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AnHoTanus. [TepeBo TUCTIEPCHOro €J10si B MCEBIO0KIKEHHOE COCTOSIHUE MO3BOJISICT MHTEHCH(UIIMPOBATh Hpoliecc cyiiku. Hedompioi
pa3Mep 4acTHI] IPUBOIUT K YBEIMUCHHUIO IOBEPXHOCTH UX KOHTAKTA C TEIJIOHOCUTENEM IIPU CPAaBHUTEIHHO HEBBICOKOM THAPOINHAMHYECKOM
conporuBieHuu. IlepedncneHbl Opyrue IOJOKUTEIbHBIE KAaueCTBAa IICEBJOOXKIKEHMS, YTO BECbMA CYIIECTBEHHO IPU IPOBEACHUU
9K30TEPMUYECKUX IpoueccoB. lloBeneHue ICEBAOOKIKEHHOIO CIJIOS M3Yy4aloch HAaMHM B Iponecce cymku. IlpuBenena kpusas
NICEBAOO0KIDKEHHS CBEKIOBUYHOM CTPYXKKHU. B3BelleHHOE cOCTOsIHME MaTepraia HacTyNnaylo IPU paBEHCTBE CHUJI THMAPOJAUHAMHUYECKOTO CIIOs
BECY BCEX €ro YacTHI], MPUXOAAIINXCS Ha €AMHMILY IO HOIEPEYHOro cedeHus paboyer kameprel. OTMedeHa 001acTh CyIIECTBOBAHUS
TICEBJIOOXKIDKEHHOT O ClI0st. B 310 00acTn BM)XEHHE MOTOKA OBIJIO OTHOCHUTEIHHO PABHOBECHBIM (TICEBIOOXKIDKEHHBIM). Ha moBepxHocTn
CJIOSt OTMEYAJIUCh HEOOIIbIIIME BOJIHBI € PA3JIMYHON YacTOTOM M aMIUIMTY/I0M KojeOaHUi, a TakKe cO CIIOHTAaHHBIMU (UIyKTyauusmu. Takoit
PeXUM pabOTHI JOCTUTAJICS B PE3YJIBTATE MCCIICTOBAHUS KOHCTPYKIMI OIMTOPHO — ra30pacipe/IeINTEIbHON PEIIETKH M CYIIIIBHOW KaMephl.
HccnenoBan npodmiis ckopocTell oToka B padodeii kamepe. Y CTaHOBJICHO 3 QEKTUBHOE BBHIPABHUBAHUE CKOPOCTEH C MOMOIIBIO IIOCKHUX
IITAaMITOBAHHBIX PELIETOK. Pe3ysbTaThl MOATBEPIMIINCEH CIIEKTPAMHU ITOTOKA B paboueii kamepe CyIKu. PaccMoTpeHb! KoieOaHus Ha CBOOOIHON
MIOBEPXHOCTH IICEBJOOXKIDKEHHOTO CJIOS. 3alnCcaHo YypaBHEHHE Oiliepa, KOTOpPOE Jajd0 BO3MOXXHOCTh B pE3yJbTaTe pPa3IMYHBIX
peoOpa3oBaHUil NOMYyYUTh (OPMYITY JJIsl pacyeTa 4acTOThI KoJieOaHU IICEBI00KIKEHHOTO ctost. [IpoBeneHHbIe nCcCeJOBaHMS TO3BOJIIII
YCTaHOBUTb PEKHUMBINCEBIO0KIKEHHYS, B ONPENCICHHON CTENIEHM MUHUMU3UPYIOIINE HEOJHOPOAHOCTh CIIOS, YTO UMEET CYLIECTBEHHOE
npakTHyeckoe 3HaueHue. OHAKO PEXXUMHBIE ITapaMeTphl TPeOyeTCsl KOPPEKTUPOBATH B 3aBUCUMOCTH OT BH/a BHICYIIMBAEMOI'O MaTepHaia 1
Ipyrux ToKazaTeneld. Pe3ynbpraTel uccleIOBaHMS HE 3aTYIICBBIBAIOT OONIME IIOJIOKEHHWS HEPABHOBECHOW TEPMOJMHAMUKH.
[ceBnOOXKIKEHHBIH CII0I HE MOXKET HAXOANTHCS B PABHOBECHOM COCTOSIHHH, IIOCKOJIBKY OYEBHICH IIEPEHOC CYOCTAaHIMNA: SHEPI U, MacChl
umiryiasca. KoppekTHO paccMaTpuBaTh IICEBIOOKIKEHHBIA CIIO Kak HEYyCTOHUYMBBIN. B ciioe Bcerna CymiecTBYIOT Malible M CIIOHTaHHBIC
¢dykryanun. OTCYTCTBHE YCIOBHIA MX 3aTyXaHUs CTAHOBSITCS YCIOBHEM HEYCTOHYMBOCTH IIpoIiecca.
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On the equilibrium and stability of a fluidized bed
as a thermodynamic system

