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MOAENNPOBAHUE NPOLIECCOB OXNTAXAEHUA U ®OPMUPOBAHWA TBEPAOCTU AKCTPYOATA

Uenb uccnedosaHusi — packpbimb 3aKOHOMEPHOCMU NPOUECCO8 OXNTaxdeHUs U (hopMuposaHUsl meep-
docmu akcmpydama 8 MexHOM02U4YeCcKol IUHUU NOMyYeHUs: mekcmypuposaHHol Myku. 3adayu: ebis-
8UMb NPUYUHHO-CIEACMBEHHbIE C8A3U U onpedenume pe3yibmamHbie U hakmopHble nokasamenu OX-
naxdeHus u hopmuposaHus meepdocmu akcmpydama; paspabomamb meopemuyeckue U pacyemHbie
cxembl onpedenieHuss cocmosiHusi uccriedyemoll cucmeMbi U nofyqyums ModenibHoe npedcmaerneHue ee
pe3ynbmamHbix nokasamernel. Mcnonb3ogaHbl Memodsl MameMamuyecko2o ModenuposaHusi, opeaHu-
3ayuu U nnaHuposaHusi dKcnepumeHma, annapam OecKkpunmusHoOU CMamucmuKu, KOpPensuyUOHHO-
PE2PEeCCUOHHO20 aHanu3a, meopuu cry4yalHbIx npoyeccos, cmamucmuyeckue mecmsi [TupcoHa, Cmbio-
deHma u [JapbuHa-BamcoHa, a makxe Memodbl MameMamuyecko20 aHanusa, peanu3osaHHble 8 KOM-
nbtomepHom nakeme Statistics cucmembi Maple. MpednoxeHb! meopemuyeckue U pacyemHblie CXembl
onpedesieHusi COCMOsIHUA uccnedyemoll cucmeMbl «OXaxoeHus U hopmupogaHusi meepdocmu aKcmpy-
damay, a makxe nosnyyeHbl MoOesbHbIe NpedcmagneHusi 8bICOKOU moyHocmu 071 NPO2HO3UPOBaHUS
3HayeHull pesynbmamHbIX Nokazamernel U conpseHHbIX buogusuyeckux ceolicme nomnygabpukama.
Ha ocHose aHanusa cyuwiecmsyrowux U NPUMEHSEMbIX 8 NUWEBbIX cuCmeMax 3KCMPY3UOHHbIX MEXHOIO-
auli nepepabomku pacmumesibHO20 Cbipbsi 8 MEKCMYPUPOBaHHYI0 MyKy onpedenieHa nepcnekmuea uc-
nonb308aHUs (hU3UYECKUX ceolicms, onpedensouwux Cmpykmypy nony4yaemoeo akcmpydama NWeHuUUbI.
ObocHogaHa meopemuyeckasi npobnema Mo0enbHo20 npedcmaesneHus memnepamypbi U meepdocmu
aKkcmpydama, USMEHSIOUUXCS 8 NPOUecce oxnaxoeHus 8 3a0aHHOM MeXHOM02UYECKOM 8PEMEHU. Takas
usuyeckas eenuyuHa, kak meepdocms dkcmpydama, 3aeucawas om enaxHocmu UCXOOH020 ChbipbS,
memnepamypHo20 pexuma 0bpabomku U KOHCMPYKMUBHbIX 0co0beHHOCcmel oxnadumens, CyuecmeeHHO
gnusem Ha codepxaHue npomeuHa, NULEskbIX 80IIOKOH U Opyaue buomexHonoauyeckue xapakmepucmu-
Ku nonychabpukama, komopble Mo2ym bbimb UCNOb308aHbI 071 NPO2HO3UPO8aHUsi mpaHchopmayuu
NUWEB020 Chbipbs 8 MEKCMypPUPOBaHHYIO MyKY C 8bICOKOU MOYHOCMbK. MccredosaHbl 3aKOHOMEPHOCMU
usmeHeHuss mgepdocmu U memnepamypbl 3kempydama 8 npouecce €20 OXMaxOeHUs, a maKxe nosy4e-
Hbl MOOesbHbIE hpedcmaeneHuss Onsi NPO2HO3UPOBaHUsi 0aHHO20 MEXHOM02UYECKO20 hpouecca, Komo-
pble 0606waom U38eCmHbIl 3MNUPUYECKUl 3akOH HbomoHa Ha 06bekmax cucmeMbl «OXIaxoeHus u
opmuposaHuss meepdocmu skcmpydamay.

