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PA3MOJ1 BONIOKHUCTBIX NMONTY®ABPUKATOB KAK
MEXAHOXUMUYECKUN NPOLIECC. MATEMATUYECKOE
MOOENTIMPOBAHUE
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Cubupckuli 2ocyGapcmeeHHblIl yHUsepcumem HayKu U mexHosoaul UMeHu
akalemuka M.®. PewemHesa, np. um. 2a3. «KpacHospckuti paboyul», 31,
KpacHosipck, 660037 (Poccus), e-mail: 2507 @inbox.ru

HW3BecTHO, 9TO Tporece pa3Morna BOJIOKHUCTHIX MOTy(haOpHKaTOB IMPOTEKAET B BUJE YETHIPEX ITOCICIOBATENBHBIX CTa-
I, COMPOBOXIAIOMINXCS CIOXKHBIMHU TIporeccaMy (puOpHILIMNY ¥ THAPATAUK MOIBEPraloIiXcsl MEXaHNIECKOMY BO3JCH-
CTBHIO BOJIOKOH. Pa3BHTHE 3THX IPOIIECCOB BO BPEMEHH OIpeIersieT JUHAMUKY H3MEHEHHH IIEJUTION03HOTO BOJIOKHA, TIPUBOJS-
IIyI0, B KOHEYHOM HTOTre, K (hopMupoBaHHIo HEOOXOAUMBIX OyMarooOpa3yromux cBOHCTB. B pabore nokas3aHo, 4To npeacTasie-
HHE pa3MoJia BOJOKHHUCTBIX NMONy(haOpHKaToB Kak MEXaHOXHMHYECKOro IIporecca IMO3BOMsIeT ChOpMyIHpOBAaTh MaTeMaTHde-
CKYIO MOJIENb JMHAMHKH Pa3MoJia Ha OCHOBE IPUHITUIIOB (hopmanbHOi kuHeTHKH. [locieaee mo3BOoIseT BELACINTE CTAIHUH MPO-
I[ecca pa3MoIna B BUJIE CTAHAAPTHOTO KHHETHYECKOTO MEXaHN3Ma TI0C/IEI0BATEIBHO IPOTEKAIONIUX PEaKIUH.

Co0TBeTCTBYIOIIAs! MOJIENTH PE/CTABICHA B BH/E CHCTEMBI OOBIKHOBEHHBIX () (epeHIINAIBHBIX YPaBHEHH C TOCTOSH-
HBIMH K03 QHUIHEHTaMH, PeIIeHHE KOTOPOH He MPECTABIIeT IPUHIUITHATBHBIX TpyAHOCTeH. Tak Kak SKCIIepUMEHTAIBHO OIIpe-
JIETISIETCSI He CTENCHb AECTPYKIUH, a TPaIyc IIOMOJIA, IPEUI0RKEHO 3aBUCUMOCTD MEX/Iy ITUMH BEJINYHMHAMH IIPEJICTAaBUTh B BUIE
CTENEHHOTO PS/a C OrPAaHNYCHUEM B BHIE JIHHEHHOro npuoimkenus. OHaKo BCIeACTBHE OONBIION pa3MEepHOCTH MapaMeTpH-
Yyeckas HACHTU(DHUKAINSI MO NMEeT IPUHINITHATIRHBIE TPYTHOCTH. B paboTe mpemioxkeH crocod peayKnud, MO3BOMSIOIIH
npeoxoneTs mpodaeMy. COOTBETCTBYIONIHE TApaMeTPh! HACHTU(GHUIMPOBAHEI COIIOCTaBICHUEM MOJEIH H MACCUBA AKCIIEPUMCEH-
TaJBHBIX JaHHBIX. [IpecTaBIeHHbIH MOAXO0/ AaeT BO3MOXHOCTD MONYIHTH aeKBaTHOE 3aMKHYTOE MAaTEMaTHIECKOE ONHMCAaHUE
JIMHAMPKY Pa3MoJIa BOJIOKHHICTBIX TTOTy()aOpHKaToB.