2

Yulian I. Shishatskii * MecTo 111 BBOJA TEKCTA.
Sergey A. Tolstov 2 serezha.tolstoff@ya.ru 7?

Anna A. Derkanosova ! aa-derk@ya.ru 0000-0002-9726-9262
Aleksandr A. Ryndin ®  ryndinaa@mgupp.ru 0000-0001-6861-9297

1 Voronezh State University of Engineering Technologies, Revolution Av., 19 Voronezh, 394036, Russia

2 Air Force Academy named after Professor N.Ye. Zhukovsky and Yu.A. Gagarin, st. Old Bolsheviks, 54 "A", Voronezh, 394064, Russia

3 Moscow State University of Food Production, Volokolamskoe Highway 11, Moscow, 125080, Russia

Abstract. The transfer of the dispersed layer into a fluidized state makes it possible to intensify the drying process. The small size of the particles leads
to an increase in the surface of their contact with the coolant at a relatively low hydrodynamic resistance. Other positive qualities of fluidization are
listed, which is very important when carrying out exothermic processes. We studied the behavior of the fluidized bed during the drying process. The
curve of fluidization of beet chips is shown. The suspended state of the material began when the forces of the hydrodynamic layer were equal to the
weight of all its particles per unit area of the cross-section of the working chamber. The region of existence of the fluidized bed is marked. In this area,
the flow was relatively equilibrium (fluidized). On the surface of the layer, small waves were observed with different frequencies and amplitudes of
oscillations, as well as with spontaneous fluctuations. This mode of operation was achieved as a result of the study of the structures of the support - gas
distribution grid and the drying chamber. The flow velocity profile in the working chamber is investigated. An efficient equalization of velocities with
the help of flat stamped grids has been established. The results were confirmed by the spectra of the flow in the drying chamber. Oscillations on the free
surface of a fluidized bed are considered. The Euler equation was written, which made it possible, as a result of various transformations, to obtain a
formula for calculating the oscillation frequency of the fluidized bed. The studies carried out made it possible to establish the regimes of pseudo-
fluidization, to a certain extent minimizing the heterogeneity of the layer, which is of significant practical importance. However, the operating parameters
need to be adjusted depending on the type of material to be dried and other indicators. The research results do not obscure the general provisions of
nonequilibrium thermodynamics. The fluidized bed cannot be in an equilibrium state, since the transfer of substances is obvious: energy, mass and
momentum. It is correct to regard the fluidized bed as unstable. Small and spontaneous fluctuations always exist in the layer. The absence of conditions
for their decay becomes a condition for the instability of the process.
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BBenenue

