMoM A0CNIAXKYBaHOroO cepeao-
Buwa. MNokasaHo, WO BWKOPUCTAHHA AUBEPreHTHOI
$opMM NPOCTOPOBUX ONEPATOPIB Ta 3aKOHY HbloTOHa
AN TennoobmiHy i3 30BHIWHIM cepefoBULLEM [aE
MOMNUBICTb NEPENTM Big, TOKaNbHOrO ONUCY NpoLecy
40 3BMYaliHOro gudepeHLiaibHOro piBHAHHA ANA ce-
peaHboob’eMHOI TemnepaTypu. AHANOMYHMIA Miaxig
3aCTOCOBAHO A0 NPOLECIB eNeKTPOMaconepeHocy 3a-
pALiB Pi3HMX 3HAKiB, YHACNIAOK YOro OTPMMAHO CU-
CTeMy pPiBHAHb ANA ycepenHEeHUX KOHLLeHTpaLil 3a-
PALMKEHWUX YaCTUHOK. BCTaHOBNEHO, WO B HABAMMKEHHI
ambinonspHoi Andysii piBHAHHA A4NA KOHLUeEHTpauii
Ma€E CTPYKTYpPY, aHaNOriYHy PiBHAHHIO ANA ycepeaHe-
HOi TemnepaTypu, WO CBIAYNTb NPO CRiNbHICTb Nig-
Xo4y 40 OnWCy TENAOBMX i KOHUEHTPALMHUX MNpo-
LeciB y Takux cepegosuwiax. MNpakTMyHe 3HavyeHHA
ofeprKaHUX pe3ynbTaTiB NOJIATAE B MOXKIMUBOCTI iH-
TepnpeTaLii iHTerpasbHUX eKCNnepuMMEeHTA/IbHUX fa-
HUX Yy TUX BUNAAKax, KOS JIOKaNbHa AiarHOCTUKA TeM-
nepaTypu, eNeKTPOMArHiTHUX NoniB i KOHUEHTpaLUil
3apAfiB € HEMOXKANBOK abo CYTTEBO YCKAaLHEHOLO.
MepcnekTBM NojanblMX AOCAigXKEeHb NOB'A3aHI 3
YTOYHEHHAM MapameTpiB mogeni ANA KOHKPEeTHUX
TUNIB €IeKTPONITOBMICHUX eHepreTMYyHMUX CUCTem, a
TAKOXK i3 NOLWMPEHHAM 3aNPONOHOBAHOrO NiaAxoAy Ha
334a4i aHani3y npoCTOPOBO HEOAHOPIAHMX MaNUX
36ypeHb ycepegHeHUX napameTpis.
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Abstract. The article proposes a method for calculating the
dynamics of changes in the volume-averaged temperature and
concentration of electric charges in elements of energy devices
that use electrolytes. The relevance of the study is determined
by the fact that, for electrochemical batteries, fuel cells,
electrolyzers, and other related systems, the experimental
determination of local values of temperature, electric field
strength, and charge carrier concentrations is significantly
complicated, whereas integral or volume-averaged parameters are accessible for measurement. The aim of
this work is to develop a theoretically substantiated approach that enables the transition from local heat and
mass transfer equations to equations describing spatially averaged characteristics. The method is based on
reducing the initial equations to divergence form, integrating them over the volume, and applying Newton’s
law to describe heat exchange with the external environment. As a result, an ordinary differential equation
for the volume-averaged temperature and a system of equations for the averaged concentrations of charges
of different signs were obtained. It is shown that, within the approximation of ambipolar diffusion, the
concentration equation acquires a structure analogous to the equation of transient heat conduction for
averaged parameters. The practical significance of the work lies in the possibility of interpreting
experimentally determined integral parameters and using the obtained relationships to assess the thermal
and concentration states of electrolyte-containing energy systems.
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List of used designations and abbreviations

T — temperature Q — total heat generation within the volume

t —time a — coefficient that characterizes the representative size

gv — volumetric heat generation rate of the medium and its shape

p — density of the medium n*, n~ — concentrations of positively and negatively
¢ — specific heat capacity charged particles
A — thermal conductivity coefficient E — electric field strength
V — volume D*, D~ — diffusion coefficients
S — closed surface bounding the volume K, 0~ — mobilities of charged particles

Tavg — volume-averaged temperature D. — ambipolar diffusion coefficient

Introduction. Media containing electric charges of opposite
signs are widely used in the energy sector. Examples of devices
employing such media include electrochemical batteries, as
well as hydrogen fuel cells, which are promising for environ-
mentally friendly energy systems [9, 10], where hydrogen can
be produced using water electrolysis technologies.

