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MonesiupoBaHue MPOIECCOB TEPMOBIATOMEXaAHUKH
NpH CylIKe puca

Modelling the processes
mechanics in rice drying

of hygrothermal

Pedepar. 3epHOBBIE MaTepHAIBI [0 NIPABY MOT'YT CUHTAaThCs OCHOBOM NUTaHUs HAaceJEHHS Kak B Poccuu, Tak U BO BceM MH-
pe. OcoGeHHOCTE B TOM, YTO MOCICYOOpoUHast 00paboTKa 3epHa U MPEXKAE BCETO CYIIKA SBISETCS BAXKHBIM 3TAllOM IOTYYCHHS BbI-
COKOKA4eCTBEHHBIX MPOIYKTOB B TOCTaTOYHOM KOJIMYeCTBE. I3MEHEHHST TEXHOJIOTHUECKUX apaMeTpoB Mpolecca CyIIKA BO Bpeme-
HHM MMEIOT 0OJIBIIOE MPAKTUYECKOEe 3HAYCHUE KaK AJIsS YIPABJICHHUS MPOLECCOM M ONPEEICHUS PEKUMOB 00ECIICUMBAIOIINX Kaye-
CTBO MPOJIYKTa, TAK M pacyeTa SHEPreTHYCCKUX 3aTpaT Ha MPOBEACHUE JaHHOTO mpomuecca. IIpu 3TOM KayecTBO MOJIy4aeMoro Ipo-
IyKTa OIpeNeIAeTCsl MUHUMAIbHOH TPEIMHOBATOCTHIO CEMSIH pHCa MOCIe MPOBEICHNs 3TOro nporecca. Llens paboTs! — nomyueHue
MaTeMaTH4eCcKO MOJEIN TePMOBIArOMEXaHHKH CyHIKH puca. OCHOBBIBasCh Ha cucreMe nudepeHIHaNnbHbIX ypaBHeHHi JIbIko-
Ba A.B., OIHCHIBAIONINX N3MEHEHHUS BIArOCOACPIKAHUS, TEMIIEPATYPHI U JABJICHUS, IIPEATIOKEH IIEPEX0/ K CHCTEMEe OOBIKHOBEHHBIX
i GepeHIMaTBHBIX YPaBHEHUH Ha OCHOBE COCTaBJICHMs OaTaHCOB MacChl U TeIljIa B X0OAe Ipolecca cymky. [1pu TakoM moaxone He
paccMaTpHUBAIOTCS TIOJISL BIArOCOJICPIKaHMs M TeMIIepaTyphl BHYTPU MaTepHana, a OrpaHHIMBAIOTCS UX CPEIHUMH 3HaYeHUsMH. Vc-
HOJIB3YSl TOJYYCHHYIO YIPOLICHHYIO MOJENb TEPMOBIArOMEXaHUKH CYIIKH PHCa, MIPOBEICHO MOJEIMPOBAHHUE Ipoliecca CYIIKH B
YCIIOBHSIX MHHUMAJIBHOH TPEIIMHHOBATOCTH B UCCIIEAYEMOM JiMamna3oHe (Temreparypsl cynmibHoro areHra ot 50 no 70 °C, ckopo-
ctu ot 2.3 10 2.8 m/c). [TosydeHHbIe 3aBHCMMOCTH HO3BOJISIIOT IPOrHO3HUPOBATh Kau€CTBO CEMSH PHUCA B IIPOLIECCE CYIIKH.

Summary. Grain-crops are justly considered to be the staple food in Russia as well as all over the world. The specific feature
is that postharvest processing of the grain and, above all, drying is an essential stage of providing products of high quality in the
sufficient amount. The changes of the technological parameters of the drying process which take place over time, have a significant
practical value in terms of monitoring the process and defining the modes providing the quality of the product as well as calculating
energy demands necessary to carry out this process. Hereof, the quality of the product received is defined by minimum crack
formation of rice grain after the process. The aim of the work is to get a mathematical model of hygrothermal mechanics of rice
drying. On the basis of A.V. Lykov’s system of differential equations which describe the changes in moisture content, temperature
and pressure, transition to the system of ordinary differential equations was offered which is based on drawing up balance of mass
and heat during the process of drying. This approach does not consider the properties of moisture content and temperature within the
material but takes into account their mean value. Using a simplified model of hygrothermal mechanics of rice drying that we have got
enabled us to reproduce the process of drying in the conditions of minimum crack formation within the studied range (the
temperature of the drying agent from 50 to 70 °C, speed from 2.3 to 2.8 m/sek). The dependences we have got enable us to predict the
quality of rice grain during drying.

