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MATEMATHYECKASA MOAEJIb U METO/{ PACYETA
ANHAMMUKHU CYIIKU U TEPMOIECTPYKIIMN BUOMACCDBI

CopoxoBas H.H. a.t.H., c.H.c., Kopunuyk J.H. K.T.H., C.H.C.
HHeTuTyT TexHuuyeckoii Temiopuznku HanuonaabHoi akageMnu Hayk YKpaunbl, r. Kues

Annomayusn. Paspabomana mamemamuyeckas MoO€ib U YUCIEHHbIU Memoo paciema OUHAMUKU MENn1o-
Macconepenoca, (hazo8blx npespaweHull U YCaoku npu CywKe KOJLIOUOHBIX KANULISIPHO-NOPUCIbIX Mel YUTUHO-
pu"ecKkou Gopmvl 8 YCI08UAX PABHOMEPHO20 060y6a menionocumenem. Mamemamuueckas Mooenb CmMpouUnIdcs
Ha baze OughgepenyuanbHO20 ypasHeHus nepeHoca cyoCmanyuu (dHepeuu, Maccol, UMNYIbLCa) 8 depopmupye-
mbix cucmemax. IIpogedenwvl sKcnepuMeHmanbhbie UCCIe008AHUST KUHEMUKU 00€38004CUBANHUS YACTUY IHEP2em-
yecKotl gephvl 8 NOMOKe 6030yXa ¢ Yevlo gepudurayuu mamemamuyeckot mooenu. O6OCHOBAHA BOZMOICHOCTD
ee UCNONb306aHUsl /sl PACYEmd COBMECTHBIX NPOYECCO8 CYUWKU U HAYAIbHO20 IMANA MepMUYecKo20 pPasnodlce-
nusa ouomaccul. C ucnorvzosanuem panee noAy4eHHvIX OAHHbIX N0 3HaYeHuam suepeuu axmueayuu A.,(T) ona
PA3TUYHBIX 8UO008 OUOMACCHL NPOBEOEHO MAMEMAMULECKOe MOOETUPOBAHUE OUHAMUKY U KUHEMUKU 8blCOKOMEM-
nepamypHou CywKy 6 HOMoKe ObIMOBbIX 2A308 IHEPLEMUYECKOU 6epObl, KOMOPAs CONPOBONCOAEMC s mepmode-
cmpyKyuel 2eMuoyennionossl. Pezyibmamol yuciennvix sKCnepuUMenmos ceUuoemeibCmayiom 06 adekeamuocmu
NPeONOAHCEHHO20 N00X00d, IPPHEKMUBHOCU MAMEMAMUYECKOU MoOenu u Mmemooda ee pearusayuu. Ha ux ocnoge
B03MOJICHO NPOBOOUMb UCCLEO08AHUE OUHAMUKU MENIOMACCONEPEHOCA NPU CYUWIKe YACMUY PA3UYHBIX 6U008
UBMETILYEHHOT OUOMACCHL, OnpedelleHue MeMnepamypbl Ha4and U OKOHYAHUsL NEPoll Cmadull mepmMuiecko2o
PA3N0dCEHUS, MOMEHMA OOCHUICEHUSL PABHOBECHO20 6]1A20COOEPICANUS 8 3ABUCUMOCIU OML CEOTICME Mamepud-
14 U CYUUTbHO20 azeHma. Dmu OanHble NO380NSION GblOUPAMb ONMUMAIbHbIE C MOYKU 3PEHUsL COXPAHEHUs.
HepaUL U KAUeCmaa 6blCYUUBAEMO20 NPOOYKIMA PENCUMHbLE NAPAMempPbl NPOYecca.

KaroueBble ciioBa: Ouomacca, Cylika, TEPMOASCTPYKIHUS, MaTeMaTH4eCcKOoe MOJCIHUPOBaHHUE,
MUTHHIPUYECKAs YacThIa, OapabaHHast CYIIUIKa, YHEPIHs AaKTHBALIUH.

MATHEMATICAL MODEL AND METHOD FOR CALCULATING THE
DYNAMICS OF DRYING AND THERMODESTRUCTION OF BIOMASS

Sorokova N.N., Korinchuk D.N.
Institute of Engineering Thermophysics of the National Academy of Sciences of Ukraine, Kiev

Abstract. A mathematical model and a numerical method for calculating the dynamics of heat and mass
transfer, phase transformations and shrinkage during the drying of colloidal capillary-porous cylindrical bodies
under conditions of equitable winding by a coolant are developed. The mathematical model was based on the
differential equation of substance (energy, mass, impulse) transfer in deformable systems. It includes the equa-
tions diffusion-filtration transfer of energy for the system as a whole, and the mass transfer of the liquid, vapor
and air phases in the pores of the body. Expressions for the intensity of evaporation of a liquid, capillary pres-
sure, and the diffusion coefficients are presented. The relative volume strain was found by means of an analytical
solution of the thermoconcentration deformation equation. Based on the explicit three-layer counting difference
scheme and the procedure splitting of algorithm by physical factors, a numerical method for realizing this
mathematical model is developed.

