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YUCEJIBHI METOIU B OITUMAJIBHOMY YIIPABJIIHHI
TEIJIO®I3UYHUM IMPOIIECOM CTEPUJIIBAILIIL

Pospobneno ymouneny memoouxy usHaueHHs memnepamypHO-4aco8Ux pexrcumis
cmepunizayii 6 asmoxnaeax Henepepenoi Oii. Ii ocmosy cknadae posze’szox 3adaui
ONMUMATLHO20 YNPAGIIHHS MEXHONO02IUHUM MEeNIoQi3udHUM Npoyecom cmepunizayii 3a
00nOMO2010 YUcenbHUX Memodis. [Ipu momy 3abe3neyena po3paxynkosa Mikpobdionoziuna
besnexa. 3anponoHO6ani an2opummu PI3HUYESUX Memoodie 3a0e3neuyoms MIHIMALbHUL
sumpamu menjo6oi enepeii, Xapuo8y YiHHICMb Ma OP2aHOIeNIMUYHI G1ACTMUGOCIII.

Knrouoei cnosa: uucenvui memoou, pizHuyesull Memoo, Onmumizayis, YApasiiHHs,
MIHIMI3ayis, Gumpamu menid, Xap4o6a YIHHICMb, OpP2AHOJEeNMUYHI 6AACMUEOCHII,
MenIonpoGIOHICMb, CMepUi3ayis.
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YUCJEHHBIE METO/1bl B OITUMAJIBHOE YIIPABJIEHUE
TENJIO®UINYECKHUX ITPOLUECCOB CTEPUJIN3ALINU

Paspabomana ymounennas memoouxa onpeoeneHus memnepamypHo-6peMeHHbIX
PedCcUMO8  Cmepunuzayuy 8 AeMOKIABAX HenpepwvieHo2o Oelicmeusa. Ee ocnosy
cocmasusiem — pewleHue  3a0aui  ONMUMATNBHO20 — YNPAGNEHUS — MEXHOA0SUYECKUM
MEenI0PUIUYECKUM NPOYECCOM CMEPUUZAYUU C NOMOUBIO YUCIEHHBIX Memo008. [lpu
9mom obecneuena pacyemuas Mukpoouosoeuveckas 6eszonacHocmo. Illpednosicenmvie
AneopumMvl pa3sHOCMHBIX MEMO008 00eCneyusalon MUHUMANbHbIE 3ampamvl Menio6ou
Hepauu, NUWesyI0 YeHHOCMb U OP2aHONENnMUYecKUue ceoUCmad.
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NUMERICAL METHODS IN OPTIMAL CONTROL OF THERMAL
STERILIZATION PROCESS

A detailed method for determining the temperature and time regimes of
sterilization in autoclaves continuous modes.lts basis is solving optimal control of
thermal sterilization process using numerical methods. While the microbiological safety
secured design. Algorithms of difference methods provide minimum heat energy
consumption, nutritional value and organoleptic properties.

Key words: Numerical methods, difference method, optimization, control,
minimization, costs of heat, nutritional value, organoleptic properties, thermal
conductivity, sterilization.

