VK 621.35

IPOBEPKA AJIEKBATHOCTU MATEMATHYECKOW MOJEJIH
PACHPEIEJIEHUSA TAJTbBBAHUYECKOI'O IIOKPBITHS
HA JETAJIM B MHOI'OAHO/JHOU BAHHE

10.B. JlutoBka, JI.C. CojioBbeB

Kageopa « Cucmemvl agmomamusuposanHo2o npoekmuposanisy,
@I'BOY BIIO «TI'TY»; polychem@list.ru

Ilpeocmasnena unenom pedxonnecuu npogheccopom B.U. Konosanosvim

KuroueBbie ciioBa U (ppa3bl: ajieKkBaTHOCTh MATEMATHYCCKON MOJIEIH; BUJ
LIeJICBOﬁ (l)yHKIJ,l/Il/I; TAJIbBAHUYECKHUEC IIPOLUECCHI; HECPABHOMEPHOCTH, OTHOCUTECJIbHAA
MOTpCIIHOCTb.

AHHOTanmsi: IIpuBeseHa METOANKA IKCIIEPHMEHTAILHON POBEPKU aJIeKBATHO-
CTH MaTeMaTH4YE€CKOM MOJIEJIM MHOTOAHOJHOW raJbBaHUYECKOW BaHHBI. McciiemoBaHa
3aBUCUMOCTh PABHOMEPHOCTH HAHOCHMOTO TIOKDPBITHSI OT aHOJHOTO HaIPSHKEHHUS.
O060CcHOBaH BHIOOP METO/a OTNITUMH3AIIHH.

O0o3HaYeHHsI

m, g — KOJMYECTBO TIOPU3OHTAJIBHBIX DPALOB H 5“‘10

AQHOJHBIX CEKIHMH B Ka)KIOM T'OPH30HTAIHHOM
PSITy COOTBETCTBEHHO, IIIT.;

N — KOIU4YECTBO TOYEK HA MOBEPXHOCTHU JETalH-
KaToya, IIiT.;

O — BcrIOMOTaTeIbHBIN Oe3pa3MepHBI KPUTEPHIL;
R — Ge3pa3MepHbIil KpuTepuili HEpaBHOMEPHOCTH;

— TOJIIMHA MOKPBITUS B TOUKE (X, Y, Z) 1O
pacueTHBIM JJAHHBIM, MKM;

8P — Tonmmma MOKPEITHS B TOUKE (X, Y, Z)
T0 SKCIIEPMMEHTAIBHBIM JIAHHBIM, MKM;

™" — MHHHMMaNBHAs TONIIMHA TOKPHITHS,
MKM;

S(x,y,z,T) — TOJNIIMHA IOKPHITUSI B TOYKE
KaTofia ¢ MPOCTPAHCTBEHHBIMH KOOPAMHATA-

S — IIOMIA (b TOBEPXHOCTH JCTAIH-KATONa, M,
Sh — mtpadHas pyHKIUS;

UL, . Ugfs ooy Upy — HanpsDKEHWs Ha COOT-
BETCTBYIOIIUX aHO/aX, B;

X,Y,Z — KOOpPAWHATHI TOYKHU, MPUHAIICKAIICH
TTOBEPXHOCTH KaTOAA;

MH (X, ¥, Z) B MOMEHT BPEMEHH T, MKM;

T — BpEMs HAHECCHUS NOKPLITHSA, Y]

3a1
T — TpelenbHO JOMyCTUMOE BPEMS HaHe-

CCHUA NOKPBITUS, Y.

B pabore [1] mpencraBnena mareMaTndeckas MOJCITh FAIbBAHIMYECKOTO IpoIiecca
B JICKTPOXUMHUYCCKOW BaHHE C CHCTEMOW IUKIMYCCKU MEPEKII0YaeMbIX HE3aBUCHUMBIX
aHOJIHBIX CceKuuii. [IaHHyI0 MOJelh HEOOXOAUMO MPOBEPUTh HA aJeKBATHOCTH JKCIIE-
PUMEHTAIBHBIM JJAHHBIM.

Jlyist yrpaBieHusi TaKuM OOOpY/JOBaHHMEM IMPEUIOKeHA CHCTeMa, BKITIOYAOIIAst
nemmudparop u Hadbop pene [2]. McTouHukoM muTaHusl sBIsUICsS BbInpsMutedsh FLEX
KFART.

