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JOCJIIXKEHHSA 3AKOHOMIPHOCTEM JIMHAMIKH I PIBHS
3ABPYJHEHHOCTI BOAOITIOTOKIB B ITPOLHECAX
BUPOBHUIITBA ITAIIEPY TA KAPTOHY

OoHe i3 numany, aKe GUHUKAE HA CMAOIi NPOEKMYBAHHI MEXHOI02TUHOT cucmeMu BUpOOHUYMEA nanepy ma Kapmouy
abo nio yac pexoHcmpykyii 0itou020 UPOOHUYMBA - Ye BNIUE EMHOCTEN KAPMOHHO-NANePo8020 SUPpOOHUYMBA HA
OuHamiKy i pisenv 3a0pyoHenHocmi 6000nomoxie. Enemenmu mexnonoziunoi cucmemu [1], a came: 6aceiinu ons
AKYMYTI08AHHS MACU, 6aKu 060pOMHOI 800U, EMHOCMI, NPUSHAYEHT OISl OYUWEHHS CIMIYHUX 800 MAIOMb NeGHUTL 3anac
600U, | MOMY BaJCIUGE 3HAYCHHS MAE GUGHUEHHs 6NIUEY YUX EMHOCMe HA OUHAMIKY I pigeHb 3a0pyOHeHHS
6000NOMOKIE B0OOPOZHUHHUMU KOMINOHEHMAMU MIHEPATLHO20 | OP2AHIMHO20 XAPAKMEP).

Knrouosi cnosa: eupobruymeo nanepy ma KapmoHy, EMHOCHI KAPMOHHO-NANEPOBO2O GUPOOHUYMEA, OUHAMIKA i
pisenb 3a6pyOHEeHHOCE 6000NOMOKIB.
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ITocTanoBKka 3agaui

B mpomecax BUpOOHMIITBA KAapTOHHO-TIAIEPOBOi MPOAYKII B SKOCTI BOJOKHUCTHX HamiBhaOpHuKaTiB
BUKOPHCTOBYETHCS TIEPEBAXKHO MaKyJIaTypa, 10 Ja€ MOXKJIMBICTD AEII0 CKOPOTUTH O0CSATH CIIOKUBAHHS NEPBUHHOT
BOJIOKHHCTOI CHPOBHHH, a caMme: IeNoo3d. Pa3oM 3 TWM, MakyiaTypa Hece B co0i psia 3a0pyIHIOIOYHX BOIY
KOMITOHEHTIB MIHEpaJbHOTO Ta OPraHiYHOTO XapakTepy, sKi OyJiM NpPUBHECEHI A0 KOMMNO3WIII mie Ha cTamii
BHPOOHUIITBA MPOIYKIIii, IO CTaJIa TIOTIM MaKyJaTypHOIO CHPOBHHOIO. OTHUM 13 MUTaHb, SKi MOXYTh BUHUKHYTH Ha
cTafii po3poOJICHHS ITPOEKTIB TEXHOJIOTTYHUX CHCTEM BUPOOHHUIITBA 3a]JaHOTO By Tallepy 41 KapToHy abo Iij yac
PEKOHCTPYKIIii TIF0U0TO BUPOOHHUIITBA 3 METOIO 3MEHIIICHHSI BTpaT BOJIOKHUCTUX HaIiB()aOpUKaTIB Ta ONTHMAIILHOTO
X BUKOpHUCTaHHS a00 CKOPOYEHHS 00CATIB CHIOXKMBAHHS CBIXKOT BOJM - € PO3paxyHOK PiBHS 3a0pyAHEHOCTI, a TAKOX
BH3HAUEHHS BIUIUBY €MHOCTEH KapTOHHO-IIANIEPOBOTO BHUPOOHUIITBA Ta OYHUCHHX CIIOPYJ Ha TUHAMIKY 1 piBeHb
3a0pyAHEHHOCTI BOJIOTIOTOKIB.