Kniouesvie cnosa: TepMoBIaroMexaHWKa, MOJEIMPOBAHHE, CYIIKa pHca, AU QepeHInaTbHble YPaBHEHHS, KHHETUIECKHE
3aBUCHMOCTH, TPEIIMHHOBATOCTb.

Keywords: hygrothermal mechanics, modelling, rice drying, differential equations, kinetic dependences, crack formation.

TepMOBHaFOMexaHI/IKa MEPCIIEKTUBHOC OCHOBHBIX IMapaM€TpOB, UMCIOT 0osIbIIOE IIpaKTH-

Hay4yHOE HAIPABJICHUE aHAJIM3a NPOLEcca CYLIKU
3epHOBBIX MaTepHaNoB, 0OOCHOBHIBAIOIIEE CTPYK-
TypHOE TOBEICHNE O0BEKTa CYNIKA B 3aBUCUMO-
CTH OT PeXHUMOB Ipolecca. Pasputue aedopma-
LMK ¥ MPOYHOCTHBIE CBOMCTBA MaTEpUaIOB HAXO-
IATCs B chepe BHUMAHUS MTPUKIATHOW MEXaHHUKH.
3epHO pHca 0043aTEeNbHO MOABEPraeTCs CYIIKE U
HMEIOLIasi MECTO NPU OSTOM TPEIIHMHOBATOCTh
ONpeAEIISIET IEHHOCTD MOJIYyYaeMOro NpOaYyKTa.
Kunernueckue 3aBUCMMOCTH  Ipolecca
CYIIKH, T.€. ONHUCAHWUE BO BPEMEHU HU3MEHEHUS

YeCKOe 3HAa4YCHHWE i YIPaBJICHUS IMPOLIECCOM,
OTIpEeICIICHUS] PSKUMOB 00€CIICYMBAIOIINX Kaue-
CTBO TIPOAYKTa W SHEPreTUYECKUX 3aTpar Ha Ipo-
BeJIeHHE JaHHOTO mpoiecca. [Ipu 3ToM kadecTBO
MOJTy4aeMbIX KHHETHYECKUX 3aBHCUMOCTEN Orpe-
JIENSIeTCS MPABUIIBHBIM OTIPE/ICTICHHEM MEXaHHU3-
Ma Tmpolecca U MPUMEHEHHEM COOTBETCTBYOIINX
MareMaThyecKux mojenei [1].
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BaxxupiMu SBISIOTCS HE TOJNBKO 3aBHCHMO-
CTH W3MEHEHHS BIAYKHOCTU MaTepuana Impu CyII-
Ke, HO U TeMIlepaTypHbIe 3aBHCHMOCTH HarpeBa
BBICYIIUBAaEMOr0 MaTepHuaia. DyHIaMeHTanbHOU
paboToit B 001aCTH TEOPHH CYIIKU SIBISIETCS 000C-
HoBaHMe [2] cuctembl TU(QEpPEeHIMAILHBIX YpaB-
HEHWH, OIUCHIBAIOIINX W3MEHEHHS BIIAaroconuepixa-
HYSA, TeMIepaTypsl U JaBieHus. CIOXKHOCTD pellie-
HUSI 9TOM CHCTEMBI 3aTPyTHSET €€ MPAKTUIECKOe
ucnonb3oBanue [3]. Caenana nombiTka [4] onumcarh
KHHETHKY TIpoIiecca CYIIKA Ha OCHOBE IEpexojia K
MOTEHIaTIaM MaccolepeHoca.

YrpoienneM sSBIsSETCS mepexon [5] k cu-
cTeMe  OOBIKHOBEHHBIX A depeHIraIbHbIX
YpaBHEHHWH Ha OCHOBE COCTaBIieHHS OalaHCOB
Macchl U TeIla B XOJe Ipolecca cymku. B atom
cllydae He pacCMaTpHBAIOTCA TOJS BIIATOCOJEP-
KaHUS WM TEeMIlepaTypbl BHYTpUM Marepuana, a
OTPAaHUYMBAIOTCS UX CPETHUMU 3HAYCHUSIMHU.
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rae X u T — Brarocoaep>xaHue u TEMIIEpATypa; ¢ -
yAelnbHasl TEIUIOEMKOCTh BIIAXXHOTO MaTepHuala;