Experimental studies of the kinetics of dehydration of energy willow particles in the airflow were carried out
to verify the mathematical model. Its applicability for calculating combined processes of drying and of the initial
stage of thermal decomposition of biomass is substantiated. Using the previously obtained data on the activation
energy values for various types of biomass, a mathematical simulation of the dynamics and kinetics of high-
temperature drying in the flue gas flow of energy willow was carried out, which is accompanied by thermal de-
struction of hemiocellulose. The results of numerical experiments indicate the adequacy of the proposed ap-
proach, the effectiveness of the mathematical model and the method of its implementation. On their basis, it is
possible to study the dynamics of heat and mass transfer when drying particles of different types of ground bio-
mass; determination of the temperature of the beginning and ending of the first stage of thermal decomposition;
the moment when the equilibrium moisture content is reached, depending on the properties of the material and
the drying agent. These data allow choosing the process parameters that are optimal in terms of energy saving
and quality of the dried product.

Keywords: biomass, drying, thermal destruction, mathematical modeling, cylindrical particle, drum dryer,
activation energy.
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OIITUMIBALIA OBJIAIHAHHSA I CUCTEM

JUISL TIONYYeHHs TOIUIMBHBIX OPHKETOB W TPaHYN MMeeT OOJBIION MOTEHIMAT B BO30OHOBIISIEMON IHEPreTHKE
VYxpaunsl. [ moiydeHHs NEJUIET BBICOKOTO KadecTBAa CHIPbE JODKHO HMETh BIaXHOCTE 8 — 12%. B
OonpmUHCTBE BHIOB OnoMaccel (cojomMa, CTeONM KyKypy3bl, [OJCOTHEYHHKA, JIpeBeCHas CTPYXKKa,
JHepreTudeckas BepOa, copro, MHUCKAaHTYC) HCXOJHOE COAEPKaHWE BJIard MO OTHOWICHMIO K OOIed macce
coctaBiter 50 — 60%. Cymka OnoMacchl OCYMIECTBISIETCS MPEHUMYIIECTBEHHO B 0OapaOaHHBIX CYIIMIBHBIX
YCTaHOBKax IOCJE €€ MpeJBapUTENBFHOr0 M3MellbueHHus. B 3aBucumocT oT TemmepaTypbl 7, NOAaBaeMoro B
KaMepy TeIJIOHOCHTENIs, CyIIKa MOXeT ObIThb ymepenHo uHTeHcuBHOU (7. cocraBmsier 120 — 170 °C) wu
BeicokoTemneparypuoir (mpu 7, 300 — 500 °C). B mnocnennem ciiydae 00€3BOXKHMBaHHE OHOMAcCHI
COIPOBOXKIAETCS MPOLIECCOM €€ TEPMHUYECKOr0 Pa3jIOKEHUs, HadalbHas CTaJusi KOTOPOIO XapaKTephu3yeTcs
pasyioKEeHUEM TeMUIIEIUTIONO3BI C BBIICIEHHEM KHCIOPOAOCOAEPKAIIMX Ta30B ¥ MUPOr€HETUUECKON BJIaru, 4To
CIOCOOCTBYET MOBBIIMICHHIO KAJIOPUHHOCTH CYXOT'O OCTaTKa M COOTBETCTBEHHO OHOTOILUIMBAa B menoM. Ha
MOCJIEAYIONINX CTAANsAX TEPMOJCCTPYKIUM, Ipu Temieparypax Bbime 270 °C HauMHAIOT pa3naraTbes
IEIJUTI0NI03a M JINTHHUH, IPUYEM 3TH IPOIECCH B MPHUCYTCTBUU BO3AyXa SBILFOTCS 3K30TEPMHUYECKUMHU JUTA BCEX
BU/I0B OMOMAcCHl M MX HHTCHCUBHOE NPOXOKICHHE MOXKET IIPHUBECTH K OBICTPOMY MOBBILICHHIO TEMIIEPATYPhI U
CYIIECTBEHHOH IOTepe roproueil cocrasmstomeil. 1103ToMy BaKHBIM MOMEHTOM MpH pa3paboTKe TEXHOIOTHH
BBICOKOTEMIIEPATYPHOH CYNIKM OMOMAacchl SBISIETCS COONIOJCHHE YCJIOBHS IIPOXOXICHMS MEPBOTO dTala ee
TEPMHYECKOTO PA3JIOKEHUS] W 3aBepLICHHE Ipolecca O JOCTHKEHUH TEMIIepaTypbl, COOTBETCTBYIOLICH
MOCJICYIONIUM CTaIUsAM NECTPYKIIMU JJIs1 TAHHOTO BHIa OMOMACCHI.

®opmMyIHpPOBKA MPOGJIEMBbI H AHAJIN3 MOCTAeTHUX AocTHKeHHiT. Co31aHNe CYIIMIBHBIX TEXHOJIIOTHI Tpe-
OyeT AeTasbHOTo M3Yy4eHHsl SIBICHHU TeruioMacconepeHoca M (a3oBbIX MPEBpAIlEHUI B BHICYIIUBAEMOM Mare-
puaje Npu ONpENeNICHHBIX YCIOBUAX. Pa3paboTka TEXHONOTHi BBICOKOTEMIIEPATypHOI CYLIKH IMPEArnojaraet
3HAaHUC KMHCTUYCCKUX XaPAKTCPUCTUK TEPMHUCCKOTO PA3JIOKCHUA JaHHOT'O BHUOA 6I/IOMaCCI)I B YKa3aHHOM W H-
TepBasie TeMneparyp. BosMOXXHOCTH 3KCHEpHMEHTAIBHBIX METOIOB MCCIIEIOBaHHS KHHETUKH BBICOKOMHTECHCHB-
HOHM CYIIKH U TEPMOJAECTPYKIMH B YAaCTHIIAX MAJOTO pa3Mepa BecbMa OTpaHWYEHbI. bojee MmepCcreKTHBHBIM Me-
TOZOM HCCJIEAOBAHUS SIBISIETCS MaTeMaTHUecKoe MojenupoBaHue. HeoOxompmmocTs pa3paboTku MaTeMarude-
CKOM MOZIENN COBMEIIEHHBIX ITPOIIECCOB CYIIKH U TEPMHUYECKOTO Pa3IoxkeHHs 00ocHOBaHa B [1].