Lenbro paboThI SIBISIFOTCS: UCCIIEIOBAHUE COOTBETCTBUSI MATEMATHYECKOH MOJIEITN
MHOFO&HOI{HOﬂ FaﬂbBaHI/l‘ieCKOﬁ BaHHBI C Cl/ICTGMOﬁ HUKIIMYECKHN TIEPEKIIIOYACMbBIX HE-
3aBHCHMBIX AHOJHBIX CEKIMH peaIbHOMY MpOLEecCy, M3ydeHue 1iejeBoi (QyHKUUH H
BEIOOp METO/Ia ONITHMH3AIINH.

Jliist mpoBepKH aIeKBAaTHOCTH MaTEeMAaTHIECKOW MOJICITH OBLTH TPOBEACHBI YKCIIEPHU-
MEHTBI Ha JIAOOPATOPHOH YCTAaHOBKE CO CIICAYFOIIMMHU COCTABILTIOIIMMI: MPOLIECC HHUKE-

JIMPOBAHMS; COCTaB dytekTpourta Yorrea, /i1 NiSOy4-7Ho0 —245...390, NiCly-6H0 —
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Puc. 1. Kpusble nosipusanuy HUKeIs1 B 2JIGKTPOJINTE YOTTCA:
—&— — aHojHas; —— — KaToHas

45...75, H3BO3 — 40...50; snexkrponutudeckas sueiika pazmepoM 150 x 100 x 100 mm;
ypoBeHb anekTposiuta 90 mm; Temnepatypa 52 °C.

[Tpn pacuerax HCIOJIB30BAINCH IMOJSIPU3ALMOHHBIE KPUBBIE HA aHOJE W KaToJe
(puc. 1) u3 pa6oTsi [3]. Beixox 1o Toky 98 %, miotHocTh Hukers 8900 Kr/m’, a5eKTpo-
npoBoxHOCTh 17,75 OM '*M ™, anexTpoxumudeckuii skBuBateHT 3,04-107 kr/(A-c).

OxcnepumenTt 1. [IpsiMoyronpHas aHOOHAs CeKIus (pHC. 2, a) M OETaIb-KaTo.
(puc. 2, 6) morpyxeHsl B dnmekTporuT Ha 30 1 20 MM COOTBETCTBEHHO. PacrmonoxeHune
3JIEKTPOJOB B BaHHE (BUJ CBEpXy) MOKa3aHo Ha puc. 3. Cuia Toka 1,5 A; HampsukeHue
4 B; KonM4eCcTBO BKIIOUeHMH aHoIHOM cekium 100 pa3 mo 30 c.

TosmuHy MOKPHITHS Ha KAaTOJEe M3MEPSUIH ¢ OMOIIbio pudopa «Koncranra K5»
(otHOCHTENMBHAS TTOTpETHOCTE 10 %).

Kpurepuii HepaBHOMEpHOCTH R paccuuThIBajIcs 10 Gpopmysie

min
R:R(U,r):sij CPIE bl (1)

min
N

PesynbraTel pacuera U U3MEpeHUs Ui SKCHEPHUMEHTa MPEACTaBIECHbl Ha puc. 4.
Kputepuit HepaBHOoMepHOCTH cocTaBuil 3,89149 nns sxcnepumenta u 3,69691 nns
YHCIIEHHOTO pacyeTa.

s

£

25

i3

¥

Puc. 2. Konpurypanun 1,15 s3xcnepumenTa 1:
a — aHOJTHAs CEKIHs; 6 — IeTallb-KaTo
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Puc. 3. Cxema pacnosioxeHus 3J1eKTPOJAOB B 3J1eKTPOJUTHYECKOH AYeiike (3kcnepuMeHT 1):
1 —anom; 2 — xaron

T e T =
B e &3S
E = =73
g S == . 25
e —— =
. — == s
o e el
i= ‘1\ Iy 1 =I £ 0’5
0 1 2 3 4 5 6 7 8
a)
Ty = e a ) L
ey = _—— =35
f J‘I ___ ___ ‘ll §-3
—_— = L 205
R === b
R g . 15
e | = = J 1
s =1 [ S —— II;!' .0’5
Llh -_— ——— 1 80
0 1 2 3 4 5 6 7 8 9

0)

Puc. 4. Pacnipeie/ienue TOJIMHBI NOKPBITHSA & 110 OBEPXHOCTH KATO/1A,
MoJIy4YeHHOe B pe3yJibTaTe IKcnepuMenTa 1 (a) 1 YuCJIeHHOro pacyera (6), MKM:
l - 80...100; - 60...80; (1—40...60; W — 20...40; @ - 0...20

OTHOCHTENbHAS TOTPEIIHOCTD B BRIYUCIISIACH 110 (hopMylie
Z §XP (x, ¥, Z) _ Scalc (x’ ¥, Z)
B-— :
N,

1
¥,2)eSk 3 (x, »,2)

Jist skecnepumMenTa 1 morpemHocTs B coctasuna 17 %.