AHaJti3 monepeaHix 10cJiaKeHb

JocunikenHst GyHKIIOHYBaHHS IIPOLECiB BUPOOHUIITBA NANepy Ta KapTOHY 38 BAKOPUCTAHHS B SIKOCTI BUX1JHOT
CHPOBUHH MaKyJIaTypH, EPEKOHINBO ITOKA3Ye€, 10 BOHM BIIHOCHUTHCS IO KINAaCy CKIIAJHUX TEXHOJIOTIYHHUX CHCTEM
[1-3]. dnst aHami3y TaKUX CUCTEM PO3pPOOJIEHO METOOJIOTIIO, SIKa 32 BAKOPUCTAHHS KOMII IOTEPHUX TEXHOJIOT1H [4-6]
Jla€ MOYKJTMBICTD OI[IHUTH CTaH TEXHOJIOTIYHOI CHCTEMH JI0 MOMEHTY i1 BIPOBAKEHHS Y JIiIO.

HeBupineHo 4acTHHOI MPOOJEeMH 3 NPAKTUYHOI TOYKU 30pYy € JOCHIDKEHHS Ta IMOLIYK METOMIB, SIKi
JTO3BOJIATh TPOEKTYBAJNbHUKY BiAHAWTH BHUPINICHHS IIHTaHb, SIKIi MOXXYTh BHHHMKHYTH Ha CTaiil NPOEKTYBaHHS
TEXHOJIOTIYHOT CHCTEMH BUPOOHUIITBA 33/1aHOTO BHY Marepy 4 KapToHy abo mix yac peKoHCTPyKuil Airodoro BupoOHunraa. i
npobJieMu TOB’s13aHi 3 PO3PaxXyHKOM piBHs 3a0pYAHEHOCTI, @ TaKO)X BH3HAYCHHSIM BIUIHBY €MHOCTEH KapTOHHO-NAIEPOBOTO
BHUPOOHUIITBA Ta OYMCHUX CIIOPY Ha THHAMIKY i piBEHb 1X 3a0pYAHEHOCTI BOJOMOTOKIB.

MeTo10 1aHOI CTATTi € MPOBEACHHS TOCIIKEHB 1 IPOrHO3HUX PO3paxyHKIB Ha 0a3i MaTeMaTHYHUX MOJIeJIeH
JUI BU3HAYCHHS 3aKOHOMIPHOCTEHW BIUIUBY €MHOCTEH Ha JAMHAMIKY i piBeHb 3a0pyIHEHHOCTI BOJIOIOTOKIB B
npouecax BUpOOHHITBA Manepy Ta KapTOHY.

BukJjaa ocHOBHOT0 MaTepiaiay

3 METOI0 JJOCIII/KEHHS Ta IIPOBEICHHS IPOTHO3HUX PO3PaxXyHKIB Y SIKOCTI 00'€KTa 3aIIPONOHOBAHO y3arajlbHEHY
TEXHOJIOTIYHY CHCTEMY BUpPOOHHITBA KapToHy (puc.1) [1], siky momaHo y BUTIIsLI MaTepiaJbHOIO IIOTOKOBOTO Irpada
[2]. Bonopo3unHHI 3a0py/JHIOI0Y] KOMIIOHEHTH MiHEpPalbHOTO Ta OPTraHiYHOTO XapakTepy HaJIXOISATh B CUCTEMY
BHPOOHUIITBA PA30M 3 BOJIOKHHCTOIO CHPOBHHOIO (€IeMeHT 15), 9aCTKOBO 31 CBI’KOI0 BOJIOIO (€JIeMeHT 16), XiMiTHUMHU
1 Ha cTajii MeXaHo- XiMIYHOTO OYHIIICHHS 3BOPOTHO1 BOoIU (esleMeHT 18).