B [2] 6puta mocTpoeHa MaTeMaTHuecKas MOJENb M METOJ pacueTa ITUHAMHUKH Tu(Qy3HOHHON CYIIKH Ka-
MIJUIIPHO-TIOPUCTHIX TN B (hopMe OrpaHWYEHHOTO IUIMHApA. YacTHIBl BCEX BUAOB OMOMACCHI NMPEACTABISIOT
c000i1 KOJJIOMIHBIE KaMUISIPHO-TIOPUCTHIE TEJA, & CYLIKa B BHICOKOTEMIIEPATYPHOM CYIIMJIBHOM areHTe Mpej-
HoJIaraeT MpoxoJKJIeHHe MPOLECCOoB nepeHoca Beienctsue nuddysuun, Gpuibrpaimu u Hha3oBbIX IPEeBpaLICHHUI.
ITuporenerndeckas Bojia yIanseTcsi BMECTE C OCTaTKaMU CBOOOTHOM M CBA3aHHOM Biaru 6uomaccel. B [3] Obpin
ONPECACIICHBI KWHETUYCCKUEC ITapaMETPhI z[ecop6u1/n/1 (I)PBI/I'—IGCKI/I CBSI3aHHOM BJIAaTH U AKTHUBAIIUOHHBIX ITPOLECCOB
HEU30TePMHUUYECKOI0 PA3I0KeHUs] TeMUIEIUIION03bl JPEBECHOH M PACcTHTEIBbHON OMOMAcChl, KOTOpHIE CBHIE-
TEJILCTBYIOT O TOM, YTO Ha4aylo IpoIecca TEPMUIECKOTO Pa3JIOKEHHs CONPOBOXKIACTCS PE3KUM IOBBIIICHHEM
3¢ PEeKTUBHON SHEPTUH aKTUBALMH YaCTHIl CBS3aHHOTO BEIIECTBA. YUET B MATEMAaTHYECKOW MOJIETIH TOTO SBIIE-
HUS TTIO3BOJIUT ONPEJIEIIATh JUHAMUKY TETIIOMACcCOIIEPEHOCa NMPH CYIIKE YACTHI] U3MEIBUYCHHONH OMOMacChl; TeM-
neparypy Hadajla 1 OKOHYaHHs TIEPBOH CTaJiH TEPMUIECKOTO PA3JIOKEHHs; MOMEHT JOCTH)KEHHS PABHOBECHOTO
BJIAroCoJIep)KaHusl B 3aBHCHMOCTH OT CBOMCTB MarepHaja M CYHNIMJIBHOTO areHTa. Ha OocHOBe 3THX JaHHBIX
JIOJDKHBI BEIOMPAThCSl ONTUMAJIbHBIE C TOYKH 3PCHMSI COXPAHEHUsS! SHEPIUU M KauecTBa PEXHMMHBIE ITapaMeTphl
nporecca.

OcHoBHoe ucciaenopanue. O0brvHO GapabaHHBIE CYIIMIBHBIE allllapaThl OCHAIIEHBI JONATOYHBIMU YCTPOH-
CTBaMH, KOTOPbIEC CITIOCOOCTBYIOT HHTCHCUBHOMY MEPEMEIINBAHUIO CHIPbS X PABHOMEPHOMY 001yBY TEILJIOHOC -
TCIEM Ka>1<)101‘/'1 qaCTULHI. d)opMa HU3MCIIBYCHHBIX YaCTHIL OMOMacChl UMEET BU MOJIBIX WM CIVIOIIHBIX IHUJIMH/-
poB KOHEYHOU JJIUHBI. MaremaTnueckas MOJECJIb TEIIO- U MacCoEpeHoOca IIpu 00e3BOKHBAHUU KOJUIOMIHBIX
KalMUIAPHO-TIOPUCTHIX YaCTHIl CTPOUTCS Ha 06a3e ypaBHEHHS MepeHoca CyOCTaHIUH Ui 1e(OPMHUPYEMBIX CHC-
TeM [4]

oT or oar) 10 ary o oT
C3(b _+W3d)l‘_+watby_ = lr)d)r_ +— }\'3(1)_ _LIVI (l)
ot or oy ror or) oy oy
o(w_ U
A, dw,) ow,U,) 10 D), fp Ma) | Uu 8 @)
a or oy ra a %) N 1-¢, ot
o(w,. U
Y, |, oW Yy) | Wy n):li(Dnrauanrg Dnau—" +1y —U—"aﬂ, (3)
ot or oy ror or oy oy l1-g, ot
o(w,. U
u, , ow,U,) oWy B):gg[DBraUBJ+g p, s | Yy v (4)
ot or oy ror or oy oy l-g, ot

3necy T— temmneparypa; Uy, U, n U, — 00beMHbIE KOHIIEHTPALUHN XKUIKOCTH, 1apa U BO3IYXa; t — BpeMs; Ay,
Cop — ODOEKTUBHBIE TEMIOEMKOCTh U TEIUIONPOBOAHOCTL M Tena, Cy =C U, +c, U, +c U, +cU,,
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Moy =AU lp + 0, U T, +A Uy Ip, +A,U, Ipy; D, D, Dy — sbdexrnprbie kodddumments mud-