Beryn. [ns  iHKEHEPHHX  PO3PaxyHKIB — TeMIEpaTypHO-4aCOBHX  PEKHUMIB
crepuiizalii M’SICHUX KOHCEPBIB PO3B’SA3aHO psA 3aJa4 MAaTEeMaTHYHOIO MOJEIIOBAHHS
[1-3] HaOnmxeHHME aHATIITHYHIMU METOIAMH, JIe BPAXOBAHO TEIIO(i3HYHI BIaCTHBOCTI
poboUrX cepelOBUIL CTepPHUIIi3allifHUX amapaTiB Ta M’ SICHUX KOHCEpPBIB, IKi MPH TOUHIH
MOCTAHOBIII 3a7a4i B MEBHOMY Jiama3oHi Temmeparyp € HeniHiiiauMu. Hanpuxnazn, mis
BCTaHOBJIEHHSI MIKpOO10JIOriqHO1 Oe3MeKH MPOLYKTYy €(EKTHBHOIO BUSBUJIACH METOIUKA
pO3paxyHKy KOHIIEHTpalil MIKpOOHMX KIITHH, TeMIepaTypu Ta TpUBAJIOCTi ii
MiATPUMYBAaHHS B €JIEMEHTApHOMY 00’e€Mi, SIKM HaWIOBUIBHINIE HarpiBa€ThCs.
[IpoOnema MaTeMaTHYHOrO MPOrPAMHOTO 3a0e3Me4eHHS albTEPHATUBHUX PO3PaxXyHKIiB
YHCEbHUMH METO/IaMHU CTAHOBUTH 3HAYHUI HAYKOBO-TIPAKTUYHHUH 1HTEpEC, BPaXOBYIOUH,
IO CTaBJSITHCS IMIBUINCHI BUMOTH JIO aJICKBAaTHOCTI Ta Bepuikaimii MareMaTHYHHX
Mmozeneid. Ha 0a3i maremarnunoi Mozmemi Ta il peamizauii OyaylOTbCS aJIrOPUTMHU
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VIOpaBIiHHS, a caMe TEeMIEpaTypHO-4acOB1 PEKMMH CTEpHIII3allili, TOMy aKTyaJbHUM
3aBIaHHSAM € PO3pOoOKa YHCENFHIX METOIB MOPSA 13 aHATITHIHUMH.

Marepianu i MeToau. UricenbHi METOAM pO3B’SI3yBaHHS 3a/ia4 TEIUIONPOBIHOCTI,
PI3HUIIEBUI METOA, MaTeMaTHYHE POrpaMHe 3a0e3medeHHsI.

PesyabTaTn gocaimxenns. /s npouecy crepuiizanii M’ ACHUX KOHCEpPBIB, LIO 5K
NpaBUIIO, Y CTEPUITI3ALiiHIA KaMepi HarpiBalOThCs HEPIBHOMIPHO (3aJIKHO BiJl IXHBOTO
PO3TalllyBaHHs) iICHYE B3aEMO3AICKHICTh MK IHTEHCHBHICTIO HATPIBAHHS KOHCEPRBIB, Ha
MOBEPXHI SKUX HAMHWKYMNA Ta HAWBUILUI TpalieHT TeMiepaTypu. ToMy MOKHa YMOBHO
OLIHUTH TeMIlepaTypHE IoJie Ha NPUKIALl OIHi€l KOHCEpBH, YHHKHYBIIM 3HAYHOIO
Miporo 0araTb0X OOYHMCIICHb. 3 METOI0 PO3POOKH HYHCETBHUX METOMIB PO3PaxyHKY
TEMIIEpaTypHOTO TMOJII PO3IJSHEMO 3arajbHy IIOCTAaHOBKY 3anmaui. [lns posmoainy
Temriepatypu T B TiJ, 10 3aiimae 06’em V, oOMekeHe ToBepxHe ., Gananc Tera Q
BHUPAXKAETHCS PIBHIHHAM

%—Q+pcd—T=0, (1=1,2,3), (1)
OX; dt

1
Je (i —TOTIK Teruta B HampsaMKy X, Q=Q(x;t) — mxepeno tema, pca — 3MiHA Teria

npu 3MmiHi Temmepatypu T=T(X;t), 0, C — TyCTHHa Ta TEIJIOEMHICTh M’SICOMPOAYKTY.

, oT
3amucyroun BUpas I HOTOKIB Temia B HanpamMkax X (; = -2 8_ , o1e A -
X:
i
KOC(IIIEHT TEIUIONPOBITHOCTI OTPUMY€EMO piBHSHHS Oanancy (1) y Burisiai
o ,,0T dT
L) +Q-pe= =0, @
oX;  OX; dt

PiBusHHs (2) omucye po3moain TemiepaTyp B 00JacTi 3 HE3aJIKHUMHU 3MIHHUMHA
Xi, t. Jns BupimieHHS 3anad HECTAalllOHApPHOI TEIUIONPOBIHOCTI 1O piBHSHHA (2)
HEOOXiHO JONaTH MOYAaTKOBI YMOBH, IIO XapaKTepU3YyIOTh PO3MOILT TeMIepaTypu B
HesAKUM MovaTKOBMH MOMEHT uacy [, i rpaHuuHi ymoBHM Ha Mexi obmacti 2., ski
3BOASATHCS IO ABOX OCHOBHUX THUIIB!