VY CTaHOBIICHO, YTO TEPEBOJ] AUCIIEPCHOTO
CIIOSI B MCEBIOOKIDKCHHOE COCTOSHHE TTO3BOJISET
uHTeHCH(UIMpoBaTh mporecce cymku [2, 3]. He-
OOJIBIIION pasMep YaCTHUIl MPUBOIUT K YBEITUUCHUIO
MOBEPXHOCTH X KOHTAKTA C TETUIOHOCUTEIIEM MTPU
CPaBHUTEJIBHO HEBBICOKOM THAPOANHAMUYCCKOM
COMPOTHUBIACHUU. IIpM 3TOM TPAKTHUECKH BCS
MOBEPXHOCTh BCEX YACTHI[ OMBIBACTCS TTOTOKOM,

Ap, Na

post@uestniR-vsuet.ru

YTO B COBOKYITHOCTH C PaBHOMEpPHBIM pBCHpE/e-
JICHUEM TEeMIIepaTypbl B 00bEME IICEI00KMKEH-
HOT'O CJIOSl BECbMa CILECTBEHHO IIPU MPOBEACHHU
9K30TEPMHYECKHX HPOIIECCOB.

[ToBeeHKE TMCETOOKIKCHHOTO CIIOS HAMH
U3y4ajoch B YCIOBHUSX CYIIKH Pa3IHMYHBIX MaTe-
pHaIoB.

KpuBas mnCeBIOOKMKEHHUS CBEKJIOBHUYHO
CTPY)XKKH TIOKa3aHa Ha pucyHke 1 [4].
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Pucynok 1. 3aBUCUMOCTD TUAPOIUHAMUYIECCKOTO COMPOTUBIICHHS CJIOSI CBEKIIOBUYHOM CTPYKKHU Ap OT paboueii CKopocTu
HIOTOKa Do © y/leJbHAs HArpy3Ka Ha OMOPHO — ra3opaclpeleluTebHY 0 PemeTKy (=21,5 Kr/M?, vy — CKOPOCTh Havasa
TICEBIO0KIDKEHHS, Ucy — CKOPOCTH CBOOOTHOTO BHTAHUS (CKOPOCTH YHOCA YACTHII)

Figure 1. The dependence of the hydrodynamic resistance of the beet chip layer Ap on the working flow velocity vo : the
specific load on the gas distribution grid q=21.5 kg/m2, vs— the fluidization start rate, vs -the free-floating rate (particle

entrainment rate)

B3BemanHoe cocTosiHME MarepHuaia HacTy-
1ajo TPH PaBEHCTBE CHJI THIPOJHHAMUYECKOTO
COTIPOTHBIICHHS CJIOS BECY €r0 YacTHII, ITPUXO/ISIIe-
MYCsl Ha €IMHUITY TUIOIIAJN TIOTIEPEYHOTO CeUEHHS
paboueii kamepbl. ['opu3oHTaNBHBIA yuacTok AB
KPHBOM IICEBIO0KIDKESHUS XapaKTeprU3yeT 00J1acTh
CYIIECTBOBaHUSI MCE00KIKEHHOTO CIIOS.

Manetitiiee mpeBbIllicHHE paboyeit CKOpo-
CTH Vo HaJ| BEJIMYUHON e =6,5 M/c (prucyHOK 1)
NPUBOAWIO K yHOCY 4acTuil. OYeBHIHO, YTO Vo
JIOJDKHA HAXOJUTHCS B TIpeliesiax

vnc<0p<DCB.

Ha npaktuke yHOC TNpUMEHANCA HaMHU
JUTS BRITPY3KH TOTOBOTO MaTepuaiia u3 pabodueit
KaMepbl CYITHIIKH.