Knroyeeble crosa: mexHonoaudeckuli npoyecc, KOHCMpYKYusi oxnadumerisi, 3aKOHOMEPHOCMb NPo-
ueccos oxnaxdeHus, modenbHoe npedcmagneHue, usudeckas UHmMepnpemayus, mekcmypuposaHHas
MyKa, nweHuya, oxmnaxoeHue u meepdocms 3kcmpydama, niaH ONbIMO8, YUCI08bIe OUEHKU
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MODELING COOLING PROCESSES AND FORMATION OF EXTRUDATE HARDNESS

The objective of the study is to reveal the patterns of cooling and hardening the extrudate in the techno-
logical line for obtaining textured flour. Objectives: to identify cause-and-effect relationships and determine
the result and factor indicators of cooling and hardening of the extrudate; to develop theoretical and calcu-
lation schemes for determining the state of the system under study and to obtain a model representation of
its result indicators. The methods of mathematical modeling, organization and planning of the experiment,
the apparatus of descriptive statistics, correlation and regression analysis, the theory of random proces-
ses, Pearson, Student and Durbin-Watson statistical tests, as well as the methods of mathematical analy-
sis implemented in the Statistics computer package of the Maple system were used. Theoretical and cal-
culation schemes for determining the state of the studied system of "cooling and hardening of the
extrudate" are proposed, and high-precision model representations are obtained for predicting the values
of the result indicators and associated biophysical properties of the semi-finished product. Based on the
analysis of existing and used in food systems extrusion technologies for processing plant raw materials
into textured flour, the prospects for using the physical properties that determine the structure of the resul-
ting wheat extrudate are determined. The theoretical problem of model representation of temperature and
hardness of extrudate changing during cooling in a given technological time is substantiated. Such physi-
cal quantity as hardness of extrudate depending on humidity of initial raw material, temperature mode of
processing and design features of cooler significantly influences content of protein, dietary fiber and other
biotechnological characteristics of semi-finished product which can be used for prediction of transformation
of food raw material into textured flour with high accuracy. The reqularities of change in hardness and
temperature of the extrudate during its cooling are investigated, and model representations are obtained
for forecasting this technological process, which generalize the well-known empirical Newton's law to the
objects of the system of "cooling and formation of hardness of the extrudate”.

Keywords: technological process, cooler design, cooling process regularity, model representation,
physical interpretation, textured flour, wheat, cooling and hardness of the extrudate, experimental plan,
numerical estimates
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BBeaeHune. OKCTPY3NOHHbIE TEXHOMOMN nepe-
paboTKM PaCTUTENBHOMO  Cbipbsi, MO3BONSHOLLME
W3MEHUTb B LUMPOKOM AManasoHe CBOWCTBA rOTO-
BOr0 NPOAYKTA, HALLMW LUMPOKOE pacnpoCTpaHeHue
npw NPOU3BOACTBE NPOAYKTOB NUTaHus [1-6].

OpHUM 13 nokasaTenei CTPYKTypbl JKCTpyaaTta
SBNAeTCS ero TBEpAOCTb, KOTOpas 3aBUCMT OT
BMNaXHOCTW UCXOQHOMO Chipbs, TEMMEpaTypbl U Yac-
TOTbl BpALUEHMs LUHeKa 3KCTpydepa. YBenuueHue
COEPXaHNsi B PacTUTENbHOM Cbipbe MPOTEMHA U
MULLEBbIX BOSTOKOH, MOBbILLIEHNE BAAXHOCTW Cbipbsi
¢ 12 0o 17 % nos.biwaeT TBEpAOCTb AKCTpyaaTa [1].