- 3ananHs Temneparypu T (X;,t) Ha yactuni Mexi 2.,

T-T=0 na X, (3)
- 3a/IaHHA NIOTOKY § Ha YacTHHi X, [0 HOpMaJIi 10 MEXKi N
_ or _
qn—q=—l%—q=0 Ha 2. @)

VY pa3i cTanioHapHHX TPOLECIB TEIUIONPOBIAHOCTI PO3MOALT TeMIepaTyp He
3aJIOKUTh Bif 4acy 1 piBHAHHS (2) CIPOILYETHCS 1O BHIY

0 oT

—(A=—)+Q=0, 5

6xi( 6xi) Q )
ne T=T(x:), Q=Q(x).

dopmansHUN 3amHUC CYKYIMHOCTI PiBHSIHB, IO OMHKCYIOTH CTAIliOHAPHY 3a7auy
TEIUTONPOBITHOCTI, MOXKHA MPEACTABUTH y BHTJISI:

129



Hayxosuii sicnux JIHYBMBT iveni C.3. Icuybkozo Tom 17 Ne 1 (61) Yacmuna 4, 2015

_ 9,9
oX | OX
0

A(T)=DT +Q=0; D

B(T)=
G,T-T=0 na 2-+; G, =1
2 T 2
VY Bumaaky M’SICONPOAYKTY B TOYHIM MMOCTAHOBLI 3aJada TEIUIONPOBIAHOCTI €
HETIHIHHOI, 00 KOS(IIiEHT TEIUIONPOBIIHOCTI 3aJISKUTh BiJ Temmnepatypu. lle 3HauHO
YCKIIAJHIOE 3ajady, TOMy TpHiiMeMo cTany Bemuumny A, Toxi cmiBBigHOmeHHs (5)
Oyxe miHiliHE
2
o°T
A——+Q(x)=0. 7
OX; OX;
[Ipn mochimkeHHI NPOLECiB TEIUIONPOBITHOCTI B JBOBUMIPHIA IOCTaHOBII
X =%, X,=Yy, T=T(X,y), Q=Q(X,Y)) orpumaemo BianosiaHi piBHSIHHS

o°T 0T
A+ [+0Q(xy)=0 |,
ol oy Q(xiy)
T-T=0na, (8)

A 2—-; +0=0 na X q (X7 2, -vactunn mexi obnacti V).

B onHoMipHiii 3amaui (X, = X) orpumaemo:

d4T
A—+Q=0 0<x<L
o’ Q ( )
T-T=0; x=0; x=L
9)
AQI+G:O; x=0; x=L
dx

Cepen 4mcenbHUX METOAIB PO3B'I3aHHA 3a7ad MaTeMaTH4HOI (i3uku obOepeMo
pisHuueBuit Meron. Toxmi po3risHyTa OOJacTh aPOKCHMYETHCA CITKOBOIO OOJIACTIO, a
3HA4YCHHS TOXIAHMX IIYKaHUX (YHKLIA 3aMIHIOIOTHCS PI3HULEBHMHU BUpPa3aMHU uepe3
3Ha4YeHHS WX QYHKUiH y By3nax citkd. Hanmi Ans KOKHOro By3na CiTKOBO1 oOsacTi
CKJIQJIAlOTHCS BIAMIOBIHI PI3HUIICBI aHAJIOTM BUXIMHUX (YHKI[IOHATHHUX PIBHSIHB,
CKJIaJaIOThCSl PI3HUIEB] aHAIOTW 3aJaHUX TPaHWYHUX YMOB 1 3aBAaHHS 3BOJUTHCS /0
PO3B’SI3KY CUCTEMH aJIreOpaiuHuX PiBHSIHb. Hdnsa  pisHULIEBOi anmpoKcuMariii
GyHKIIH B oqHOMIpHIHN 3aaa4i 11t pyHKii f(X) B okoii X+4X BHKOpPHCTaEMO PO3KIIAJI B
psn Teiinopa. Hexaii f(x) 3amana snauennsamu f, = f(x,) (1=01..n), AX =X, —X;.
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BI/IKOPI/ICTOBYIO‘-II/I TUIEKH JABa YJICHHU PO3KIagy OTPUMAEMO:

M) = 4 A
ne 0=0<60<1
fon—f
fi’:L_ f”_X (g, 200
AX 2
f/'= Fam iy 0(AX) (10)
AX

n‘

AX
IToxuOka CTaHOBUTH ‘5 ‘ < 7 max\ f Take npeacTaBiIeHHS TOXiITHOI €

ii+l"
anpOKCUMAIlI€I0 TepIIol TMOXiJHOI Ppi3HULEI BHeped. 3 BiANOBIAHUX MIipKyBaHb
OTPUMAEMO AITPOKCHMALIII0 TOXiAHOI Pi3HUIIECIO Ha3ax

f'= il i%Y +0(AX) (11)
AX
Jns o6umcinens BUILIOT TO‘{HOCTi MO)KHA 3aIlUCaTH BUpa3H B By3nax i-1,i+1
fooffaxs L X g < (12)
2 6"
nx g £ A

fia= = i (= f \9 0<6,<1 (13)

3 pi3HULI IUX BUPa3iB OTPUMAEMO

f,—f
fl=—1 L4 0(AX%) . 14
Ay (Ax7) (14)
AXZ m
[oxubka O B TakoMy BHIAAKy Oye ‘5‘ < T max\ f R A nmns
Jpyroi NOXiJHOT OTPUMAEMO
f,—2f+f
fr=— — 1 4 0(AX), 15
i o (Ax7) (15)
2
AX
ne [8| < =—max|f"] . ..
12 i-1,i+1

Taxkum ke YMHOM MOXKHA OTpUMAaTHU BUPpA3U JId HOXi,I[HI/IX BHUIIIUX HOpH,Z[KiB,
HalpuKkiIag

f,—2f +2f -1,

f 2 H21Ax ; (16)
f e f,—4f  + 2 :4 4f  + 1, 17)
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Taka weroguka MoXe OYTH BHKOpDHUCTaHa il TOOYIOBH Pi3HHLIEBUX
ampoKcUMaIliif YACTUHHMX MOXIHUX 1 B IBOBUMIPHOMY BHUIIaJIKy, 30KpEMa B OKOJIi By3Ja
I, K mnst pynkuii f(X,y) MmoxkHa 3amucat:

azf fi+1,k -2 fi,k + fi—l,k .

= ! 18
ox? AX? (18)
? fo. —2f, +f
A (19)
oy Ay
o' f ~ fisen + i = i — fana (20)
Oxoy 4AXAY '

Sk mpukiIax po3riasHEMO PO3B’S3K 3a4adl TEIUIONPOBIJHOCTI B OJHOBHUMIPHOMY
Bunanky. Hexaii morpioHo Bu3Hauntu dyHkuiro T(X), mo 3agoBonbHse (9), Biapi3oK, Ha
SKOMY HLIYKa€Tbcsl (QYHKILisl, po30MBAETHCS TEBHUM YMCIOM DPIiBHOBIIJAJICHUX TOYOK 3

koopmunaramu X, (1 =01...L), x,=0, X =L, X, —X =AX. s Bcix BHyTpimHix
TOYOK CITKH CKJIQJA€ThCS aHAJOr BHUXIJHOTO JIU(EpEHIIaIbHOTO PIBHSIHHS Ha OCHOBI
3acToCyBaHHS (OPMYJN KiHIICBO-PI3HUIICBOTO MOJAHHS JPYToi MOXifHOI. Y THUIIOBOMY
By31i X, :