BenmnyuHM BOJOTOTOKIB TEXHOJOTIYHOI CHCTEMH pPO3paxOBaHO Ha  IMEPCOHAIBHOMY KOMII'IOTEpi 3a
BHKOPHUCTAHHS MPOTPAMHOTO 3a0e3MedeHHs (3HaYS€HHS BOIOTIOTOKIB HaBEIeH] Hal KOXKHOIO 3 IyT Ha puc. 1).
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1 — posmenosanvro- niocomoguuil 8i00in;, 2 — macHuil baceiin; 3 — b6aceiin 360pomHboi 600U, 4- 8aKyym-ginemp;
5 — pecicmposa uacmuna KPM; 6 — npecosa uacmuna KPM; 7 — cywurvna yacmuna KPM; 8 — bacetin
pecicmposux 800; 9 — bacetin npecosux 600, 10 — bacetin naoruwxosux 600, 11 — yroeniosanus eonoxua, 12 —
Mexano-ximiuna oyucmra, 13 — 6ionociuna ouucmra, 14 — bacetin 600U NOBMOPHO2O BUKOpucmanus, 15 —
BUXIOHI 8010KHUCMI Hanieghabpuxamu, 16 — cgixca eoda; 17, 18 — donomidcnui ximiuni komnonenmu, 19 —napa;
20 — cknao eomogoi npooykyii; 21 — cmoxu, 22, 23 - 0ocadox.

Puc. 1 — Y3arajbHeHa TeXHOJIOTIYHA CHCTEeMAa BUPOOHUIITBA KAPTOHY
(3 mHo3HAYEHHAM (aJaHCy BOJOIOTOKIB, M’)

EneMeHTH TEXHOJOTIYHOI CHCTEMH BHPOOHHIITBA KAPTOHY, a caMe: OACCeiHU IS aKyMYJIFOBaHHS MacH, Oaku
000pOTHOT BOAM, EMHOCTI, IPU3HAYCHI JJIsi OYMIIEHHS CTIYHUX BOJ MAalOTh IICBHHI 3amac BOIM, i BITHOCSATBCS 32
Kiacu(ikaIiero JTMHAMIYHUX XapaKTEPUCTHK JI0 IPYTOi, TPEThOi 1 4eTBepToi rpy [2]. Takum 4MHOM, BOHH 3MiHIOIOTh
JNUHAMIKY TIPOXOJDKEHHS TIOTOKIB BOJAM 1 BIUIMBAIOTh HA JWHAMIKY 1 piBeHb 3a0pyIHEHHS BOJOMOTOKIB
BOJIOPO3YMHHUMHE 320y JHIOIOYMMHU KOMIIOHEHTAMH BCi€i CHCTEMHU BUPOOHHIITBA. 3 METOIO0 BUBYECHHS LILOTO BILIUBY
HEOOXiIHO MPOBECTH MiHIMYM JIBa €TaIli PO3PaxyHKIB Ha IEPCOHATBHOMY KOMIT'IOTEPi 32 BUKOPUCTAHHS TMOTIEPETHBO
po3pobiieHux Moxeneit [4,5].

Ha mepmomy etam po3paxyHKiB, BUKOHAHOTO 3a JOIOMOIOI0 IEPCOHAJIBHOTO KOMI'TOTEpa, AMHAMIYHI
XapaKTEPUCTUKH KOKHOTO eJieMeHTa (0JI0KY) TEXHOIOTIYHOI CHCTEMH IPUPIBHIOBAJIMCS 10 €IEMEHTIB MEPIIOl IPpyIH
[2] (ToOTO Takmx, MO HE MAlTh JAWHAMIYHOTO 3ai3HEHHSA 1 IS SKUX MPOXO/KCHHS YyCiX  BOJOIOTOKIB
MIAMOPSIKOBYEThCS MIBUAKOCTI, 3 KOO BiIOYBAETHCS BiUIMBaHHS KapTOHHOTO MojoTHA Ha citii KPM). KinbkicTs
LUKTIB 10 HACTAHHS PIBHOBAXXHOT'O CTaHY, MOMEHT HACTaHHS SIKOTO KOHTPOJIFOBABCS MO 3aJaHil Jay3i, JOpPiBHIOE 99
(muB. puc.2).