—_—

2
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JxcnepuMeHT 2. /[Be MpsAMOYrojbHBIE aHOAHBIE CEKIMU (pHUC. 5, a) U JeTaib-
KaTox (puc. 5, 6) morpyxeHs! B 31eKTposut Ha 35 u 30 MM cooTBeTcTBEeHHO. Pacmomno-
JKCHHE JICKTPOJIOB B BaHHE (BUJ CBEPXY) IOKa3aHO Ha pUC. 6.

Cuna Toka Ha mepBoi aHoAHOH cekuuu 0,5 A, Hanpspkenue 1,4 B; cmma Toka Ha
BTOpOM aHoHOM cexuuu 0,7 A, Hanpsbkenue 1,8 B; BpeMs BKIIOUeHHs OJHOW aHOAHOM
cekrn 60 ¢, konmrdyecTBo BKitoueHnit 30 pas.

PesynbraTel pacdera u U3MepeHUs U SKCIIEPUMEHTa 2 TPEICTaBICHBI Ha PHC. 7.
Kpurepuit HepaBHOMepHOCTH cocTaBui 3,62716 ansa skcnepumenta u 3,46444 mns
YHUCIICHHOTO pacyeTa.

[MorpemnocTs B, BeuuciieHHas mo popmyie (2), cocrasuna 16 %.

CpaBHEeHHE pe3yJIbTaTOB PAacyeTOB [0 MaTEeMAaTH4ECKOH MOJENIM C 3KCIEepPUMEH-
TaJIbHbIMHU JaHHBIMH I10Ka3ajI0, YTO OTHOCHUTCIIBHOC OTKJIOHCHHC B OKCIICPUMECHTAJIb-
HBIX ¥ PACUYETHBIX 3HAYCHUH TONIIMHEI TIOKPBITHS He mpeBbimaet 17 %, 9Tto consmepu-
MO C MOTPEIIHOCTBI0 m3MepeHuil. ClieJJoBaTeIbHO, MOXKHO CEIAaTh BBIBOJ O TOM, YTO
pa3paboTaHHasE MOJICTh a/leKBaTHA OOBEKTY ¥ C €€ IIOMOIIBIO BO3MOKHO PaCCUATHIBATH
pacripenielieHue TONIIIMHBI TOKPBITHS Ha KaTo/Ae B TalbBaHMYECKOW BaHHE C ITMKIIMYC-
CKUM BKJIFOUEHHEM aHOJHBIX CEKITHIA.

5 25

)
I

pis]

gy — 2

Puc. 5. Kondurypanuu 1,151 3kcnepumMeHTa 2:
a — aHOJIHasl CEeKIMs; 6 — IeTallb-KaTo|

150
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100
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Puc. 6. CxeMa pacnoJio:keHus 3J1eKTPO/I0B B YJIEKTPOJUTHYECKOI siueiike (AKCIIEPUMEHT 2):
1 — nepBast aHOAHAs CEeKLUs; 2 — BTOpasi aHOJHAs CeKUus; 3 — IeTalb-KaTox
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Puc. 7. Pacnpenenenune TOMUHBI IOKPBITHSA O 10 HOBEPXHOCTH KATOAA,
MoJIy4eHHOe B pe3y/ibTaTe IKCIepHMeHTa 2 (a) U YUCJIEHHOro pacyera (§), MKM:
0-20...30; ®—10...20;,@0-0...10

Jlanee npoBezieM 4MCIEHHBIE pacdyeThl 3aBUCUMOCTH KPUTEPUS HEPABHOMEPHOCTHU
R oT HanpspKeHHs Ha aHOAHOW ceKuuu Juist skcrnepumenTa 1. st atoro OyaeM MeHSTh
aHogHoe HanpsbkeHue U B nnanasone [1;11] B ¢ marom AU = 1 B. B maTematuueckoit
MOJIE€NH B Ka4eCTBE OIpPaHUUYECHUS IPUCYTCTBOBAIO HEPABEHCTBO

<t 3)

Tak KaKk He YYUTBHIBATH 3TO O'PAHUYCHHE HEIb3sl, TO OYAEeM OTCICIKUBATH BIUSIHUC
HanpspkeHns U Ha BpeMs T HaHECEHUS TOKPBITHS.
3asucumoctu R(U), ©(U) u R(U,t) mns skcriepuMeHTa | mpeacTaBiIeHsl Ha puc. 8

(mpumep st T = 50 MuH).