¢y3un xommonenros, D, =y [exp(AD /RT) —l]_l (bopmyna H.M.Hukurenko [5]), D, =D, =vy,T 32 P.,
Ay — osHeprus akTuBalyy; ly — MHTEHCHBHOCTb HCTIAPEHHUS JKUIKOCTH B Telle; L — yslenbHas Temora uena-

PEHHS; &y — OTHOCHTEINbHAs 0ObeMHas lehopMaus; W,y — dPdEKTHBHAS CKOPOCTH CBA3AHHOTO BENIECTBA B
Hanpasnennu K (K=1,Y), W,y = W, e, U, +W, (e, U, +c,U,)]/ Cagp -

Ckopoctu QunbTpanuu W, SkMAKOH U TasoBoidl das (y = x, T) HaxomsaTcs mo 3akoHy Jlapcu:
W, = -Kq K\u / nWVP\V , Te Ko— o0111asi MpOHNIIaeMOCTh cpeJibl; K\, — OTHOCHTENIbHAs IPOHULIAEMOCTD (a3bl

V; My — AMHAMAYECKHi KOOQUIUEeHT Bi3KoCcTH (asbl , P, — napuuanbHoe AasineHue daspl y. [l Haxox-

nenus P, u P. HeoOxomuMo pacmonarate Gynknusmu U,, U, U, u T. Ilpu stom onpenensrorcss 00beMHBIC

noim ckenera W, sxumkoctn W, 1 rasa W, B opucteix rpanynax: ¥, = 1-11, ¥, = U, /p, u ¥, = 1-¥ -V, tie

IT — mopucToCTh, Py — IIIOTHOCTD KUIAKOCTH. Jlaee pacCUUTHIBAIOTCS HMAaPIUAIbHbBIC MJIOTHOCTH Mapa U BO3-

ayxa p,=U,/\V,, p,=U,/¥,, a 3atem napumansabie pasnenus P,=p,R,T/u, 1 P,=p,R,T/,. [laBnenue razooi

cMecu mpeacTaBisercs cymmoit P =P +P,, a naBnenue xunkoit ¢aser papuo P,=P +P,. KanwuisipHoe nasie-
max fmax

Hue P, HaXoauTCs Kak cpeiHee KamMUIIPHOE IaBICHHUE KUIKOCTH [4]: IPM dv/ IdV O0BeM KUAKO-
min Tmin

CTH B KalMIUBIpax ¢ paguycamu ot I 1o r+dr B eqMHUYHOM 00beMe Tella mponopiroHaieH auddepeHnnans-

no#t pyukuuu F(r) pacnpenenenus mop mo pasmepam dV(r)=0(r)F(r)dr, rae 6(r) — o6bemHas qoms Kanuyuspa,

3aHsTas JKUIKOCThIO. B pe3ysbraTe mosydaeM BhIpakeHHe, aHanoruduoe ¢popmyie Jlamaca

P. = 25(T) mj e(r)F(r)dr/ mfxe(r)lz(r)dr - ZG(T)

Tmin Tmin
31€Ch Imin M [max — MEHAMAJIBHBIA 1 MAKCHMAJIBHBIN pagdycChl 0P €QHHAYHOTO 00beMa, I* — XapakTe-
PECTHYECKHI ITapaMeTp TUCIIEPCHOCTH Pa3MEPOB HOP.
HMHTEeHCUBHOCTH HCIIapeHUs KXKUJIKOCTU Ha BHCHIHUX IMOBEPXHOCTAX YACTUILL OHOMacChl [6] HaXOoIHUTCs KaK
Pa3HOCTh IIOTOKOB MCHAPSIOIIEiics KUAKOCTU 1 KOHAEHCUPYIOIIErocs napa

L =7otou, o @p[AIRT] 1)~ oue@lANRT)]-D ™, vo=ep,5/4. (@)

31ech Y. — K09()(HUIMEHT MOBEPXHOCTHOTO UCMAPEHHUs; € — KoddduuueHT uzmydenus, 1/c; 8*— cpen-
HsI AnrHA AU Y3HOHHOTO MepecKOKa aKTHBU3UPOBAHHOM YaCTUIIBI B CIIOE KHIKOCTH; (, — BIAKHOCTh Mapo-
ra30BOi CMECH, KOTOpasi COOTBETCTBYET COIIACHO H30TepMe cOpOLuK KoHIeHTpaunu U, B TaHHOH TOYKe Tela;
V — HOpMaJlb K MOBEpXHOCTH; T, U (. — TEMIIepaTypa U OTHOCUTEJbHAs BIa)XHOCTh BHEUIHEH cpeapl; 4 —
9HEPIHUsl AKTHBALUH.