Ha npyromy erami po3paxyHKiB Opajiocsi 10 yBard, IIo Jisi 4YOTHPbOX €MHocTed 3 14 (auB. puc. 1) y
TEXHOJIOTIYHIM CHCTEMI BUPOOHHUIITBA XapaKTEPHUH MOMEHT 3aIli3HEHHS, 2 TOMY BEJIMYMHH KOSQIIIEHTIB 3ami3HEHHS
BHOMpAIIM, BUXOMAYM 13 3ammaciB BOAM, SKi HAKOMHYYIOTHCA B IUX OaceifHax. Tak, €MHICTh MEXaHO-XIMiYHOTO
ouHIeHHS Boau (610K 12) BITHOCUTHCS IO €IEMEHTIB U€TBEPTOI TPYIH 1 Ma€e KOe(illi€HT IM'ATUKPATHOTO 3aITi3HEHHSI,
€MHICTh 010JIOTIYHOTO OUYHWIIEeHHS BoAM (OJIOK 13) sk eJeMEeHT 4eTBepToi rpynmu Mae Koe(illieHT JAeCATHKPATHOTO
3ami3HeHHs, OacedH (070K 3) BIAHOCHUTBCS O €JIEMEHTIB TPEThOi TPymH i Mae KOoe(illieHT  TPhOXKPATHOTO
3ami3HeHHs, OaceliH (OJOK 2) BIJHOCHTBCA 10 €JIEMEHTIB Jpyroi rpynu i Mae Koe(illleHT BOCBMHKPAaTHOTO
3ami3HeHHs. KiTbKiCTh IUKIIIB 10 HACTAHHS PIBHOBAXKHOTO CTaHY BUPOCIIO HA IPYrOMY €Tarli PO3paxyHKiB 10 264.

T'o710BHUIT BUCHOBOK 3 aHAJi3y JTBOX BapiaHTIB PO3PaXyHKIB MOJIATA€ B TOMY, III0 TEXHOJIOTIYHA CHCTEMa B 000X
Bunajkax (6e3 i 3a BpaxyBaHHS 3aIli3HEHHS, 10 CTBOPIOIOTh EMHOCTI) BUXOJUTh HA PIBHOBRXHHUI CTaH 3a PIBHUX
3HAYCHb NOKA3HUKIB 32 BCIMa KOMITOHCHTAMH BOJIOPO3UYMHHHIX MiHEPAJIHHHUX 1 OPTraHiYHUX KOMIIOHEHTIB Y KOXKHOMY
3 BOJIOTIOTOKIB.

Ileii BUCHOBOK MiATBEP/UKYEThCA TpapivHUMH 3aJEKHOCTAMH (pHC.2), IO BIATBOPIOIOTH JHHAMIKY
HaKONTUYCHHS Ha TIPUKJIai BOJOPO3UNHHUX OPTaHIYHIUX KOMITOHEHTIB Y BOJOMOTOKAX IiC)IS 010JIOTTYHOTO OUHIIICHHS
(myra 13-14) i cynbdaT-ioHIB y BOJOIIOTOKAX, 110 BUXOASTH 13 Oaceiiny (mayra 2-5).
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1- cynvgpamu 6e3 epaxysanms OUHAMIYHO2O 3ANIZHEHHS,
2- me came 3 8pAXy8AHHAM OUHAMIYHO2O 3ANI3HEHMHS,
3- po3uunni opeaniuni KOMROHEHMU NICTIA OI0I02TUHOL OYUCKU 3 8PAXYBAHHAM OUHAMIYHO20 3ANI3HEHHS.
4- po3uunHi opeaniuni KOMROHEHMU NIC 0i0102TYHOT OUUCKU 6e3 8PAXYBANHS OUHAMIYHO20 3ANI3HEHHS

Puc. 2 — /Ilunamika miABMIEHHS] MACOBOI KOHIEHTPaNLil 3a0py/IHIOI0YHX KOMIIOHEHTIB y BOJOMOTOKAX
TEeXHOJIOTiYHOI cHcTeMH

Sxmo mig yac po3paxyHKiB PiIBHOBKHOTO CTaHY B TEXHOJIOTIUHIHM cucTeMi (puc.1) pi3HUI B KUTBKOCTI ITUKIIIB
10 IBOM BapiaHTaM pO3paxyHKiB CTAHOBHUTH 165, TO I OibII CKIIAJHOI TEXHOJIOTTIHOT CUCTEMH IS PI3HUIIST MOXKE
3HAYHO 3POCTH.