It should be noted that, in the above-mentioned and other
devices, methods for the local diagnostics of

electromagnetic fields, temperature, charge concentration,
and the dynamics of their temporal variation are practically
impossible to implement experimentally. Therefore, the
analysis is limited to the determination of volume-averaged
parameters, the interpretation of which requires an appro-
priate theoretical justification.

Problem Statement. First, let us consider the following ini-
tial model of the transient heat conduction process:
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ar
pey 5 = 4T = qy, M

where T - temperature; t - time; g,,- volumetric heat gener-
ation rate caused by the passage of electric current; p, ¢,
A - density of the medium, specific heat capacity, and ther-
mal conductivity coefficient, respectively.

Methodology for Determining the Temperature Averaged
over the Volume V. By reducing the Laplace operator AT to
divergence form (AT =V. (VT)), using Newton’s law
(g = —24T), where q” - heat flux density, and integrating
equation 1 over the volume V according to the methodol-
ogy presented in works [1, 2], we obtain

pcpvj %dV+J (v.q)dV=Vj q,dV. 2)

Since, for a moving medium, the following condition is sat-
isfied

or d
\7[ Edv ZEJ Tdv , then, for the volume-aver-
aged temperature
T,=[ Tdv /v
Vv

from equation 2, we obtain
OTep _ Qe—0Q-
at pcpV (3)

Here Qt :J. quV - total heat generation within the
\

volumeV,and Q_ = gﬁis q - ds (theintegral over the closed

surface S enclosing the volume V) - heat losses to the sur-
rounding medium.

In terms of volume-averaged values

_ Q- Q

9+ =,9- = ?_ expression (3) takes the form
e _ Ge=kq- 5 _
dc pcp k= S/V (4)

Here, k - coefficient that determines the characteristic size
of the medium and its shape and is variable.

The meaning of expression (4) is that, after being experi-
mentally verified for specific values of the parameter k [3-
5], it can also be recommended for other values of g4, g-, S,
and V.

Methodology for Determining Averaged Values of Charge
Concentrations in the Heat and Mass Transfer Process. For
electromass transfer processes involving charges of differ-
ent signs, the initial mathematical model has the following
form [6].

oN .
a—; — Dy AN, + V- (uyN,E) = F,(N,N),
‘% —D_AN_+7V - (u_N_E) = F.(N,N).  (5)

Here, E - electric field strength; F,, F_- local functions for
the concentrations N, N_ resulting from ionization and re-
combination processes; D,, D_ and p,, u_ - diffusion coef-
ficients and mobilities of charged particles, respectively,
which are related to each other by the Einstein relations.

Since AN, =V - (VN,),AN_ =V - (VN_), system (5) is re-
duced to divergence form with respect to the spatial coor-
dinates, and application of the divergence theorem [7]
makes it possible to obtain a system of two ordinary differ-
ential equations with respect to time t for the concentra-
tions n,, n_ averaged over the volume V.

mZJ N.dV /V, n+:v[ N_dV /V.

In the approximation of ambipolar diffusion [6], which is
often used in the theory of electromass transfer, under
the conditions

N,=~N_=N,u,,u_,D,,D_ — const

the equation for N has a form analogous to (1),

a
ot = DaV2N = Fy(N), (6)

Dyp_+D_
where D, = %
—tu+

is also evident that the structure of the dependence

- ambipolar diffusion coefficient. It

d
Nep _ lf 6—NdV has a form analogous to (4).

dt VYV ot
Finally, it should be noted that the proposed approach can
also be applied to determine, over time, spatially inhomo-
geneous small perturbations of parameters averaged over
the volume, since in this case the operators with respect to
spatial coordinates also have divergence form [8].

Possible Application of the Obtained Relationships. The
obtained relationships for the volume-averaged tempera-
ture and charge concentration are of important methodo-
logical significance for the analysis of energy devices that
use electrolytes. This primarily concerns systems in which
the direct experimental determination of local tempera-
ture fields and charge carrier concentration fields is compli-
cated, while the state of the object is monitored mainly by
means of integral or averaged parameters. In this case, the
proposed approach makes it possible to relate measure-
ment results to the physical processes of heat transfer and
electromass transfer in the working volume.