BeipaxkeHne U1l HHTEHCHBHOCTH UCTIAPEHUS B €AMHUYHOM 00BbeMe Tena cieayeT u3 GopMydtsl (6) mpu yc-
JIOBHH JIOKaJIbHOTO TEPMOJIMHAMUYECKOI'O PABHOBECHSI

ly =7.[exp(A/RT)-1]" (¢, - 9)S . )

3neck S — IUIOMIAb KOHTAKTA )XUIKOHM U ra3oBoii (ha3 B mopax Teja He MOJTHOCTHIO 3aM0HEHHBIX KUAKOCTBIO.
st HaxoskaeHust GyHKIMU S B €IMHIYHOM 00beMe Telna B padoTe [7] nomydena gopmysa

2\1-¢, 0U,
= 8
Px0*  0p,

IIpomsBoanas OU, /0, HaXOAWTCA W3 YpaBHEHHsI M30TepMbI JMecopOruu. Ecim n3oTepma 3amgaHa B BHIE

Mmin <r*< Mmax - (5)

U, =U @2, g = const, 10 0U, /00, =U yax 20,5, JlanHbIe [0 PABHOBECHOMY BIIArOCOIEPIKAHHIO JUIS APEBECH-

HBI TIpelCTaBJIeHHbIe B [8] JOBOJBHO TOYHO ONMCHIBACTCS YpaBHEHUEM wt :Wn;;X -012In, rae makcu-

ManibHOe Biaroconepkanne Wpa, coorBercTByeT ¢ = 1 n npu temneparype 100 °C cocraBmser 16%, a U, =
0,01Wp, .

OtHocuTenbHas oObeMHas paedopMmanst €y HAXOAUTCS C TOMOILIBIO AHAJIUTHYECKOTO PELIeHUS
0CECUMMETPHYHOHN 3a7jaudl O HANPSKEHHOM COCTOSIHMU MOJIOrO LMJIMHApPA, NMOTyYeHHOro B [9] npu ycnosuw,
4yro AeOpMalMu MPOMCXOJAT BCIEJICTBHE HEOJHOPOAHOCTH TIIOJIEH TEMIepaTypbl W KOHIEHTpPALMU
KOMIIOHEHTOB CBS3aHHOTO BEIIECTBA, a TAKXKE O] BIUSHUEM PABHOMEPHO PACHpEAEIeHHBIX JaBleHUH: Py Ha
BHYTPEHHEH NMUIMHAPUIECKOW TIOBEPXHOCTH paauyca I = Iy, P Ha BHENIHEHW MOBEPXHOCTH pamuyca I = R u
pe3yIbTUPYIONIEH CHIbl P, BAOJb OCH IIWJIMHAPA Z:
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.
U (r) = 1 (1+VH)erdl’ r (1 3vn)+r0 CHVH)INd rvyP,

r(l—Vl—[) 5 Rz E 7_l_’(RZ_rOZ)
—z[r (L= vi)(Pyr2 — PR?) + (L+ v JIZRZ (P, — P) ©)
E,r(R
_ 2
6 = j Nrdr — 2V11 P°r°2 R B (10)
ré 0 E, R°-1 E,n(R"-15)
rje Uy, & — TPOEKIMH BEKTOpa NepeMenienus na ocu I u z; v, — kodddurment Ilyaccona; E, — monyms

ynpyroctu; N — tepmokoHnenTparmonsas ¢ysknus [7, 9], N =B (T —Ty) + ZBW (0, —©,0) , ®,— Macco-
\j

collepKaHre KOMIOHEHTa Y, Bt =(0x/0T)/xu B\u =(ox/ a@\u)/ X — cpenHne Ko3pPHUIUEHTH TePMUIECKOTO

U KOHLIEHTPAIIMOHHOTO PacIIMpEeHUs B HHTepBajiax Temreparypsl [T, To] ¥ MaccoBOif KOHIIEHTpAllUd KOMIIOHEH-

Ta Y [0y, ®y]. Ipu ro= 0, (9) u (10) npeacTaBAIOT pelIeHKE 3a1a41 TEPMOKOHIIEHTPALMOHHON YIIPYyTrOCTH s

CILTONIHOTO IuAKMHApa. HopMasbHble KOMIIOHEHTH TeH30pa AePopMaIuit &, Epp H &, HAXOIATCSA M3 COOTHOIIE-

mait € =O0U, [OF, g, =U /T, &,=0U,/02=¢,, otkyma &y (1) =[L+&, (OI[L+ &4, OIL+e,, )] -1].

Ecnum Teno siBisieTcs KamuIIpHO-IOPHUCTHIM, €TO YCaJIKOH B ITpOIIecce CYIIKH MOXKHO npeHedpeds u ey = 0.
VYcnoBus TemnoMaccooOMeHa Ha rpaHune I = 0 Ui CIUIOIIHOTO IMJIMHIpA HMPEICTaBILIOT YCIOBHSA CUM-
METPHH T0JIeH TeMIepaTypbl, KOHUEHTPALMH 1 CKOPOCTeH (PUIbTpaliii KOMIIOHEHTOB CBSI3aHHOTO BEILIECTBA

a
or|,_o

ou,

U,
or ’

ou,
v=0 or

ve0 or

Wi

KT
1

v=0 or

— O ; a\Nrr
v=0 or

=0. (11)
v=0

Ha TMOBEPXHOCTAX, KOHTAKTUPYIOUINX C CYHIUJIIBHBIM ar€HTOM 3a/1al0TCA I'paHUYHBIC YCIIOBHS TPCTHET0 poaa

ool ] |

or A
=a(T,-T| )-L AT
o (X,(TC |V:0) Ve (pT|v:0 |:eXp[ RT| s J |

oy

-1 _ 1
U _A ] - AL
P 5 |v-0 =¥ [‘PT|V_0 exp{Rﬂv_o] 1} (PC_eXp(RT] 1} ’ (13)
ou Py u p
i = U _ __ctrie B 14
v ym( H|V=0 pnc‘l’n), Uslono RT| , rheo Mo (4

Koahpumuenr  TerumooTnaud o  ompeAensics ¢ ucnonb3oBanmem  Qopmynsr  [10]  Nu =
0,98(0,43+0,55Re®Pr®3®). Jlnst moBepxHOCTH I = Iy IipH T, = const MOKHO mpuHiTs Nu=3,66 [10].