Qm=A4-J, - KOHBEKTHBHBIH IOTOK BIQKXHOCTH;

Qr=4-/-J, - KOHBEKTHBHBIIl IOTOK TerIa; A
ms — IUIOMIAJb NOBEPXHOCTH M Macca CyXOoro Ma-
Tepuana; [ — CKphITas TEIIOTa UCIIAPEHUS.
VIenbHble OTOKM MacChl M TEIIa Ha OcC-
HOBC TCPMOJUHAMHKU HeO6paTI/IMBIX IIpoueccoB
MOJKHO IIPEICTaBUTh CUCTEMON yPaBHEHUI:
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PaccmarpuBasi KOHBEKTHBHYHO CYIIKY C
MacCCOIMEPEHOCOM MEXJy TPaHUYHBIM  CIIOEM
BJI&KHOTO BO3/lyXa M CYIIWIBHBIM areHTOM, Mpe-
HeOperas a¢dexramu Cope u lrodopa u coort-
BeTcTBeHHO L1z = Loy = 0, 3aBucuMocTH (2) 1 (3)
MPUHUMAIOT CJIETYIOIINA BUL:
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T X, o, pwn(T
rne hr = Lii/T Ta HazeBaroT «koddduimenTom
KOHBEKTMBHOW Temuonepeaaun»;, hm = L R
Ha3bIBAIOT «KO3(PHUIMEHTOM KOHBEKTHBHOW Tie-
penaun mapa»; R - ra3oBasi KOHCTaHTa, X — MOJIb-
HOE OTHOIICHHE KOHIIEHTPAIUU Tapa B BO3AYXE;
¢ = (Pw/Pwn)T OTHOCHTENIbHAST BO3AYIIHAS BIIAXK-
HOCTh M Py, mapuuanbHOe naBieHue mapa Uis
BJIQ)KHOTO COCTOSHUSI.
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Cucremy B nmuddepeHmanrbHol  Gopme
MOKHO MpeoOpa3oBaTh K HOpMaIbHOH (popme u3-
0aBUBIINCH OT M B JIEBOH YaCTH YpaBHEHUH.
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rJie BepxHee 3HaueHue sl X=>Xcr, a HUAKHEE - JJIs
Xe2X2Xeq, KOTOPOE OIPAHUYMBACT MPEIENBL CY-
LIECTBOBAHUS PELICHHSI OT BIAKHOCTU PaBHOM X
JI0 BIIAKHOCTH PABHOU Xeq.

HeoOxonmumo Takxke ydecTb cxaTue Ma-
Tepuaia B XoJ¢ CylKU. HYacTo NpUHUMAETCS JIH-
HelHas 3aBUCHMOCTH [6], KOTOpasi mociie mpeoo-
pa30BaHMsI MPUHUMAET BU:

) [T Ty T o

AO I/0 0

Jnst npeHTH(UKALMKM [apaMeTpoB MOJEIH
WCTIONB30BAIM  SKCIIEPUMEHTANIbHBIE JTaHHBIE 10
CYILIKE CEeMSH PHUCa B TOHKOM CJIO€, B KOTOPBIX H3-
MEHsUIach TeMIepaTypa CYIIKH H CKOPOCTb CY-
IIIJIBHOTO Bo3Myxa [7]. B kauecTBe HCXOMHBIX JaH-
HbIX HCIOJIB30BAJIMCh KHHCTUYCCKHEC ISKCIICPUMCH-
TalbHbIe 3aBUCcUMOCTH (PucyHok 1), MUHUMIBHPYS
CYMMY OTHOCHUTCIIbHBIX OTKJIOHEHUH OKCIICPUMCH-
TaNbHBIX JTAHHBIX (TOYKW Ha PucyHOK 1) oT coort-
BETCTBYIOIIMX PAaCUETHBIX KPHUBBIX (JMHUM Ha Pu-
CYHOK 1) Iy1s1 TaHHBIX 3KCIEPUMEHTANIBHBIX 3HAUe-
HUii BpeMeHu. MnenTudukalms napaMeTpoB Ipous-
Boamwnace o merony Hennepa-Mupaa, Taxke u3-
BECTHOTO KaK METO[ Je(hOpMUPYEMOr0 MHOTOTPaH-
HHKa M CHUMIUIEKC-METOM, MeTof Oe3yCIIOBHOM OI-
TUMHU3AUUHA QYHKIUH OT HECKOJNBKUX MEPEMEHHBIX,
HE WCIONB3YIOMMI TIPOMU3BOTHON (TpaJUeHTOB)
(YHKIMH, a TIO3TOMY OH JIETKO NMPUMEHHM K He-
TJIAJIKAM W/WJTH 3aITyMIIEHHBIM (DYHKIHSIM.