T, MHH
70

60 "\\

50 I

40 T,
30
20
10

o
i
o
7% 3

1 2 345 67 8 910UB 12 345 6 7 8 9 10UB

—

o»—tl\Jb)-hUlO\\lOO;U

Puc. 8. 3aBucumoctn BpeMEHH! HAHECCHUS NMOKPLITUA U KPUTEPUA HEPABHOMEPHOCTH
MNOKPBITHA OT AHOAHOI'0 HANPHAKECHUSA I IKCIIEPUMEHTA 1:

1-1(U); 2-R(U); 3-R(U, T
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AHasorM4YHbIe pacueThl IPOBEAEM M JUIS dKcliepuMeHTa 2, rae U — HanpspkeHue
Ha repBoM aHoze; Uy — HanpspKeHUe Ha BTOPOM aHOZIE.

3asucumoctu R(U1,U2), 1(U1,Uz) u R(U1,Up,T) IUIst SKCTIEpUMEHTa 2 TIpecTaBIie-

34,
HbI Ha prc. 9 (B TaHHOM ciydae T = 40 MuH).

B pabote [1] mocraBnena 3amaua muHuMU3anmu ¢yHknua R(U,T) ¢ COOTBETCT-
BYIOLIEW CUCTEMOM OrpaHuYeHHH, B KOTOPYIO BXOJUT orpanuuenue (3).

JUisi  pemieHusl IIOCTaBICHHOW 3a/adél  LEeNecooOpasHO HCIOJIb30BAaTh METOJ
mrpadHbIX QyHKIMil. Maes MeTona cocTouT B npeoOpa3oBaHUM KpUTEpHsl R C OrpaHu-
yeHueM (3) B 3aauy noucka MUHUMyMa (QyHKIMK 0e3 orpannueHuid. [jist Toro BBejeM
BCIIOMOTaTeIbHYIO (PyHKIHIO

Q=0(U,1) = R(U, 1) +Sh(1). “
Oynxuuto mwrpada Sh(t) Beidepem Buia

0, ecan T < T3
Sh(t) = 5
® KZ;’ ecmu t > 17, )
R°(U,7)

rne K — mwrpadHoii koadduimeHT, KOTopslil TOAOHPaeTCs MyTeM YUCICHHOTO JKCIIe-
pumenta, K > 0.

Ha pucynke 10 nmponemMoHcTpupoBaHbl BUAB! QyHKIMU O JUIS SKCIIEPUMEHTOB 1 1 2.

[Tpu BbIOOpe Hamnbosee F(PPEKTUBHOrO METO/A ONTUMH3ALMKU HCIOJNB3YIOT HH-
(hopmarmro 06 0COOEHHOCTSIX ENIeBOM PYHKIIUH. Pa3nmudaloT cieayronie TUIB pelbe-
¢a [4]: xoTmoBUHHBIH (T1aaKast PyHKIMS); ICTUHHBIA «OBpar»; paspelIuMblil «OBpar»;
HEYOPSAA04YEHHBIH.

Penped meneBoit pyHkumu O oTHEceM KO BTOPOMY THIY Pelbe(OB — MCTHHHBIN
«oBpar» (JINHUM YPOBHS CHIILHO BBITSHYTHI B OJJHOM HAaIlpaBJIEHHH U CIUTIOLICHBI B JIPY-
ToM).

B cBs3u ¢ 3THM, B KauecTBE MOMCKOBOTO aJITOPUTMA LIENECO00Pa3HO UCIONIB30Ba-
HHUE «OBPAXHOT0» MeToJa [5], criocoOHOro «orndath» 00JIacTH TaKUX MPOTSHKEHHUH.