Pazom 3 TuM, SKII0 B TPOIECi MPOSKTYBAaHHS TEXHOJIOTIYHOT CUCTEMH HEOOXiIHI TiITbKHA BEIIMYMHH 3HAYCHD
KOHIICHTpAI[il BOJOPO3YMHHUX 3a0pYAHIOIOYUX KOMIIOHCHTIB, PO3PaxyHKH MPOBOJATECS O€3 BpaxyBaHHS
JMUHAMIYHOTO 3aIli3HCHHS, SIKE CTBOPIOIOTH CIICMEHTH JIPYTOi, TPETHOI Ta YETBEPTOI IPYIL.

SIKIIo % po3paxyHKH 4acy BHXOJy Ha PIBHOBaXKHHU CTaH CTAIOTh HEOOXITHUMH Ha CTadis pO3POOKH IPOCKTY
TEXHOJIOTIYHOT CHUCTeMHU (32 PEKOHCTPYKIIi AIF0YOrO MiANPHEMCTBA), TO BOHH BUKOHYIOTHCS 332 BHUKOPHUCTAHHS
MPOrpamMHOro 3a0e3MEYeHHsT Ha MEPCOHATHbHOMY KOMI'IOTEpI 3 ypaxXyBaHHSM IHMHAMIYHOTO 3alli3HCHHS BCiX
€JIEMEHTIB TEXHOJIOTIYHOT cucTeMu [4].

Pazom 3 THM, YacTo BUHHUKAIOTH CHUTYyallii, KOJM B TMpoIeci po3poOiieHHs (MPOCKTYBAHHSA) CKIAIHOI
TEXHOJIOTIYHOI CHCTEMHU BUPOOHMIITBA TMamepy ado KapTOHY PO3POOHHKIB IIKABUTH CEPEIHHO3BAKECHE 3HAUCHHS
KOHIIEHTpAIlii BOJOPO3YMHHUX MiHEpaJbHUX KOMIIOHEHTIB, SKi HaWOIIBIIMM YHWHOM BIUTMBAIOTH Ha CTaH
BOJIOTIOTOKIB CHCTEMH, TO B TAKOMY BHMAJKy TE€XHOJOTIYHY CHCTEMY MOKHAa MAaKCHMAaJbHO CIIPOCTHUTH i IMOJATH y
BHTJISTI €JMHOT EMHOCTI, TIPUB'SA3aHOI JI0 HABKOJHIITHLOTO cepenoBuia (puc. 3).
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Puc. 3 — YMOBHA TeXHOJIOTiYHA cXeMa KaPTOHHO-NANEPOBOro BHPOOHNITBA 32 BUSHAYCHHS
JxepeJt 3a0pyAHEeHHS BOAOPO3YHHHIMH MiHepaJIbHHMH KOMIIOHEHTaMH

JuHaMiky HAKOMWYEHHS BOJOPO3YMHHUX MIHEPAJbHUX KOMIIOHEHTIB MOIIMBO DPO3IMJISIHYTH Ha MPHKIAi
cynb(dart-ioHiB, sIKi € HANOIBIT XapaKTePHUM KOMITOHEHTOM ITiJ] 9aC BUPOOHHIITBA KAPTOHHO-TIATIEPOBOT IMTPOIYKITii.

3arajgpHa KUTBKICTH CyJb(aTiB y cucteMi S(?) B MOMEHT yacy ¢ MoOke OyTH BH3HadeHa y BiJIOBIIHOCTI i3
3aJICKHICTIO:

S =w-C*@®) (1

Je W - BOJOEMHICTh TEXHOJIOTIYHOT CHCTEMH,

C5(t) - MacoBa KOHIEHTpaLis Cy/b(aT-i0HIB Y TEXHOJIOTIUHIl cCHCTeMi HA MOMEHT dacy .

3miHa (TIpUPICT) KiNBKOCTI CyIb(aTiB BU3HAYAECTHCS I IBHIEHHSIM iX MacoOBO1 KOHIICHTpAIlil B TEXHOJIOTIUHIi
CHCTEMI 3a HE3MIHHOI BOJIOEMHOCTI.