Pucynok 1. Kunernueckue KpuBbIe CYIIKH prca
JIMTEPATYPA

1 Dhall A., Datta A.K. Transport in de-
formable food materials: A poromechanics ap-
proach // Chemical Engineering Science. 2011. Ne
66 (24). P. 6482-6497.

2 JIeikoB A.B. TemnomaccooOmen (Cmpa-
BOYHUK). M.: Dneprus, 1971. 560 c.

N3menenue oObemMa 3epHA OIpENeNsIeTCs
napaMeTpaMH peXuma CyIkd. M3mMeHeHue oObe-
Ma BaXKHO HE caMo 1o cebe, a B CBA3U C TPEIIUH-
HOBAaTOCTHIO [8], ompenensieMoi 1Mo perpeccChuoH-
HOM hopmyme (13):

M),

T,

(13)

X(0) =X ()

max

:0.0952-Ln|: :|+0.4487

rie  X(0) — HadampHAsT  BIAKHOCTB,  X(Tmax) —
KOHEYHAs! BI&KHOCTD; Tmax - BPEMSI CYIIIKH, Yac.

Hcrnone3yst OMy4eHHYIO yIPOLIEHHYI0 MO-
JACJIb TCPMOBJIArOMEXaHUKH CYHIKH pucCa, ITPOBEIN
MOJICTTMPOBAHUE TpoLiecca CYIIKH B YCIOBHAX MU-
HUMAQJIBGHOH TPEIIMHHOBATOCTH B HCCIEAYEMOM
JMara3oHe (TeMIepaTyphl CYIIHJIBHOTO areHTa OT
50 mo 70 °C, ckopoctu ot 2.3 no 2.8 m/c). s mu-
HUMAaJIBHON TPEIIMHHOBATOCTb CEMSH PHCA 3aBH-
CHUMOCTH TIPEJICTaBIICHBI HA PUCYHKE 2.

Pucynok 2. Ammpokcumanust o0beMa M BIQXHOCTH OT
BPEMEHH TPH PEKIMAX MUHUMAIIBHOM TPEIIMHHOBATOCTH.

TpemrHHOBATOCTD JIOTapU(MHUUECKH 3aBU-
CUT OT OCTAaTOYHOW BIAXXHOCTH W HSKCIOHEHIIHU-
aJbHO OT BpeMeHHu cymku. lIpencraBneHHsle 3a-
BHCHUMOCTH TIO3BOJISIOT IPOTHO3UPOBATh Ka4€CTBO
CEMSH pHuca B MPOLIECCE CYIIKH.

3 Konosanos B.U., Kynpa T., I'aranosa H.LI.
CoBpeMeHHbIE BOIPOCHI TEOPHH TIEPEHOCa TIPH CYIL-
ke // Bectauk TI'TY. 2008. T. 14. Ne 3. 538-559.

4 Tonropusrit C.A., Komesoi#t E.I1., Koca-
yeB B.C. MaTtemaTtnueckoe MoJeTUpOBaHUE TPO-
LECCOB CYIIKH U KOHAWIHMOHUPOBaHUs 3epHa. [lo-
teHnmanbel MmacconepeHoca. LAMBERT Academic
Publishing, 2012
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5 Kowalski S.J., Mierzwa D. Numerical
analysis of drying kinetics for shrinkable products
such as fruits and vegetables // Journal of Food
Engineering. 2013. Ne 114. P. 522-529.

6 Mayor L., Sereno A.M. Modelling
shrinkage during convective drying of food mate-
rials: a review // Journal of Food Engineering.
2004. Ne 61. P. 373-386.

7 Khanali M., Rafiee Sh., Jafari A., Hashemabadi
S.H. et al. Mathematical modeling of fluidized bed dry-
ing of rough rice (Oryza sativa L.) grain // Journal of
Agricultural Technology. 2012. V. §(3). P. 795-810.

8 Chiachung C., Po-Ching W. Thin-layer dry-
ing model for rough rice with high moisture content //
J. agric. Engng Res. 2001. Ne 80(1). P. 45-52.
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