BusyansHple HaONMrOAEHMS TOKa3aJd, YTO
B 00JIACTH CYIIIECTBOBAHUS TICEBIO0KIDKEHHOTO CIIOS
JBIOKCHUS TIOTOKa OBLTO OTHOCHTEIHHO DPaBHO-
BECTHBIM (TICEBIIOOHOPOHBIM) IIO BCEH BBHICOTE
CJIOSI, a HA €r0 CBOOOJHOHN IMOBEPXHOCTH (OKOJIO
MTOJIO’KEHUSI PAaBHOBECHS) OTMEYAIIUCH HEOOIbIITHE
BOJIHBI C PA3JIMYHOM YaCTOTOM M aMILIUTYJION KoJie-
0aHMii, a TaKXKe CO CIIOHTAHHBIMU (DIYKTyaIHsIMH.
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Takol pexuM pabOThl JTOCTHUTANICS B Pe3yJibTare
COBOKYITHOTO 3KCIIEPUMEHTAIIBHOIO HCCIIEIOBAHUS
KOHCTPYKIUI OMOPHO — ra3opachpeieuTeNbHON
PELIETKH U CYIIMIBHOW KaMepBbl.

Obcyxxnenue

[lpu wuccnenoBanuu NPOPUIS CKOPOCTEH
MOTOKa B paboyeil kKaMepe HCIOJIb30Basiach (op-
MyJia JiIs pacdyeTa Ko3(QQHIMeHTa BhIpaBHUBAHUS
noToka K, kotopasi mpu Ko QUIMEHTE MPETTOMIICHHUS
B=1-0 uMmeeT BULI:

K=1ta—acp)/ (Ita +&y). 1)
rae o — KOX(PQPUIMEHT MPEIIOMIICHUI JIMHUN TI0
Teimopy u butuenopy [9] npu mnpoxoxaeHun
gyepe3 pemeTKky; ¢ — Ko3hOUIMEHT COTPOTHBIICHHUS
pEIIEeTKH.

[Ipu =0, momyanm

K=Aw2/Awo=(1+ fp)'l, (2
TJIE Mo, M1-CPETHSISI CKOPOCTH 10 CEYCHUIO padodeit
KaMephl 710 ¥ [I0CJIE PELIETKH.

[NoydeHo xoporiiee coriiache 3aBUCHMOCTH (2)
SKCIEPUMEHTAILHBIM JaHHBIM, ISl YETO WCIOIh-
30BAIUCh pa3IMYHbIC KOHCTPYKIUH IUIOCKUX
OTIOPHO-TA30PaCTIPEICTUTENLHBIX PEIIETOK.
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B pesynbrate yCTaHOBIEHO, YTO TOJCTO-
CTEHHBIE PENICTKH OOCSCIECUUBAIOT MPAKTUYCCKH
OJINHAKOBYIO CTCIICHb BBIPABHUBAaHUS CKOPOCTEH,
KakK I0 UX ()POHTY, TAK W IO CEUCHUSIM Ha KOHCYHOM
pPacCTOSTHUH 32 HUMHU. Y CTAaHOBJIEHO 3PP eKTHBHOE
BBIpaBHHBAaHUE CKOPOCTEH C MOMOIIBIO IIIOCKUX
PENIeTOK, y KOTOPBIX TIIyOWHA OTBEpCTHI OOJbIe
0HOTO-IBYX AUaMeTpoB d, TO €CTh loms/ Uome=1-2.

[Momyuena 3aBUCHMOCTH KO3((UIIUCHTA
BBIpaBHUMBaHUs ToTOKa K oT ko3 duiueHTa
COTIPOTHBIICHHUS PEIIETKH ¢ B HWIAHAPHYECKON
KaMepe ISl TOJICTOCTCHHBIX PEIIETOK C )KUBBIM
ceuenreM ot 17 1o 58%. JlaHHbBIE alPKCUMUPYIOTCS
JIMHEHHOMN 3aBUCUMOCTBIO:

K=-0,54 &, +0,92 3)
PCSYJ'H)TaTBI IMOATBEPANIIUCH CIICKTpaMU

nmotoka B paboueil kamepe cymwiku npu ¢ =0,8
(prcyHOK 2)

Pucynox 2. ChoexTpel moTOKa (IO DICTKOBHHKAM)
B paboueil kamepe CYIIHIKU

Figure 2. Flow spectra (by silkworms) in the working
chamber of the dryer

N3yuenne BIMSHUSA KOHCTPYKLMH CYIUMIBHOU
KaMepbl Ha CTPYKTYPY TCEBIO0KIKEHHOTO CIIOS
MO3BOJIWJIO yCTAHOBHUTH, HYTO Kamepa C YIJIOM
B BepimnHe KoHyca 200 oOecrieumBana Irydiiee
Ka4yecTBO ICeBAOOXKIKeHHMs. [ [pakTHuecku nonHo-
CTBIO HCKJIFOUAIINCH 3aCTOWHBIE 30HBI.