Judepenmiroroun piBHAHHSA (1) oTpUMaEMo:

ds(t)/dt = W - dCS(t)/dt @)

TIpupict KinbKOCTI cynb(aTiB 3MIHCHIOETLCS 32 paXyHOK TOTO, IO 3 MOMEHTY dacy f =0 i 10 HacTaHHS piBHOBArH
JUTsl TEXHOJIOTTYHOT CUCTEMH B LIIJIOMY IIPABOYMHHUIT BUPA3 HACTYIIHOTO BUILY:

dS(t)/dt = X3y P - G — X1 Py - C°() (3)

me k=l - KUTBKICTh Ccynb(haTiB, 0 HAIXOAATH Y TEXHOJOTIYHY CHCTEMY i3 JpKepel 3a0pyAHeHHS;
sk - kinbKicTh Jkepen 3a0pyaHEHHS;

st

A
S £ -C0
k=t - KITBKICTh CYIb(aTIB, 0 BUHOCATHCS 3 TEXHOJIOTIYHOT CUCTEMH B 30BHIIITHE CEPEIOBHIIIE;
St - KINBKICTh BUXO/IIB 13 CHCTEMH.

Bupinryroun crineHo piBHsHHS (2) 1 (3) opepxuMo:

W-dC*(t)/ dt= Y31 Py - Cp — =1 P, C°() . “4)
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sk
D> B-C, =4S
ITo3HauymBIIM: ! - KUTbKicTh (KT') 3a0pyAHIOIOYHMX KOMIIOHEHTIB (CynbdartiB), M0 HATXOIATH JIO
TEXHOJIOTIYHOI CHCTEMH |
it1=1 Py, = BS - KinbKicTb Boau (Ta mapa) (J1), 10 BUXOAUTE 3 TEXHOJIOTI9HOI CHCTEMH,

OTPHUMAEMO: AS—BS-C°(t) =W -dC3(t)/dt (5)
Ilepen inTerpyBaHHsAM y Bupasi (5) HEOOXiTHO PO3AUTUTH 3MiHHI:
dCs(t)/[AS — BS - C5(t)] = dt/W (6)

IpoinTerpypasmy Bupas (6) i BU3HAYMBIIYN NOCTiliHY iHTerpyBanHs C, BUXOIS4H 3 yMOBH, 1o 3a t =0 C°= C”
BH3HAYEHHS KOHIIEHTpaIlii CyIb(haTiB BUILY:
CS(t) = AS/BS — (AS/BS — CV)/eBS*t/W (7)

Takum unHOM, y OyAb-sIKMII MOMEHT 4acy ¢ 3Ha4YCHHsS KOHIEHTpaLii cyab(ar-i0HIB y TEXHOJIOTIUHIH cucremi
3aJIeXKHUTh Bil KUIBKOCTI cynb(ariB A4S , sKi HaAXOAATh B CHCTEMY BHUPOOHMIITBA 3 BOJIOKHHCTOIO CHPOBHHOIO,
XiMiKaTaMu Ta iH., @ TAKOX BiJ| KOHIEHTpauii cyab}aT-ioHIB y IPUPOIHOMY JUKepeni cBixoi Boau C¥, BOJOEMHOCTI
TEXHOJIOTIYHOI cucteMu W 1 kinbkocTi Boau BS, sika BUBOJMTBCS 13 CHCTEMHM 31 CTOKaMH, IIapol0 Ta TOTOBOIO
MPOAYKIIIETO.

Y neBHUH MOMEHT Yacy NPUPICT KIIBKOCTI CyJIb(aT-10HIB CTa€ HACTUIBKY MaJIUM, L0 B TEXHOJIOTIUHIH cHCTEMI
HacTyIlae AMHaMivyHa piBHOBara dS — 0.

Yac BHXO/ly TEXHOJIOT'IYHOI CHCTEMH Ha PIBHOBAry (3 TOYHICTIO 01 ) MOXHa BU3HAUUTH 332 BUPA30M:

s s —
Cpieu. - Cnoma'm. - 51 (8)
N
Je P - xiHnea (piBHOBaXKHA) KOHILIEHTpAllisl Cyab(aT-iOHIB y TEXHOIOTIUHIN cUCTEMI;
N

nomoun. . KOHIEHTPALIS CyJIb(AT-I0HIB y TEXHOJIOTIUHIH ccTeMi Ha MOMeEHT vacy f.