Pemenne audpdepennnanpusix ypapuenuit (1) — (4) npu rparnusbix yemosusix (11) — (14) moxer GbITh
MIPOBE/ICHO YHCIEHHBIM METOJOM Ha 0a3e SBHOW TPEXCIOHHOHN MepecdeTHOil pa3sHOCTHOH cxeMbl HUKHTEHKO
H.W. [7] u npouieaype pacuieruieHns anroputMa mno ¢puzndeckuM Gaktopam. PasHOCTHAsI anmpoOKCUMAITUS ypaB-
HEHUs TepeHoca KuIKoi (asel (2) Ha paBHOMEPHO# pasHocTHO# ceTke I =Ry, + ih, (i=0, 1,..., I; h = const, R,
> 0), xn, =mhy, (m=0,1,..., M; h,=const), t;=nl (n =0,1,..., | > 0) B cooTBETCTBHH C yKa3aHHOH CXeMOii pe-
CTaBIISICTCS B BUJIC

) N+l n
U)K,i,m -U xK,0,m

I = _[ ((erum)?ﬂ,m - (erUm)in,m)_ ((erum)?,m - (erum)?—l,m) }/(th)_

- |: ((meU m)?mﬂ - (meu )K)Inm )_ ((meU m)?m - (chy )K)I m—1) :|/(2h§) ’ (15)
Jnfl _gnt unr. —ynt -
(L0, =m0, )~ (0 )-
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(0 T055 — T07) [1202)=| (T — G T (16)

—((me )K)n+1 (Wi Um)mll)}(2h3)+%[(Dm+1mr|+1m+D>x|m|mXUx<nT11m U;::Tlm)_

IL,m

(Dm,l,m |m + D)Kl—lm i 1mXU>2,J|r,1m _U;Tllm)/hz +[ ( >:<|m+1+ DmlmXU»ler,lmﬂ J)E,Tlm)_

Ouin+ Puim LR ~ULi ) |fend)-1y

U;;fl_J”;fl J)r:(+1 8Vn+l_8vn
= . (17)
I l+ey I

AHanorn4HeIM 00pa3oM anmnpokcuMmupytorces: nuddepennuansusie ypasHenus (3), (4), a ypaBHeHHe niepe-
Hoca 3Hepruu (1), He coneprkaiee QyHKIUIO €y AMIIPOKCHMHUPYETCS MEPBBIMHU JIByMsl Pa3HOCTHBIMU ypaBHe-
HUSIMU.

HeobxonnMmere ycnoBus ycroitunBocTi ypaBHeHn# Buaa (15) — (17) HaxomsaTcss METOIOM YCIIOBHOTO 3a7a-

HHSl HEKOTOPBIX HCKOMBIX (yHKumii cucremsr [7]: |, < {(er Ih+w,., /hy )71; @+20,)/ [ZD)K (h 24 h;z )]}

PacuerHbIit mar no Bpemenn onpeaensercs us yenosust | <min(ly;1 ;1 051,).
Pa3HOCTHas anpOKCHMALHS TpaHInIHOTO yeiaoBus (13) st moBepxHOCTH I =R mpeacraBisercst B Buae
U 1 N+l U )]l;IJr]; _ 1 1
D, 1t = yc{q)ﬂ lexo(arR,T)-1] — o fexp(arR, T, )-1] } . (18)

Oocy:xaenune pe3yjabTaToB. J[i1s moATBEpKIEHNS aJJeKBaTHOCTH pa3pabOTaHHOW MaTeMaTHYeCKOW MOJIEeH
1 3¢ GEeKTUBHOCTH YMCIICHHOTO METOJIa pacueTa ObUIO IPOoBeieHO (ru3nueckoe MOJAeIMPOBAaHNE KUHETHKHU CYLIKH
YaCTHIl SHEPTEeTHYECKOH BepObl IIMIMHAPHYECKOI ()OPMBI B MOTOKE BO3JyXa M MaTeMaTHYECKOe MOJEIHPOBa-
HHUE TpoIlecca MpH TeX ke ucxomHslx maHHeiX: 1y = 303 K; Wy = 1,3 xr/kr; A, = 0,15 Br/(MmK); ¢, = 1840
Jix/(kr-K); py = 450 xr/m%; A = Ap = 0,4205-10° JIx/xmons; IT = 0,58. PesyabTaThl pacdera u SKCIICpHMEHTAb-
HbIE JAHHbBIE, IPE/ICTABICHHBIE HA PHC. 1, JOCTATOYHO XOPOIIO COTNIACYIOTCS.
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a)dh=4,2/10 mm 6) dlh = 5,6 /10 mm

Puc. 1. M3meHeHne BO BpeMeHH cpeIHMX 3HaueHMii Biaarocoaepxanusa W u Temnepatypsl T yacTHiy
JHEpPreTH4ecKoi BepObl NMIMHAPHYECKOH (POPMBI Pa3JIMYHOI0 AHAMETPA NPHU CyIKe B MOTOKe BO3AYyXa €
napamerpamu T.=120 °C, w; =2 m/c, d. = 18 r/kr c.B.