K(T,, = 2T, +T_ )/ AX* =-Q,. (21)

Sxmo Ha KIHISIX Bifpi3ka 3amaHi 3HAYCHHS TeMIEpaTypu TO ) TL’ TO B

MEepIIoMy 1 OCTaHHbOMY BY3JIax pIBHIHHA HE CKJIaJaloTbcsi, a B JApyromy i
MepelOCTAaHHBOMY PIBHSHHSAX BiJOMi 3HAU€HHS TEMIIEPAaTypH IEPEHOCATHCA B MpPaBy
YacTUHY

AX®
T, +2T,-T,=Q, e )
AX? #2)
“T +2T, -T, =Qu, T
Cucrema L-1 anrebpaiunux piBHsHb 101 L-1 HeBinoMux 3HaueHb [, B y3/1ax CiTKOBOI
00J1acTi 3amuIeThCs:
2T, -T, =QAX* [k +T,
~T,+2T,-T, = Q,Ax* /k

~T,+2T,-T, =QAx*/k (23)

~T ,+2T , =Q_AX*/k+T,

vy MAaTpUIHOMY BI/IFJ'ISII[i CUCTEMY piBHHHL MO’XHa 3aliucaTu

[KHe}=1R}, (24)

ne {¢}- Bexrop {p} =(T,,T,..T_,), [K] - marpuns cuctemu
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2 -1 0 00
-1 2 -1 0 0
0 -1 2 -10

[K] - . . . . . . (25)
-1 2 -1
0 -1 2
{R} — BekTOp MpaBUX YACTHH CUCTEMHU
QAX* Ik +T,
{R}=[QAX /K (26)

QL AX* Tk+T,

OTxe BUXiNHA 3a/]aya BU3HAYCHHS HEBIIOMUX (PYHKIIIH 3aMIiHIOETHCS 3alaHHSIM
CHCTEMU PIBHSHb BIIHOCHO JUCKPETHUX 3HAUYCHB 1; . ..T ;. ToOTO MeTOn nae 3HAUCHHS
(YHKIIH y By3JlaX CITKOBOi 00JIACTi, ajie He Ja€ 3Ha4eHHs (YHKI[H MK TOYKaMH, TOOTO
muQepeHIlialbHe PIBHSHHSA aNpPOKCUMYETHCS TIIBKH B OOMEKEHOMY 4YHUCII TOYOK.
PosrisiHeMo BUNaioK, pH SIKOMY Ha OIXHOMY 3 KiHIIIB BiIpi3Ka 3a1aHo MOTIK Teruia

ld—TZ —J opu x=L. 27
dx

Toni 3HaueHHWE TeMIiepaTypu 1| BUSBISETHCS HEBIOMHUM JJIs BU3HAYEHHS BCIiX
BY3JIOBHX TeMIepaTyp 1 HEOOXifHO momath 10 cuctemu (23) 1e omHe piBHSHHS,
3alHMCaBIIM B KIHIEBHUX PI3HHULSX piBHsAHHA (27) y By3mi X=L. Skmo anpokcumyBaTu
MOXIZIHY PI3HUIEIO Ha3a[, TO piBHAHHSA (27) HaOy/ae BUIIIALY

B Tabmuumi mpencraBieHO Ui TOPIBHSHHA — Pe3yNbTaTH PO3paxyHKiB
TEMIEpaTypHO-4aCOBUX PEKHUMIB CTEPHITI3AIlil 3 BUKOPUCTAHHSM Pi3HUIEBUX METOJIIB Ta
AQHATITUYHOTO PO3PaXyHKOBOT'O METONY 32 TEIUIO(I3MYHUMHU Ta TEOMETPUIHUMH JaHUMHU
[1]. Cnocrepiraetbcsi INKOM 3aI0BUTbHA KOPENSIis, IO CBIAYMTH TIPO Baromy
MEPCIEKTUBY PO3IIMPEHHS 00JacTi CTBOPEHHS BiIIOBITHUX 1HXKEHEPHUX METOIUK
PO3paxyHKY PE&KUMIB CTEpHITIi3allii.