PiBHOBa)kHA MacoBa KOHIEHTPAIis Copien. BA3HAYACTLCS 3@ (opMyIIoro (7) 3a yMOBH, LIO { — 0.
pisn. = AS/BS )

Mincrapsroan 3Ha9eHEA CSpien Ta CSpomoun. (3 BUPasy 7) y dopmyiy (8) i BiANOBiIHO IEPETBOPUBIIH ii,
OJIepKMMO BUpPa3 JIJIs BU3HAYEHHS Yacy ¢ BUXOy TEXHOJOTIYHOI CHCTEMH Ha PiBHOBAry (3 TOYHICTIO 0 ) :

t =W -In(K,)/8,)/BS (10)
ac:
K, = AS/BS — CV (11)

Amnaniz ¢opmymu (11) mokasye, mo 3Ha4eHHS ¢ OaraTo B YOMY BH3HAYAETHCS BiJHOLICHHSIM BEIUYUHU
BOZOEMHOCTI W TEXHOJIOTIYHOI CHUCTEMH JO KiTbKOCTI BOAM BS, 10 BHHOCHUTHCS i3 CHUCTeMH Ta TiepeOyBae B
JIOTapuPMIvHIH 3aJI€KHOCTI BiJl BiTHOMICHHS BeTUIrHA K 1 BETHIHHH 0.

Uum Oinbllie BOJOEMHICTh TEXHOJIOTIYHOI CUCTEMH Ta YUM MeHIIe BS, THM JOBIIMHA MPOMIXKOK 4acy BUXOIY
TEXHOJIOTIYHOT CHCTEMH Ha PIBHOBKHUH CTaH.

Sk BumHO i3 Bupasy (11), 3mauenns Ks BupisHacTbes Bim 3HadeHHS Copien Ha Bemmuuny C¥ ( TOOTO Ha Ty
KIUTBKICTh cyb(]aTiB, siKa MiICTHTBCS y CBIXKIH BOJI).

[IparaeHHs1 30UIBIIMTH TOYHICTH BU3HAUCHHS HACTAHHS PIBHOBR)XHOT'O CTaHY B TEXHOJIOTIUHIN cucTeMi ( mpu
LILOMY §; 3MEHIIY€EThCS) MPU3BOIUTS JI0 TOTO, 10 Yac # HACTAHHS IIbOTO CTaHy 3pPOCTAE.

BucHoBkHu

TakuM umHOM, 0a3ylOYHCh Ha IOCTaBJICHIM METi Ta BPaxXxOBYIOYM pE3yJbTaTH NOCHIIPKEHb 1 NMPOTHO3HUX
pO3paxyHKiB. BUKOHaHMX Ha 0a3i MaTeMaTHYHHMX MOJEJeH BH3HAYEHO 3aKOHOMIPHOCTI BIUIMBY €MHOCTEH Ha
JMHaMIKy 1 piBeHb 3a0pYyJHEHHOCT] BOJIONIOTOKIB B Mpoliecax BUPOOHUITBA Malnepy Ta KapToHy. Pazom 3 TuM, y
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BHIIAJIKY, KOJIH B IIPOIIeCi po3po0ieHHs (IPOCKTyBaHHS) CKIAHOI TEXHOJIOTIYHOT CHCTEMHU BUPOOHHUIITBA Marepy abo
KapTOHY PO3POOHWKIB I[IKABUTh CEPEIHBbO3BAKEHE 3HAYEHHS KOHIICHTpAIlii BOMOPO3YMHHUX MiHEpPAIbHHUX
KOMIIOHEHTIB, fKi HAHOIIBIINM YWHOM BIUIMBAalOTH HA CTAaH BOJOIOTOKIB CHCTEMH, TO B TAaKOMY BHIIAQAKY
TEXHOJIOTIYHY CHCTEMY MOYKHA MAaKCHMAJIBHO CIPOCTUTH 1 MOJATH Yy BUTJAAI €IWHOI €MHOCTI, TIPUB'sI3aHOI 10
HaBKOJIMIITHEOTO cepenoBumia (puc.3). Po3paxyHOK cepeqHhO3BAKEHHX 3HAYCHb KOHIICHTpAIii BOJOPO3YMHHUX
MiHEepaJIbHUX KOMITOHEHTIB MOKJIMBO BHKOHATH 3a dopmynamu (7), (9), a 4ac BUXOy TEXHOJOTIYHOI CHCTEMHU Ha
piBHOBary — 3a gopmyroro (10).