Janee mpoBOIWIICS pacyeT BBICOKOTEMIIEPATYPHOU CYIIKH 0€3 ydeTa TePMHUYECKOTO Pa3JIOKEHUS, a TAKKe
CYIIKH W HAaYaJbHOTO dTala TePMHYECKOTO Pa3I0KEHUS YHEPreTHUSCKOW BepObl B MOTOKE JBIMOBBIX I'a30B B
YCIIOBHSIX PABHOMEPHOTO 00/1yBa YaCTHII.

Temmeparypa TertoHocuTes 3anasanack B uarepsaie 300 — 500 °C. Ilpu pacuere COBMECTHBIX IPOIEC-
COB CYIIKH W TEPMOJECTPYKIIMHA B MaTEMAaTHIECKOI MOZIEIH 110 AOCTIDKEHUH MaTepuaioM temmneparypsl 150 °C
(Hadana MposBICHUs] TEPMOJECTPYKIIMU) MEHSUIOCH 3HAYEHUE HEPIHU aKTUBAIMU (PU3NKO-XUMHYECKH CBSI3aH-
HOM C TeNoM BOJIbI Ha cpeHee 3P PEeKTHBHOE 3HAUYEHHE, COOTBETCTBYIOIEE TEMIIEPATYPHOMY HHTEPBaIy pa3io-
YKEHUsI TEMHUOLIEIUTIONO03, ONPEeIeHHOE U3 dKcrepumenTa [3].
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JUisl TUCTBEHHBIX OPOA AEPEBBEB Aoy, = Apyg = 0,7525-10° JTx/kmonb. Ha puc.2 mpeacTaBiIeHbl Pe3yabTaThl
YHCJIEHHBIX 9KCICPHUMEHTOB.
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Puc. 2. U3MeHeHne BO BpeMeHH CPeIHHX 3HAUEeHHI Biaarocoaep:xkanus W, temneparypbl T, H MaKCH-
MaJIbHOI TemnepaTypbl T,,, HAa NOBEPXHOCTH NUJIMHAPUYECKUX YACTHUIl IHEPreTUYeCKOi BepObl ¢ pa3me-
pamu d/h = 4,2 / 10 mm (kpussbie 1) u d/h = 5,6 / 10 MM (kpuBbIe 2) NpH CylIKe (€3 yuera TEPMOIECTPY K-
nuu u ¢ ee yuerom (W, T°, Tio’) B IOTOKE ABIMOBBIX ra30B ¢ mapamerpamu W, =2 m/C, d. = 18 r/kr ¢.B.

BruiBoawbl. [Iporecc TepMu4ecKoro pasioxkeHus, Kak u rnporeccsl 1uddy3un U ucrapeHus, sBiIseTcs aKTH-
BAaIlMOHHBIM. BeencTBre TOro, 4To SHEpTUs aKTUBALMH, HEOOX0ANMAs ISl IEPEeX0/1a YaCTHUI] TEMHOIEIUTIOJIO3E
B CBOOOJTHOE COCTOSIHME CYIIIECTBEHHO BBIIIE, YEM SHEPTHUS aKTHBALMH YacTHUI] CBSI3aHHOW BOJBI, pacdeT BHICO-
KOTEMIIEpaTypHO! CyMKH OHOMacChl HEOOXOANMO IIPOBOANTH C YUETOM HPOSBISIONIETOCS HA 3aKJII0UYNTEIHHON
cTaguu 00e3BOKHMBAHMS MEPBOTO ITANa TEPMHUUECKOTO pazjiokeHus. PazpaboTaHHas MareMaTHdecKas MOJEIb 1
METOJl pacyeTra IPOIECCOB TEIUIOMACCONEpeHoca, (ha30BEIX NMPEBPALICHUH U 1epOPMUPOBAHHS IIPH 00E3BOKHU-
BaHUM LWINHIPUYECKUX KOJUIOMJHBIX KANMIIAPHO-MOPHCTBHIX TN MO3BOJISAET Y4ECTh BIMSHHE TEPMHUYECKOIO
pa3oKeHus] Ha TUHAMUKY M3MEHEHHs BJIAroCcOAEpKaHMs M TeMIepaTypbl MaTepHaia OMOMAacChl, ONTUMHU3UPO-
BaTh TEXHOJIOTMYECKHUH MPOIECC CYIIKH OMOMACCHI U MOBBICUTH KaJIOPHHHOCTD MOJIy4aeMOro U3 Hee OMOTOIUIH-
Ba.
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JOCJIIZKEHHA I'TTPOANHAMIYHUX XAPAKTEPUCTHUK
EJEMEHTIB 3AXUCTY XAPYOBUX BUPOBHUIITB

PsicoBa I.B.l, K.T.H., 1o1eHT, [leTyxoBa O.A.z, K.T.H., IOIIEHT,
T'opHocTanab C.A.z, K.T.H., H{epbak C.M.?
"Hanjionanbuuii Texniunmii yHiBepcuTet «XIII», M. Xapkis
“HanionaanHuii YHiBepcUTeT HUBLILHOIO 3aXMCTy YKpaiHu, M. XapkiB