- i 4

S

o
o

[
1 T

12 3 4567 8 910U 1 2 3 4567 8 910U

3a,
T = 40 Mun

B e h 3 o~ 0 WO

= k) W & h O ~ O W

a)

Puc. 9. 3aBucuMocTH BpeMeHH HAHeCEeHNsI MOKPBITHS (@) M KPUTEPHST
HePABHOMEPHOCTH NMOKPBLITHS (0) OT AHOJAHOI0 HANPSI’KEHUSs /151 IKCIIePUMeHTa 2:
T, muH: [ —70...80; 2 —60...70; 3 - 50...60; 4 —40...50; 5 —30...40; 6 —20...30;
R:7-8...10;8-6...8,9-4...6;10-2.. .4
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Puc. 10. Buas! ueneBoii pynxkuuu Q aJst ykcnepumenToB 1 (a, K=25)u 2 (6, K =175):
1—-14...16;2-12...14;3-10...12; 4—-8...10; 5 —6...8; 6 — 4...6

BeiBoasl. [loaTBepxaeHa afeKBaTHOCTh MATEMaTHUECKOH MOJEIM MHOTOAaHOAHOM
rajJbBaHUYECKON BaHHBI. IlOrpemHoCTh MEXIy SKCIIEPUMEHTOM M PacyeToM He Ipe-
BeiaeT 17 %. MccnenoBana 3aBUCHMOCTh PABHOMEPHOCTH HAHOCHMOT'O TTOKPBITHS OT
AQHO/IHOTO HANpPSDKEHHA. JTa 3aBHCHMOCTh MMEET MOHOTOHHBIN Xapakrep. Mccnenosa-
Ha 0COOCHHOCTh BCIIOMOTATEIbHOM 1[e7IeBOi (DyHKIIMH, YYUTHIBAIOIIEH OrpaHUueHre Ha
BpeMs MPOBEICHUs Tporiecca. BIsBIeHO Hamnune «oBpara». O00CHOBaH BBEIOOP METO-
Ja onrtuMuzaimu. Vcxons u3 0COOEHHOCTH BCIIOMOTAaTeNbHOM LiesieBOH (yHKINH,
MIPEUI0KEHO UCTIONIb30BaTh «OBPAKHBINY» METOJ MOMCKA €€ MUHUMYMa.
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Checking the Adequacy of Mathematical Model for the Distribution
of the Galvanic Coating on the Parts in the Multi-Anode Bath

Yu.V. Litovka, D.S. Solovjev

Department “Computer-Aided Design Systems”, TSTU;
polychem@list.ru

Key words and phrases: adequacy of mathematical model; electroplating
processes; form of objective function; irregularity; relative error.

Abstract: The paper describes the technique of experimental verification of the
adequacy of the mathematical model of multi-anode galvanic baths. The dependence of
the uniformity of applied coating on the anode voltage is studied; the choice of
optimization method is justified.

Priifung der Adéiquatheit des mathematischen Modells der Verteilung
der galvanischen Deckung auf dem Werkstiick
in der vielanodischen Wanne

Zusammenfassung: Es ist die Methodik der experimentellen Priifung der
Adéquatheit des mathematischen Modells der vielanodischen galvanischen Wanne
angefiihrt. Es ist die Abhédngigkeit der Gleichférmigkeit der auftragenden Deckung von
der Anodenspannung untersucht und die Wahl der Optimisationsmethode begriindet.

Vérification de I’adéquation du modele mathématique de la distribution
de la couverture galvanique sur les détails dans un bain multianode

Résumé: Est réalisée une méthode de la vérification expérimentale du modéle
mathématique du bain galvanique. Est étudiée la dépendance de la régularit¢ de la
couverture executée de la tension d’anode, est fondé le choix de la méthode de
I’optimisation.

Astopbl: Jlumoexka HOpuit Braoumupoeuu — NOKTOp TEXHHWYECKHX HAYK, TPO-
(eccop kadeapsl «CucteMbl aBTOMaTU3UPOBAHHOTO MTPOEKTUPOBaHUs»; Conosves /e-
nuc Cepzeeguy — actimpasT Kadenpbl «CHcTeMbl aBTOMaTH3HPOBAHHOTO MIPOESKTHPOBA-
aus», DI'BOY BIIO «TI'TVY».

Penenzent: Ilpomanunckuit Onec Mupocnaeoguu — NOKTOp TEXHUYECKUX HAYK,
npodeccop, mpopekrop mo uHGopmatuzanmu, PI'EOY BIIO «ActpaxaHckuii rocyaap-
CTBEHHBIM TEXHUYECKUI YHUBEPCUTETY.
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