Kniouesvie cnosa: pa3mol, MEXaHOXUMHUS, TUHAMUKA Pa3MOIa, KHHETHKA XUMUYECKasl.

Beeoenue

TepMuH «MexaHOXUMUS» BIiepBEIe BBeaeH OcTBanmbaoM B «KHuTe 10 001Ieii xumum». B mocienreis oH pac-
CMaTpHBaJI Pa3IMIHBIE METOIBI HHUITAMPOBAHKMS XHMHYECKHUX TporeccoB [1]. DTOT TEpMUH OTHOCUTCS K TIPOIIEC-
caM, B TOM YHCIIC 1 XUMHAYESCKUM PEaKIIsIM, HHAITMHPOBAHHBIM JTFOOOTO THITA MEXaHIMUYEeCcKOi 00padoTkoii. Crioxu-
JIUCHh HANPaBJICHUS, KOTOPBIC YCIOBHO MOXHO pa3OUTh HA HMCCIICOBAHUC BIUSHUS MPEABAPUTECIHHON MEXaHIUE-
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xaHocuHTe3 [2—4].

Pazmon — MexaHOXMMHYECKHH TIpoIiecc, IMpu
KOTOpPOM BOJIOKHA B BOIHOM CpeJie MOBEPTraroTCs Me-
XaHUIECKOMY W THIPOIMHAMHUYECKOMY BO3/IEHCTBHIO.
Llens pa3moia — CTpYKTypHbBIE H3MEHEHHS KJICTOYHOM
CTEHKH BOJIOKHA, ITOCPE/ICTBOM IMPUMEHEHNS MEXaHH-
YECKOW SHEPTUH U INTACTH()UIIPYIOIIET 0 BO3ACHCTBUSA
BOJIHOM cpezpl. OnuH 13 rmaBHeHmMX 3¢ dexToB mpo-
Iecca pa3mosia LeJUTION03bl — «PAaCKPhITHE» BHYTPEH-
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HEW CTPYKTYpPbI BOJIOKOH. BOJIOKHA 1IEIITIONI036] CIUTIOIIMBAIOTCSI M CTAHOBSITCS OoJiee TMOKUMH, 4TO JeraeT ux 0o-
Jiee TIOIXOIAIIMMHE JUTS TOCTPOCHHST MEKBOJIOKOHHBIX CBsi3eit [5—21].

ITpu pazmone Macchl MEXaHNYECKHE TPOIIECCH] BHI3BIBAIOT M3MEIbUCHHE BOJIOKOH M OOYCIIOBIMBAIOT CTPYK-
Typy Oymary, a KOJUIOWJHO-(pU3MUYecKue SBJICHNS, MPOUCXOIINE B PE3ysIbTaTe B3aUMOJICHCTBUS BOJBI M LIEILIIO-
JI03bI, — CBSI3b BOJIOKOH B Oymare. Pa3MoI [EeJUTI0I03HbIX BOJIOKOH MOXHO YCIIOBHO Pa3eiuTh Ha yeTsipe cramuu [10].

Ilepeas cmadus — pa3pylieHUE MEXBOJIIOKOHHBIX CBSI3el BHYTPH KJICTOYHOI CTEHKH M 00pa30BaHuE 30H CMe-
LIEHNS CTPYKTYPHBIX 3JIEMEHTOB B BOJIOKHAX, B PE3YJbTATE YEr0 BOSHUKAIOT MUKPOTPEUIUHEI, B KOTOPbIE TPOHHU-
KaeT BOJIa, B JaIbHEHIIIEM BCTYIAOMIAsl BO B3aUMO/EHCTBHE CO CBOOOJHBIMHU TH/IPOKCHIBHBIMH TPYITIAMH IIEJITIO-
JIO3HOTO KOMILIeKca. PacknnHnBatoriee neicTBre BOAbl 00yCIOBIMBAET Oonee rry0oKoe paciieruIeHne KIeTOYHOH
CTEHKH IIpU pa3MoJie, YBEIHINBAs THOKOCTh M INTACTUYHOCTH BOJIOKOH.