Anomauia. Badxciueoo cknadosorw cobdisapmocmi npooyKyii Xapuoeux eupoOHUymae € eiemeHmu 3abesne-
yeHHs1 Ix Oe3neuH020 GUPOOHUYMBA, OOHUM 3 AKUX AGIAEMbCA HYMPIUWHIT NPOMUNONCEHCHUL B0OONPOBIO, AKULL
0008 ’513K08UlL 07151 BCIMAHOBIEHHS 8 NPUMILWEHHAX XAPY08UX 8UPOOHUYME 3 BIONOBIOHOK KAMe2opier 3a 8UOyxXo-
TI02HCEIICHOI0 A NOJICEIHCHOIO HeDEe3NeKoI0, CIMYNeHeM BOSHeCMIUKOoCmi ma 00’eMom 8UpOOHUUO20 Kophnycy. 3
esedennsm 6 0io JIBH B 2.5-64:2012 « Buympiwiniti 6000nposio ma Kanauizayisny KONCHA wapa oKpim 6Cmano-
BIIEHO20 8 Hill NONCENCHO20 KpaH-Kommiekmy oiamempom 50 abo 65 mm, 0608 '13K060 KOMIAEKMYEMbCS 000AM-
KOBUM NONCENHCHUM KPAH-KOMNJIeKmom oiamempom 25 abo 33 mm, AKUll npusHayeHutl Oas WeUOK020 68€0eHHsS.
602HE2ACHOI PeHuOBUHU 6 NOYAMKOBII CMAOIT PO3BUMKY NONCEMNCT, A MOMY 3a0e3neyye 3HUNCEHHSL 30UMKI6 8I0 Hel.
Jlooamxosi KpaHn-komniekmu KOMHAEKMYIOmMbCs pyKagom (0oedicuna pykaea — 00 30 m, diamemp pykasa — 25
Mm abo 33 mm, mun pyKaea — HanieicoOPCMKUIL) ma po3nopoutyeavem (Oiamemp 8UnyCKHo20 0meopy po3nopo-
wysaua 6i0 4 0o 12 mm). [Jo nepesaz maxux npucmpois 8iOHOCAMb HeSeNUKI eabapumu, 3aCmocy8aHHs cneyia-
JIBHUX HACAOOK PO3NOPOULY8ayad 00360J5€ CMBOPH8amuU OpiOHOOUCNEPCHULL CMPYMIHb 800U, SKUU He NOWKO-
0Jicye omouyouy pedu ma 0OIAOHAHHS, SHYYKULL PYKA8 KOMNIEKMY 00380JIS€ 0DImu mexXHON02IYHI YCMAHOBKU,
Wo 3yCmpiuaomsvcs Ha WIAAXY, YCMAHOBKA NEePeKPUSHO20 NPUCMPOI0 00380JIA€ nepepsamu pooomy 8 6y0b-aKuil
Momenm i 6i0HO8umMU iT 3a HEOOXIOHOCMI, 6aPMICIb B0ZHE2ACHOT PEUOBUHU — 800U, K I CAMOI YCMAHOBKU — He-
senuka. B 3anexcnocmi 8i0 yMo8 8UKOPUCIMAHHS 000AMKOB020 NONHCEHCHO20 KPAH-KOMNIEKMY pPi3Hi Xapakmepu-
CMUKU 1020 CKIA008UX MOXCYMb 3a6e3neuumu niosuujerts abo 3nudiceHns epexmuenocmi tioeo pobomu. Tomy
3aNPONOHOBAHO CHOCIO BUBHAUEHHA XAPAKMEPUCTNUK CKAAO08UX 000AMKOB020 NONCEHCHO2O KPAH-KOMNIEKMY
0151 KOHKpEemHUX YMO08 1020 excnayamayii. Bipuuii ubip napamempis ckiadosux 00380aumv 3 YPaxy8aHHIM
2I0POOUHAMIYHUX XAPAKMEPUCTHUK CUCEMU, WO 3a06e3neuye pooomy maxkux npucmpois, 3 HaUMeHWUMU eKOHO-
MIYHUMU 8mpamamu 3a0e3nedumu YCniuiHe 2aCiHH NOJCeNHCl ma 3HU3UmMuU 30umKu 6io Hei.

Karo4oBi ciioBa: mokexxHHH KpaH-KOMIUICKT, THCK, BATPATH BOJIH, PYKaB, PO3MOPOIITYBaY.

STUDYING THE HYDRODYNAMIC CHARACTERISTICS OF PROTECTION
ELEMENTS IN FOOD PRODUCTION

Rjabova I.B.}, PhD, associate professor, Petukhova O.A.2, PhD, associate professor,
Gornostal S.A.%, PhD, Shcherbak S.M.?
'National Technical University «KPl», Kharkiv
National University of Civil Protection of Ukraine, Kharkiv

Abstract. An important component of the cost of food products is the elements of ensuring their safe produc-
tion, one of which is the internal fire water supply, which is obligatory for installation in the premises of food
production enterprises with the appropriate category for fire and fire hazard, fire resistance and the volume of
the production building. With the introduction of the DBN V 2.5-64:2012 "Internal plumbing and sewage sys-
tem", each cabinet, except for installed fire faucet with a diameter of 50 or 65 mm, necessarily completes an
additional fire faucet with a diameter of 25 or 33 mm, which is designed for the rapid introduction of extinguish-
ing agent in the initial stage of the development of the fire, and therefore provides a reduction of losses from it.
Additional fire faucets are completed with a sleeve (length of the sleeve - up to 30 m, diameter of the sleeve - 25
mm or 33 mm, type of sleeve - semi-rigid) and the sprayer (diameter of the outlet of the sprayer from 4 to 12
mm). The advantages of such devices include small dimensions. The use of special spray nozzles allows you to
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