A significant advantage of the proposed approach is that,
after the transition to averaged characteristics, it remains
possible to analyze the temporal dynamics of the processes
in a relatively simple mathematical form. This is important
for problems related to assessing the thermal state of elec-
trochemical batteries, fuel cells, and electrolytic systems, in
which temperature and charge carrier concentration signif-
icantly affect energy conversion efficiency, stability of op-
erating modes, and equipment lifetime. At the same time,
the use of averaged models is appropriate in cases where a
detailed spatial distribution of parameters is either unavail-
able or not decisive for engineering assessment.
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It should also be noted that the analogy between the equa-
tions for the volume-averaged temperature and the aver-
aged charge concentrations in the approximation of ambi-
polar diffusion provides a basis for applying unified
approaches to the analysis of thermal regimes and regimes
of charge carrier concentration variation in such systems.
This simplifies the interpretation of experimental data and
enables the development of generalized engineering mod-
els for various types of electrolyte-based energy devices, in
particular, equivalent circuits and electrical models of elec-
trochemical batteries [11]. In practical terms, this may be
useful for predicting changes in the state of a device over
time and for the comparative analysis of different design
solutions.

At the same time, the application of the obtained relation-
ships requires consideration of the assumptions adopted
when averaging the initial equations. In particular, the ac-
curacy of the description will be determined by the nature
of the spatial inhomogeneity of the medium, the heat ex-
change conditions at the boundary, and the specific fea-
tures of heat generation sources and charge carrier gener-
ation. Therefore, the proposed approach should be
considered an effective tool for theoretical analysis and in-
terpretation of experimentally determined integral charac-
teristics, which can subsequently be refined for specific
types of electrolyte-containing energy systems.

Conditions for the Application of Averaged Models in
Problems of Analyzing Electrolyte-Containing Energy Sys-
tems. The use of averaged models is most justified in cases
where the primary interest lies in the integral response of
the system to external or internal perturbations rather than
in the detailed structure of local fields. For electrochemical
and electrolytic devices, this corresponds to problems of
assessing the thermal state, the overall intensity of mass
transfer, comparing operating modes, and analyzing the in-
fluence of design parameters on the dynamics of processes
throughout the entire volume of the medium.

At the same time, it is important that the geometric fea-
tures of the object and the nature of heat exchange with
the surrounding environment are taken into account in the
proposed approach through generalized model parame-
ters. This method of description makes it possible to apply
the obtained relationships to systems of different shapes
and sizes, provided that the corresponding coefficients are
properly selected or experimentally refined. Therefore, the
method may be useful not only for theoretical analysis but
also for the development of engineering calculation
schemes [12].

Another advantage of the approach is the possibility of us-
ing it in the processing of experimental results, when aver-
age temperatures, total electrical characteristics, or other
integral indicators are measured, while reconstruction of
the local picture of the process is practically inaccessible. In
such a formulation, averaged models can serve as a basis
for interpreting experimental data, evaluating device per-
formance, and identifying general regularities in the course
of coupled thermal and electromass transfer processes.

At the same time, for regimes with pronounced local over-
heating, significant concentration gradients, or complex
nonlinear kinetics, the proposed relationships should be
considered as a first-approximation model. In such cases,
they can be used as a basic level of description, which may
subsequently be refined using more detailed spatially de-
pendent models or through additional experimental identi-
fication of parameters.

Conclusions

The paper proposes a method for determining the dynam-
ics of the volume-averaged temperature in elements of en-
ergy devices with electrolytes based on the integration of
the transient heat conduction equation over the volume of
the medium under study. It is shown that the use of the di-
vergence form of spatial operators and Newton’s law for
heat exchange with the external environment makes it pos-
sible to proceed from a local description of the process to
an ordinary differential equation for the volume-averaged
temperature.

A similar approach is applied to electromass transfer pro-
cesses involving charges of different signs, resulting in a sys-
tem of equations for the averaged concentrations of
charged particles. It is established that, in the approxima-
tion of ambipolar diffusion, the concentration equation has
a structure analogous to the equation for the averaged
temperature, which indicates the commonality of the ap-
proach to describing thermal and concentration processes
in such media.

The practical significance of the obtained results lies in the
possibility of interpreting integral experimental data in
cases where local diagnostics of temperature, electromag-
netic fields, and charge concentrations is impossible or sig-
nificantly complicated. Prospects for further research are
associated with refinement of the model parameters for
specific types of electrolyte-containing energy systems, as
well as with extending the proposed approach to problems
of analyzing spatially inhomogeneous small perturbations
of averaged parameters.
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