Bmopas cmaous — yactnuHOe paspylieHHe BHEUIHero ciosi S1 u BTOpUYHOHN CTEHKH S2 M ee OTCIOeHHE
BMeECTE C TIEPBUYHON CTEHKOH P.

Tpemwvs cmaous — HaOyxaHHE CTEHKH S2 B 007acTH 00pa30BaBIINXCS 30H CMEIICHUH. JTOT ITPOIIECC MOXKET
HayvaThCs TOIBKO MTOCIIE Pa3pyIIeHNs] HApYKHOI 0001ouku ciost S1.

Yemeepmas cmadusi — JaCTHIHOE Pa3pyIIeHIEe BOAOPOIHBIX CBs3ei Mex Iy pubpuiiamu creHku S2 (Hapyx-
Hoe (GubpULTHpoBaHuUe), OBICTPOE HAPACTAHKE YAEIHHON BHEIHEH IIOBEPXHOCTH U OBOJHEHHE BOJIOKOH [5—24].

TakuM 00pa3oM, pa3MoJI MOYKHO OTHECTH K TAKOMY HAIPaBJICHUIO MEXAHOXMMHH, KaK MEXaHHUYeCKas aKTH-
BaIWs, PE3yIbTaTOM KOTOPOH SBISIETCS MOATOTOBKA IMOBEPXHOCTHU IEIIIIONO036I K 00pa30BaHUIO MEKBOIOKOHHBIX
CBSI3€H, IPUIAHNIO BOJIOKHAM CITIOCOOHOCTH CBSI3BIBATHCS MEXy COOOW B POUHBIN OyMaskKHBIH JIHCT.

Mamemamuueckasn mooens

Hcxonsa U3 mpeAcTaBieHUs O pa3Moie Kak O MEXaHOXMMHYECKOM IpoIecce, JUHAMUKY pa3Moia MOXKHO
TPEICTABHTD, 110 aHAJIOTHH ¢ (HOPMATBHON KHHETHKOM, CIEAYIOIIeld KHHETHIEeCKO# cxemoii [25]:

AYBH®D B Y4B C V4R D VIHBE @

KOTOpOH COOTBETCTBYET BHIITUCAHHAS HIDKE cucTeMa A GepeHIMaNbHBIX ypaBHEHUH, MOJAETHPYIOIINX JHHAMHUKY.
3neck 4, B, C, B, E — creneHp peBpallieHns Ha COOTBETCTBYIOIIEH cTaauu mpolecca

%:—KlA

C:T? = K,A-K,B

c:j—ct;:KzB—KaC )
‘:T[t) =K,C-K,D

%—E:Kp

Havanensie yenosus: 4(0)=1; B(0)=0; C(0)=0; D(0)=0; £(0)=0.

Tak kax nepBble JBE CTaJHU — 3TO, MO CYTH, IPOLECC MEXaHHYECKOT0 Pa3pyIICHHUs, TO B IEPBOM HPHOIIIDKE-
HHUM €r0 MOXXHO MPEICTaBUTh KaK SIUHYIO cTauuio. COOTBETCTBEHHO, IMOCIEAYIOIINE IPOLECChl HHOPHULILUN 1
THAPATALUK COCTABISIOT BTOPYIO CTAAWIO npuOmmkenns. Torna MaTeMaTHieckas MOIENb ePBOro MPHOIIKCHUS
UMEET BH

A B ¥#4®C ©)
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A KA

dt

d—?: K,A-K,B
©C_y g

dt

Havanensie yenosust: A(0)=1; B(0)=0; C(0)=0.
Penienue 3T0ii cucteMbl u3BecTHO [25] M MMeeT BHA:

A= A, exp(-k,t)

_ KA Y - ewn(
B= i, -k, (exp(-kyt) - exp(-k,t)) (@)
C=A0— ZAO exp(kt)+ AO exp(kt)