B cBS13M C 3TUM TeOpeTUYeckue UccrneaoBaHNs
C MCMONb30BaHMEM aHANWUTMYEeCKoro annapara [7],
HanpaslieHHbIe Ha BbISIBNEHWE 3aKOHOMEPHOCTM
M3MEHeHWs TemnepaTypbl aKCTpydara, Mogenmpo-
BaHWe W NPOrHO3MPOBAHWE MOBELEHUA CUCTEMbI
OXNaxZeHns U (HOPMUPOBAHUS TBEPAOCTU JKCTPY-
[iaTa SABNAETCA akTyanbHOW 3agavent.

Llenb nccnepoBaHms — packpbITb 3aKOHOMEp-
HOCTW NPOLLECCOB OXJaxaeHns U (POpMUpOBaHMS
TBEPAOCTN 3KCTpyZaTa B TEXHONMOTMYECKON JIMHUM
Nosy4YeHUst TEKCTYPUPOBAHHON MYKH.
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3apgaun:  BbISBUTb  MPUYMHHO-CIIEACTBEHHbIE
CBA3W W ONpefenuTb pesynbTaTHble U (DaKTOpHble
rnokasaTenu OXnaxaeHns 1 (opMUpOBaHUs TBep-
[0CTU 3KcTpydaTta; paspaboTtaTb TeopeTuyeckue
pacyeTHble CXeMbl OnpeaenieHnst COCTOSHUSA uccre-
OYEMOW CUCTEMbI W MONYyYUTb MOZEnbHOe npes-
CTaBleH1e ee pesyrnbTaTHbIX nokasaTenemn.

Matepuanb! n metoabl. B pabote ucnonb3osa-
Hbl MeToAbl MaTeMaTM4ecKoro MOLENMPOBaHMS,
OpraHu3auum 1 nraHWpoBaHUs SKCnepuMeHTa, an-
napat 4eCKpUNTUBHON CTaTUCTUKN, KOPPENSALMOHHO-
PErpeccroHHOro aHannsa, Teopun CryyaiHbIX npo-
Leccos, cratuctuyeckme TecTbl lMupcoHa, Crbto-
neHTa u [lapbuHa — BaTcoHa, a Takke MeToabl Ma-
TEMATUYECKOrO aHanmuaa, peann3oBaHHble B KOMIMb-
toTepHOM nakeTe Statistics cuctemsl Maple.

YuenbiMu KpacHosipckoro TAY 6bina paspabo-
TaHa W 3anaTteHToBaHa KOHCTPYKUWMS OXnagutens
aKcTpygata [8]. PaspabotaH nnaH onbITOB U Bbl-
MOMHEHO 3KCMEPUMEHTANbHOE WUCCreoBaHne Tex-
HOMOMMYECKON JIMHUM C BKIKOYEHHbIM OXraguTe-
nem, obnafawwyM HOBBIMU  KOHCTPYKTUBHBLIMM,
PEXMUMHBIMA W TEXHOMOMMYECKUMM XapaKTepucTu-
kamu. MpeaBapuTENbHbIN aHanU3 CUCTEMbI OXMNax-
OeHUs U (POpPMMPOBaHMA TBEPAOCTW 3KCTpyaaTa
BbISIBUN (PaKTOpHble W pe3ynbTaTHble nokasaTeny
[@HHOW CUCTEMbI, MO3BOMWA MOMYYUTb YMCHOBbLIE
OLLEHKM CTaTUCTUYECKIX XapaKTepPUCTHK.

daKTOpHbIE NoKasaTenu uccneayemon cucTembl
ONPeaensioT TEXHUKO-TEXHONOTMYECKNe  YCnoBus
NPOLIECCOB OXNAXOEHNS W (HOPMUPOBAHUS TBEp-
[0CTW 3KCTpyadaTa. Tak, nokasaTenb Temneparypbl
areHTa oxnaxgeHus (x1, °C) Bapbupyetcs B aua-
nasoHe —-29...20 °C, umeeT cpegHee 3HaueHwue
1,1250 °C u ctaHgapTHoe oTknoHeHue 18,7588 °C.

MokasaTenb NPOLOIIKUTENBHOCTW  Mpouecca
OXMaxzeHns (X1, MMH) BapbyUpyeTCs B AManasoHe
00...20 mMuH, umeeT cpeaHee 3HaveHne 10 MUH
CTaHZapTHOe OTKMNOHeHWe 7,2548 MuH.