BucHoBku. Po3po0iieHO 4YmcenbHUMI PI3HUIEBUI METOJ OMIHKH e()eKTUBHOCTI
TEMIIEPaTyPHO-4aCOBOTO PEXUMY CTEpHIIi3allii M’SCHUX KOHCEPBIB 3a JICTAILHICTIO
MiKpo(IOpH, KBAIMETPUYHIMH XapaKTEPUCTUKAMU Ta BUTPATaMHU TEILIOBOi €Heprii Ha
CTepHUIIi3allifo, L0 Ja€ 3MOry OTPUMYBAaTH TOTOBHM MPOAYKT NPU MiHIMAIbHUX
CHEPrOBUTpAaTax 3 TIPOTHO30BAHMMH SIKICHUMU TOKa3HUKaMu. Sk BHXiJHI JaHi
BHUKOPHCTAHO PO3pOOJIEH] paHille pe3yiabTaTd PO3PAXYHKIB aHATITHYHUMH METOIAMHU.
Takoxx 3poOiieHe MOpiBHSHHSA  ©(EKTUBHOCTI AJIbTCPHATUBHUX YHUCEILHUX METOJIB.
Pesynbraté MOKyTh OyTH BUKOPUCTAHI IS BiIIOBIIHOTO MAaTEMaTUYHOTO POTPAMHOT0
3a0e3MevYeHHs iHKEHEPHUX PO3PaxyHKIB y TEXHOIOTI cTepriTizarii.
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Tabruys
Po3paxyHkoBi TeMIiepaTypHO-4acoBi pe:KUMH CTepHJIi3aii

Temnepa- Yac Xap4oBa LiHHICTh Koegirient 3MEHIIEHHS

Typa cTepuiti- KOHCepBiB (BiIHOCHA OLIIHKH MpSIMUX BUTpAT
cTepuiti- 3amii Gioryoriyna IiHHICTb 3a Oprasojen- TeIla Ha Harpisa-

3amil t, xB. JIa0LIBHICTIO OUIKIB 10 THYHHAX HHS 1 KT KOHCEp-

(moxubka%) | (moxubra%o) (hepMEHTaTUB-HOT'O BJIACTUBO-CTEH BiB y Mk

T, °C Tipoizy) y ¢ yc
112 (1,5 108(2,1) 1168 1975 7,83
113(1,5) 107(2,1) 1214 2010 7,02
114(1,4) 105(2,0 1252 2133 6,97
115(1,3) 103(2,0) 1321 2464 6,02
116(1,3) 99(1,9) 1321 2528 5,78
117(1,3) 96(1,9) 1420 2688 4,65
118(1,3) 94(1,9) 1482 2920 3,8
119(1,2) 92(1,8) 1544 3179 2,34
120(1,2) 90(1,8) 1616 3473 1,02
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PITKOKPUCTAJIIYHI MOAYJATOPH CBITJIA 3 OPTAHIYHORO
OOTOKEPOBAHOIO MATPUILIEIO
Ilpeocmasneni pesynomamu niobopy mamepianie, mexHono2il i MONoI02ii
MOHKONNIBKOBUX ~ CMPYKMYp Ol PIOKOKPUCMANIYHUX — MOOYIAMOPIE  ceimaa 3
gomoxeposanumu mampuysmu. Illoxkasano, sAK 3a 00NOM020i0 onmumizayii ckiady,

KOHCMpYKYii i @racmugocmeli  MOHKONIIBKOBUX — CKIAOOGUX — CEIMIOKEPOBAHUX
PIOKOKpUCMANIYHUX ~ MPAHCNAPAHMIE  MOJNCHA CYMMEBO NOKpAwWumu ixui  pobouyi
Xapakmepucmuky, 30Kpemd, CHpoOCmumu 1 HNPUCKOPpUMU Npoyecu 3anucy8aHHs i
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