2 1

B OKCIICPUMCHTEC, KaK IPaBUJIO, Ha6J'IIO,Ha€TC$I 3aBUCUMOCTD CTCIICHU ITOMOJIA, BbIPpA’KCHHAA B I'pagycax I10-
MOJIa, OT BpEMCHHU. Honaraﬂ, 4TO rpaayc nomMoJsia SO €CTb HCMIPCPbIBHAA (1)yHKIII/IH OT CTCIICHU MPCBPAILICHUA HA KaxK-
,HOfI us3 CTa,HI/Iﬁ HU3MCHCHUS BOJIOKHA IIPH pa3MOJIC, MOXKHO IMPCACTABUTL 3Ty q)yHKHI/IK) B BUJC PA3JIOKCHUA B CTC-
TICHHOM Psia B OKPECTHOCTSX HYJIA:

S°=S) +r,A+r,B+r.C+R(ABC) (5)

3nech R(A,B,C) — uacts psiza, comepskainast CTeleHN HE3aBUCHMBIX TIEPEMEHHBIX BBIIIIE TIEpBOi. B muHeitHOM
nproImwKeHnn MokHo cumnrtats R(A,B,C)=0. Torma

0 _ a0
S —So+rAA+rBB+rCC’ (6)
rae A, B, C Beipaskenus (4) COOTBETCTBEHHO.
Tak kak MPOCTOe MEXaHUIECKOE Pa3pyIIeHNE 000I0UeK BOJIOKHA HE IPUBOJNT K 3HAYUTEITHFHOMY POCTY CTE-
nienn momona [5-24], To B mepBoM IpHUOIMKEHHHE BTOPHIM M TPETHUM CllaraeéMbIM B ypaBHeHHH (6) MOKHO TpeHe-
Opeus. Torma:

$7=8;+1.C ()

U, cooTBETCTBEHHO:

S®=S2+A, - Ekzi‘) exp(-kt) +%exp(—k2t)

2~ ™ 2™ ™

Taxk kak rc — KOHCTaHTa, TO IMPOU3BCACHUC rcAo — TOXXC KOHCTaHTa. COOTBGTCTBGHHO, MOKHO 0003HAYHTE €ro
A1 U OKOHYATCJIbHOC BBIPAKCHUC 6yﬂ€T HUMETb BU.

S°=S§+A1—k2AI‘( exp(kt)+kkALexp(kt) (8)

Pe3ynomamul u 00cysncoenue

B sxcriepumenTe ucmonb3oBanack o0branas [15, 16] rapaurypa. Yucio oboporoB N=1500 06./mumn. 3a3op
L=0.1, 0.3, 0.5 mm., xormnieHTpanus maccel C=1, 2, 3% cooTBeTcTBEHHO. BEIOOPOYHO pe3yabTaThI IPEACTaBICHBI HA
pucynkax 1, 2. Touku — pe3yapTaT 3KCIIEPUMEHTA, CIDIONIHBIC JTHHUH MONyYCHBI PACUCTHRIM ITyTeM. [1oTHOCTEBIO
mapaMeTpsl MAaTEMaTHUECKIX MOJICTICH JJIsl BCEX PEKUMOB MPHUBECHEI B Ta0muIax 1, 2.
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Puc. 1. 3aBUCUMOCTh CTEIICHHU IIOMOJIA OT BPCMCHHU.

L=0.1, C=1%

Tabnuma 1. ITapametpsl Monenu

L=0.5, C=3%

Puc. 2. 3aBUCUMOCTh CTEIICHHU IIOMOJIA OT BPEMCHHU.

Konmenrparus, ITapameTpsl Monean
C, c;) 3asop, L So A1 : klj k2
01 19 76.21 0.0275 0.0004247
1 03 16 138.9 0.017 0.000144
05 23 87.85 0.0164 0.0002266
01 20 78.37 0.0132 0.0002179
2 03 18 137.4 0.0113 9.275e-05
05 16 68.93 0.0172 0.000347
01 23 1825 0.0104 8.393¢-05
3 03 18 103.1 0.012 0.0001368
05 18 85.78 0.0076 0.0001096