Pe3ynbTaTHble nokasaTenu CUCTEMbI «OXNaxae-
HMS 1 (POPMMPOBAHIS TBEPAOCTM JKCTpyaaTay Onu-
CbIBAIOT AWHAMWKY COMPSKEHHBIX MPOLECCOB OX-
naxgexus 1 opMUpOBaHUs TBEPAOCTM JKCTpyaa-
Ta. Tak, nokasartesib (POpMUPYEMON TBEPAOCTU IKC-
TpyAaTa B Mpouecce ero oxnaxaeHus (y1, Kr/cm?)
BapbupyeTca B auanasoHe 0,20...17,21 «kricm2,
nMeet cpeaHee 3HaveHne 9,8170 kr/cm2 npu cTaH-
[ApTHOM OTKIMOHEHNN 5,5968 Kr/cm2.

[NokasaTenb TemnepaTypbl, U3MEHSILENCs B
npoecce oxnaxaeHus akctpyaata (2, °C) Bapbu-
pyetcs B [auanasoHe 13,90...72,70 °C, umeert
cpegHee 3HayeHue 37,6600 °C npu cTtaHaapTHOM
oTknoHeHum 19,8200 °C.

[ins uccnepgoBaHus TECHOTbI CBSA3W (CUNbl B3aw-
MOZENCTBMS) rpynnbl (hakTOPHbIX MNoKasaTenen C
rPynnoi pesynbTaTHbIX MoKasaTenei CMCTeMbl OX-
naxaexus n popmMm1poBaHNs TBEPAOCTU 3KCTpyAaTa
BbIYMCNAKT U aHaNM3NPYT KO3PULMEHTI Koppe-
naum @ .

dakTopHble NOKa3aTeny TemnepaTtypbl areHTta
oxnaxgeHus (x1, °C) 1 NpoAOMKUTENBHOCTM NpO-
Liecca OXnaxaeHus (X2, MUH) He KOpPPEenupoBaHbl,
NOCKOMbKY MX KOIPMULUMEHT KOppensaumm paBeH

Hymio, (X, X,)=0. OpHako, pesynbTaTHble no-

kasaTtenu (hopMupyemMon TBepaoCTU JKCTpydaTta B
npoLiecce ero oxnaxaenus (y1, kr/cm2) n Temnepa-
TYPbl, U3MEHSIIOLLENCS B MpoLecce OXaxaeHus
akcTpyaata (2, °C) CunbHO KOppenuMpoBaHbl, noc-
KOMbKY WX MapHbIN  KOAPUUMEHT  Koppensauum

©(Y,, ¥,)=-0.9007 pocrarouHo Grmusok K —1.

Ha oba pesynbTaTHbIX nokasaTenst B 6onbluee
BNMSHNE OKa3biBaeT (PaKTOp MPOLOSIKUTENBHOCTM
npoLiecca OXnaxaeHns (X2, MUH) 1 MeHbLUEE BRUS-
HWe OKa3biBaeT (PaKTOp TemnepaTypbl areHTa Ox-
naxgenns (x1, °C), Tak Kak, COOTBETCTBEHHO,

©(%, ¥,)=0.8958, @(x,, y,)=-0.8863 u

©(X, ¥1)=0.2286, o(x,, y,)=0.1495.

PaccmoTpuM  (PM3MYECKYKD  MHTEpPMpeTaLmto
OTbICKMBAEMOW GOyHKUMM ¥ = f (X1, X2) KaK 3aKOHO-
MEPHOCTN U3MEHEHNS TEMMEPATYPbl OCTbIBAKOLLETO
Tena (u moboro nogobHoro npouecca). Torga B
HayanbHbI MOMEHT BPEMEHU TemnepaTtypa byaet
MakcumMarbHa, ckaxem, a °C, a npu HeorpaHUyeH-
HOM MPOZOIHKEHMM NPOLIECCca OXNaXAEHUs, Temne-
paTypa Tena Oyget CTpemMuTbCs K Temnepatype
areHTa oxnaxgeHus, 1o ectb x1°C:

f(x,0)=a, f(x,+x)=x,.