PaccmotrpuMm  kojieOaHuss Ha CBOOOIHOM
TIOBEPXHOCTH TICEBJIOOKIKEHHOTO cinod. B maHHOM
citydae JBYDKEHHE TBEpJoH (a3bl MOKHO ONHUCATh
ypaBHEHUEM Diepa:

pr(L—¢) (d/ dt +o. A) o.=—Apt urho, (4)

rie pr — IJIOTHOCTh YaCTHI[ TBEpAOH (asbl,
0r — TOPO3HOCTb CJIOS, Ur — CKOPOCTb YacTHII,
p — JaBIICHUE B CIOE, 1 — KOIDPHUIMEHT AUHAMHUYC-
CKOW BSI3KOCTH O>KIDKEHHOT'O areHTa, I — y/IeNbHOe
conpoTtuBiieHne, h — BBICOTA CIIOSA, Ur — CKOPOCTh
OKIDKEHHOTO areHTa.

3afaHHBIE JOMYIIEHUS: TICEBIO0KIKEHHBIN
CIION ABJIAETCS CTAlMOHAPHBIM U PABHOMEPHBIM,
paccMmarpuBaeTCcsd TOJNBKO OJHOMEpHAas 3ajauva,
I7I€ OCh Z — BEPTUKAJIb.
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B pesynbTare psima npeoOpa3oBaHUil ypaB-
HEHUEe Dinepa 3aluChIBACTCA B «IIPUPALICHUSIX),
YTO B JAJIbHENIIIEM [TO3BOJISIET TIOJIYYUTh YPaBHEHHUE
K0JIeOaTeIbHOTO 3aKOHA!
d? uF 3\ oe

—7(027)=Flg-—"2\ oz (9)

rae F - miomanp nonepevyHoro ceueHus padodeit
KaMephbl, e — MIOTHOCTh SHEPTHU AIIEMEHTapHOIO
00beMa NCEeBI00KIKEHHOTO CIIOs, T — BPEMSL.

Pemennem 53TOro ypaBHEHHS SBISETCS
rapMOHHUYECKast (PYHKIHS

dZ =ho +hsindz (6)

rae ¢ — yacrora KoysieOaHUM IICEBIO0KUKEHHOI'O
CII0S1.

Torna yactora koseOaHHii IICEBIOOKIKEHHOTO
CJIOs pacuUThIBaeTCs 110 hopmyIe

4= |F —ﬂ % (7)
S Jdz
IIpH YCJIOBUH, YTO
g>uFu/s, (8)
TJie S-OHTPOTHSI.
Ecoim ycmoBue (8) He BBIIONMHSETCH,

TO B PEATBHOM TIPOIIECCE BOZMOXKEH YHOC YaCTHII.

[IpoBeneHHple WCCIEAOBAHUS TTO3BOJIHIN
YCTaHOBHUTH PEXHUMBI TICEBIOOKIDKEHHS B OTIpEIe-
JICHHOW CTENeHd MHUHHUMHU3UPYIOIINE HEOAHOPO-
HOCTB CJIOSI, 4TO IMEET CYIIECTBEHHOE MTPAKTUIECKOE
3HaueHue. OTHAKO PEKUMHBIC TapaMETPhI BCIKHIMA
pa3 Tpebyercss KOPPEKTUPOBATH B 3aBUCUMOCTH
OT BW/Ia BBICYIIIMBAEMOT'0 MaTepHraJia, €ro Ha4aJbHOTO
Y TEKYIIETO BIAroCOepKaHWi, TeOMETPHUYECKON
(hopMBbI (TUTACTHHBI, IUJIUHIIPA, TIapa) U Jp.