IlepcnekTHBY MOAAIBLIINX AOCTIIKEHD

[MomanpmuM KPOKOM JOCHIKCHHS MOXE CTAaTH MEepeBipKa pe3yJbTaTiB, OTPUMAHUX Ha 0a3i aJeKBaTHUX
MaTeMaTHUIHUX MOJICNICH, B pCAIbHUX YMOBaX BUPOOHUIITBA.
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Ploskonos V., Gondovska A.

RESEARCH OF THE DYNAMICS AND LEVEL OF WATERCOURSE POLLUTION BY PAPER AND
PAPERBOARD PRODUCTION PROCESSES

The use of waste paper as a fibrous semi-finished product in the production of paper and paperboard products makes
it possible to somewhat reduce the consumption of cellulose. However, waste paper contains a number of water-
polluting components of mineral and organic nature, which were introduced into its composition at the stage of
production. One of the issues that may arise in the design of technological systems for the production of a given type
of paper or cardboard or in the reconstruction of existing production to reduce losses of fibrous semi-finished
products and ensure their optimal use or reduce fresh water consumption is to calculate the pollution and also to
determine the impact of cardboard and paper production tanks and treatment plants on the dynamics and level of
watercourse pollution.

To study and analyze the paper and cardboard production processes, which belong to the class of complex
technological systems [1-3], a methodology was developed that, using computer technology [4-6], allows assessing
the state of a technological system until its implementation in action. However, from a practical point of view, methods
still should be developed that will allow the designer to find solutions to problems that may arise at the design stage
of the technological system for production of a given type of paper or cardboard or in the reconstruction of existing
production. These problems are related to the calculation of the pollution level and the determination of impact from
cardboard and paper production tanks and treatment facilities. The purpose of this article is to conduct research and
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forecast calculations based on mathematical models to determine the patterns of influence exerted by tanks on the
dynamics and level of watercourse pollution in the production of paper and cardboard. The generalized technological
system of cardboard production [1], which is presented in the form of a material flow graph [2], is taken as an object
for research. Water-soluble contaminants of mineral and organic nature enter the production system together with
fibrous raw materials, partly with fresh water, and with chemical additives used to impart certain qualities to the
product at the stage of its production and at the stage of mechano-chemical water purification. In order to study their
impact, it is necessary to conduct at least two stages of calculations on a personal computer using pre-designed
models [4,5] for the dynamics and level of watercourse pollution.
At the first stage, the dynamic characteristics of each element of the technological system were equated to elements
that do not have a dynamic delay and for which the passage of all watercourses is subject to the speed at which the
cardboard web is cast on the mesh. The number of cycles before equilibrium is 99. In the second stage of calculations,
it was taken into account that the four tanks in the technological system of production are characterized by a moment
of delay and, therefore, the values of delay factors were chosen based on water reserves that accumulate in these
basins. The number of cycles before equilibrium in the second stage increased to 264. The main conclusion from the
analysis of two options: the technological system in both cases goes to equilibrium at equal values for all components
of water-soluble mineral and organic components.
However, there are often situations when, in the process of developing (designing) a complex technological system
for the production of paper or cardboard, developers are interested in the weighted average concentration of water-
soluble mineral components that most affect the state of water flows, and then the technological system can be
simplified and presented as a single container linked to the environment. The time t for the technological system to
reach equilibrium (with an accuracy of 61) is as follows:

t=W -In(K)/6,)/BS
Analysis of the calculation formula shows that the t value is largely determined by the ratio of the water capacity W
of the process system to the amount of water BS removed from the system. The greater the water capacity of the
technological system and the smaller the BS, the longer the time the technological system reaches equilibrium. The
next step of the study is to verify the results obtained on the basis of adequate mathematical models in actual
production conditions.

Keywords: paper and cardboard production, cardboard and paper production capacities, dynamics and level of
watercourse pollution.
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