Ycnosusm  MHTEpripeTauuu  yOOBIETBOPSET,
HanpumMep, YHKUMS ABYX MEPEMEHHBIX X1, X2 U C
ABYMS napameTpamu a, k:

f (% %) =% +(a—x)-exp(k-x,),

npn k <0.

148



Jluiesvie mexHor02UU

OyeBmaHO, YTO MO YCMOBMUAM NOLOAAET Nobas (PYHKLUMS ABYX NMEPEMEHHBIX X1, X2 C HECKONbKMMI Na-
pameTpamu:

f (%, %)=%+(a=x+G(x, X,))-exp(k-Xx,),

ecnv notpebosatb G(x1, 0) = 0 1 G(x1, X2)) - exp (k - x2) — 0 npn X2 — +e.

dopmupoeaHue meepdocmu akcmpydama (y1, Kr/CM2) B 3aBUCUMOCTH OT TEMNEPATYPbI areHTa ox-
naxgenns (x1, °C) N NpoOAOMKUTENBHOCTM NpoLEecca OXNaxaeHNs (X2, MUH) Ha YPOBHE AeTepMUHaLmM
98,21 % npepcTaBnseTcs creaytoLLei KBasunonMHOMMansHou yHKUren 3-i ctenenm (puc. 1):

Vo= f (% %) =X +(@ =% +L(%, %) +Q(x, % )+H (X, X,))-exp(k-x,),
e L(x, X,)=b,-X,,

Q(Xl’ X2)=b12-X1X2+b22-X2,
H(Xv X2)=b112-)(12X2+b122-X1X22+b222-X§+b1222-X1X3,

COOTBETCTBEHHO NIUHENHas, KBafpaTUyHas 1 Kyou- b,,, =0.0168806379,
yeckas (DOPMbI, COCTaBNAIOLINE PErPECCUOHHYIO by, =—0.0001872144
DyHKLMIO; 2 ’

a=0.20, k=-0.0925644109,

b — 4.0720676127 COOTBETCTBEHHO KOIPULIMEHTBI Perpeccuut, OTbiC-
2 )

KuBaembleé METOOOM HauMMeHbLMX KBagpatoB C

b, =—0.0745071886 NOMOLLBIO  KOMMBIOTEPHOTO MakeTa, MpUYeM Bee
b,, =—0.2854098946 , KO3DULMEHTEI OKA3aNUCh 3HAYMMBIMU B COOT-
b,., =—0,0005008694 BETCTBUN C KPUTEPUEM (CTATUCTUYECKUM TecToM)
12 — . ’

CrblogeHTa (FocceTa).
b,,, =0.0045441568

Puc. 1. UsmeHeHue gpopmupyemoli mgepdocmu akcmpydama (y1, 4) Npu USMEHEHUSX meMnepamypb|
azeHma oxnaxaeHus (x1, °C) u npodomKumeIbHOCMU npouecca OXaxaeHus (X2, MUH)

Change in the formed hardness of the extrudate (y1, h) with changes in the temperature of the cooling
agent (x1, °C) and the duration of the cooling process (x2, min)
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OTHOCUTENbHAs NOrPELLHOCTb NPUONMKEHUS He
npesocxogut 3,10 %, a cpeaHee OTKMNOHEHMN oLe-
HWBaeTcs yncriom 6nmskum Kk Hyno —-0,0001, cpea-
HWe 3HaYeHMs (haKTUYECKOW 1 BbIYUCNEHHOW TBEp-
[OCTWM 3KCTpypaTta, cooTeeTcTBeHHO 9,8170 u
9,8169 kr/cm? B npefenax NPUHATON TOYHOCTU Bbl-
YUCTEHWNA TaKKE HEPAa3NNYMMbI, YTO YKa3blBaeT Ha
TOYHOCTb M NPAKTUYECKN HECMELLEHHOCTb OLIEHOK,
Nony4aeMbiX C MOMOLLbIO MPEATIOKEHHON CXEMBI.