Tab6muna 2. OueHka ajgeKBaTHOCTH MOJIEIA

KOHHCHTpaHHﬂ, 3a30p L SO CTaTUCTHYECKHUE KpuUTrepuu OHG%IKI/I aJICKBaTHOCTHU MOJC/IN

cm, % ' SSE R-square Adjusted R-square RMSE
0.1 19 1.361 0.9995 0.9994 0.4124

1 0.3 16 0.1647 0.9999 0.9999 0.1353
0.5 23 0.5779 0.9998 0.9998 0.2873

0.1 20 4.352 0.9983 0.998 0.7885

2 0.3 18 0.0859 1 1 0.1108
0.5 16 9.452 0.9962 0.9956 1.255

0.1 23 11.28 0.9939 0.9926 1.502

3 0.3 18 0.1965 0.9999 0.9999 0.1567
0.5 18 1.778 0.999 0.9989 0.4444

Pacuer napamerpos mozeiu Beimonssuics B cpene MATLAB B Curve Fitting Toolbox. Cratucruaeckuii ana-
JIM3 TIOKa3bIBAET a/ICKBATHOCTH MOIYYCHHBIX MAaTEMAaTHYECKUX MOJEIeH AMHAMHUKH IPOLEecca pa3Molia BOJIOKHHU-
CTHIX 10Ty (habpHUKaTOB.

Buoieoowt

Takum 06pa3oM, MOXKHO CIIENIATh CIICAYIOLINE BHIBOBI:

1. IIpencraBiienne pa3molia Kak MEXaHOXMMHUYECKOT'0 ITPOLIEcCca MO3BOJISIET MOIOWTH K MOZIEITMPOBAHUIO €r'0
JIMHAMHKH Ha OCHOBE ITPUHIMIIOB ()OPMATEHON KHHETHKH C TTOJyYEHHEM 3aMKHYTOTO MaTeMaTHYECKOTO OMUCAHHS
B BUJIE CUCTEMbI OOBIKHOBEHHBIX U(depeHInanbHbIX ypaBHEHHUH.

2. CorocTaBieHHE aHATMTHIECKOTO PEIICHUS VISl YPaBHEHHI MOJIENIM C SKCIIEPUMEHTOM IO3BOJIHIIO OTIpe-
JIETINTH BECh HA0Op «KMHETHYECKHUX» MapaMeTPOB IOCIECHEH U TIOKa3bIBACT €€ a/IeKBaTHOCTD AKCIICPUMEHTY.
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Pen V.R.", Alachkevich Y.D., Pen R.Z., Levchenko S.I, Pen T.V. GRINDING OF FIBROUS SEMI-FINISHED
PRODUCTS AS A MECHANOCHEMICAL PROCESS. MATHEMATICAL MODELING

Reshetnev Siberian State University of Science and Technology, pr. Krasnoyarsky Rabochy, 31, Krasnoyarsk, 660037
(Russia), e-mail: 2507 @inbox.ru

It is known that the process of grinding fibrous semi-finished products proceeds in the form of four successive stages, ac-
companied by complex processes of fibrillation and hydration of fibers subjected to mechanical action. The development of these
processes over time determines the dynamics of changes in cellulose fiber, which ultimately leads to the formation of the necessary
paper-forming properties. The paper shows that the representation of the grinding of fibrous semi-finished products as a mechano-
chemical process makes it possible to formulate a mathematical model of the grinding dynamics based on the principles of formal
kinetics. The latter makes it possible to single out the stages of the milling process in the form of a standard kinetic mechanism of
successively occurring reactions. The corresponding model is presented as a system of ordinary differential equations with constant
coefficients, the solution of which presents no fundamental difficulties. Since it is not the degree of destruction that is determined
experimentally, but the degree of grinding, it is proposed to present the relationship between these values as a power series with a
limitation in the form of a linear approximation. However, due to the large dimension, the parametric identification of the model has
fundamental difficulties. The paper proposes a reduction method that allows overcoming the problem. The corresponding parameters
are identified by comparing the model and the array of experimental data. The presented approach makes it possible to obtain an
adequate closed mathematical description of the dynamics of grinding fibrous semi-finished products.

Keywords: grinding, mechanochemistry, grinding dynamics, chemical kinetics.
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