PesynbpTaThl uccienoBaHUs HE 3aTYIICBEI-
BAaIOT OOIIME TIOJOXKEHUSI HEPABHOBECHOM TEPMO-
JUHAaMUKHU. [ICEeBIOOXKMKEHHBIM CIIOW anpuopu
HE MOXKET HAXOJIUThCS B PABHOBECHOM COCTOSIHUH,
MMOCKOJIBKY OYEBHJIEH HENPEPBIBHBIA TIEPEHOC
cyOCTaHIMIA: S3HEPTUH, MACCHI U IIMITYJIbCA, TO €CTh
T+0, gradu+0.

PaBHOBeCHBIE CTPYKTYpBI MOTYT 00pazo-
BaThCSA U MOJJICPKUBATHCA B XOA€ OOpPaTUMBIX
MpEeBPAIIEHNUH, MPOTEKAOIINX MPY HE3HAYUTEIILHOM
OTKJIOHEHHMH OT paBHOBecHs [1], 4ro He obecnieun-
BaeTCA NPU IICEBIOOKIKEHHH.

HeoOxomuMo OTMETHTH, YTO OCHOBOM
HEPABHOBECHOW TEPMOJIMHAMUKH SIBIIIETCS YPaB-
HeHHUe OaaHca SHTPOITUH:

ds=d.s +dis, 9
rae dis=0. (10)
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3neck deS O3HAYaeT BKIAA OKpYXKAIOIIEH
cpensl (MOTOK SHeprum) u diS — MPOM3BOIACTBO
SHTPOIHHM, BBI3BAHHOE HEPAaBHOBECHBIMH IIPOLIEC-

post@uestniR-vsuet.ru
CYLIECTBYIOT MaJlble U CIIOHTaHHbIE (IIyKTYyalUH.
OTCyTCTBHE YCIOBUM HX 3aTyXaHUS CTaHOBSTCA
YCIIOBUEM HEYCTOMYNBOCTH IIPOLECCA.

CaMH BHYTPHU CHUCTEMBbI, WieH diS MOKHO BBIPA3UTh
4yepe3 CKOPOCTH HEOOPAaTHUMBIX MPOLIECCOB U COOT-
BETCTBYIOILIUE CUJIBL.

OTMeTM TakXXe, YTO OJHTPONHS BCeH
HEPaBHOBECHON CUCTEMBI JIMTUBHO CKJIQJBIBACTCS
W3 SHTPOIHN €€ OTACTBHBIX YaCTCH:

S=[ psdV , (11)

re pS— eIUHAIIA 00beMa JOKAIBHON SHTPOIIHH.

3akiouenne

COBOKYITHOE 3KCIIEPUMEHTAIBHOE HCCIIEI0-
BaHHE OTNOPHO — Ta30paclpeNeTUTeIILHON PEIIeTKA
Y CyIIWJIPHOW Kamephl TO3BOMIM  YMEHBIIINTh
HETaTUBHOE BIUSHUE HEOTHOPOIHOCTU IICEBIOOKH-
JKEHHOTO CJIOSl M PEKOMEHJIOBATh HCIIONB30BAThH
pe3ynbTaThl HCCIENOBAHHUS B IMIPOMBIILICHHOCTH.
OpHako, BCJIEICTBUE HEBO3MOKHOCTU YCTPAHEHUS
MaJIbIX M CIOHTAaHHBIX (IIYKTYaIllUil MCEBIIO00MKH-
JKEHHBIM CJIOM SBJISIETCA HEPAaBHOBECHBIM U
HEYCTOWYUBBIM.

KoppexktHo paccmarpuBaTh ICEBIOOXKH-
JKEHHBIN CJI0W Kak HeycToWuuBbIi. B ciioe Bcerma
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