W3meHeHue memnepamypbl 3Kcmpydama
(y2, °C) B 3aBMUCMMOCTM OT TemnepaTypbl areHTa
oxnaxzeHus (x1, °C) 1 NpoOAOMKUTENBHOCTU NpO-
Liecca OXnaxgeHns (X2, MUH) Ha ypOBHe AeTepMu-
Hauwum 96,78 % npefcTaBnseTcs ykasaHHON BblLe
KBa3WMONWHOMWANbHON PYHKUMEN 3-11 CTENEHM, HO
C OPYrMM 3HAYEHNAMU KOIPPULMEHTOB (pUC. 2):

Y, = f(xl’ XZ),
f(x, xz):x1+(a—x1+G(x1, xz))-exp(k-xz),

2 2 2 3
G(Xl’ X2)=b2-X2+b12-X1X2+b22-X2 +b112'X1 X2+b122'X1X2+b222'X2+b1222'X1X2,

3

a=72.70, k=-0.1723491527,
b, =—5.1043465808 , by, =—0.0279429733, b,, =0.9873802564, b, , =0.0104942473,

b, =0.0152034351 , b,,, =0.0188655998, b,,,, =—0.0033325720,

KOTOpblE TaKKe SBMASIOTCA 3HAYUMbIMUA B COOTBET-
CTBMM C KpuTEepuem (CTaTUCTUYECKUM TECTOM)
CrblogeHTa.

Crano 6bITb, MpeasioxeHHas opmyna pacnpoc-
TpaHsieT Ha 06nacTb MULLEBLIX CUCTEM W3BECTHBbIN

SMMUPUYECKUA 3aKOH OCTbIBAHUSI HarpeTbix Ten,
OnucaHHbIN HbHTOHOM:

f (%, %)=x+(a—x)-exp(k-x,).

Puc. 2. smeHeHue memnepamypbi akcmpydama (y2, °C) npu usmeHeHusx memnepamypb|
azeHma oxnaxaeHus (x1, °C) u npodomkumeibHOCMU npouecca OXaxaeHus (X2, MUH)

Change in the temperature of the extrudate (y», °C) with changes in the temperature
of the cooling agent (x1, °C) and the duration of the cooling process (x2, min)

OTHOCHTENbHas NOrPELLHOCTb NPUONMKEHUS He
npesocxogut 4,40 %, a cpeaHee OTKMOHEHWN OLe-
Hueaetcs —0,0017 °C. CpegHve 3HayeHust akTu-
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BeHHo, 37,6600 n 37,6583 °C B npegenax npuHs-
TOW TOYHOCTM BbIYMCIIEHWI NPAKTUYECKM He pasnu-
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YuMbI. [103TOMY OLEHKHW, NOMy4YaeMble C NOMOLLbH
NPeaioKeHHON CXeMbl U B Npegenax MpUHATON
TOYHOCTW, MOXHO CYMTaTb MPAKTUYECKN HecMme-
LLEHHbBIMMN.

3akntoyeHune. BbisBrEHHbIe 3aKOHOMEPHOCTU
W3MeHeHus TBepAOCTW M TemMnepaTypbl SKCTpydaTa
B npoLecce ero oxnaxgeHus obobLiaoT 13BecT-
HbIA SMNUPUYECKMA 3aKOH HblOTOHa, pacnpocTpa-
HAIOLWMIACA Ha OBBEKTHI CUCTEMBI OXNAXOEHWs 1
(hopMMPOBaHUS TBEPLOCTW 3KCTpydaTa, 1 No3Tomy

OHa MOXeT ObITb MCMOMNb30BaHa Ans MPOrHO3WPO-
BaHWS TpaHCGOpMaLMM MULLEBOTO Cbipbsi C BbICO-
KO TOYHOCTBIO.

[MpeanoxeHbl TEOPETUYECKUE N pacyeTHbIE CXe-
Mbl OMNpeseneHns COCTOSHUS UCCReayemon cucTe-
Mbl OXTTXOEHUS 1 POPMMPOBAHNS TBEPAOCTU 3KC-
TpyAarta, a TaKke nonyyeHbl MogenbHble npeacTas-
NEHNs BbICOKOW TOYHOCTW [N MPOrHO3MPOBaHUS
3HaYeHW pesynbTaTHbIX MoKasaTenen 1 ConpshkeH-
HbIX Brocuanyeckx cBOMCTB nonycabpukara.
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