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Tlocmpoena ocecummempuinan HeCMayuoHapHas MoOelb NPoYecca MenionepeHoca 8 HeNOOBUNCHOM YUTUHOPUYECKOM NAOMHOYNA-
KOBAHHOM ClO€ C Y4emom meniogo2o NOMoKa uepes 2a308yio paszy 3a cuem menionposoOHOCIU U USTYYEHUA, U MenI00moail yepes
uacmuysl U3-3a KOHOYKMUBHO20 U PAOUayUoOHHo20 menioobmena mexcoy numu. C ucnonvzosanuem paspabomanHol Mooenu nouy-
YeHa 0emanbHAas UHPOPMAYUsL O NPOPUIAX meMnepamypuvl yacmuy, Kodpguyuenmax 3¢phexmuHol menionpo8oOHOCHU U Menio-
omoauu usryueHuem 8 1oboll mouke NONePeuHo2o cevenus cios 6 no6oi momenm epemenu. Ilpoussedena oyenka epemeny npozpe-
60 HENOOBUNCHOO CNOA OIS PASIUUHBIX 8UOOE KOKCO30NbHBIX YACMUY Y2l U OUOMACCYL, YMO MOXCem Oblmb UCNOTIb306AHO NPU NYC-
KOHANAOOUHBIX PEINCUMAX YCIMAHOBOK MEPMOXUMUYECKOU nepepabomiku meepovix monaus. Ilokasarno, umo: 1) ckopocms npozpesa
HENOOBUIICHO20 COSL 3A6UCUM 6 OCHOGHOM OM Mpex NApamMempos: HIOMHOCMU, MeNIONPOBOOHOCHU U OUAMEmPd HACMuY;
2) ymenvuenue Kodpuyuenma menionpogooHOCmu U OuamMempa Yacmuy, a maxxce NOSblUeHUe UX NIOMHOCIU YEeTUYU8aen
8peMs Hazpesa 4acmuy 8 HenooBUNCHOM cloe; 3) pemsa npozpesa HenoOBUNCHO2O CILOSL YACTUY CONOMbL SHAYUMETbHO HUCE, YeM
npu Hazpese 2a306020 Yeis U3-3d MEHbUel BeUYUHbL HACLINHOU NIOMHOCMU Yacmuy buomaccel; 4) epemena nazpeea uacmuy iyseu
U 24308020 Yelsl COUSMEPUMbL; ) C YBETUUECHUEM BDEMEHU NPO2PEBA HENOOBUIICHO2O CILOSL NPOUCX00Um dehopmayus npogus mem-
nepamyp, 8bl36aHHAS POCHOM KOIPDuyuenmos spdekmusHoi menionposoOHOCHU, MENTOOMOAUU USLYHEHUEM MEXHCOY COCEOHUMU
yacmuyamu, menionepenocd om Yacmuybsl 4epes a3 MUMO COCEOHUX 3ePeH U3-3a NOGLIUEHUs 3HAYEH UL MEeMNepamypbl KOKCO301b-
HBIX 4aCmuy 60 6cex MOYKAX NONePeyHo2o cevenus cuos. bubn. 4, puc. 8.

Kniouesvie cnosa: nenodsudichuill NIOMHOYNAKOBAHHBIN CIOL, COAOMA, y32d, Y201b, MENIONPOGOOHOCHb, NIOMHOCMb, KOHOYKMUG-
Hbll, pAOUAYUOHHBIIL.

SIMULATION AND NUMERICAL INVESTIGATION
OF THE NONSTATIONARY HEAT TRANSFER PROCESS
IN THE STATIONARY PACKED BED

B. Rokhman, doctor of technical sciences, leading researcher

Institute of renewable energy, NAS Ukraine
02094 20A Hnata Khotkevycha St., Kyiv, Ukraine

An axisymmetric nonstationary model of the heat transfer process in a stationary cylindrical packed bed is developed with allowance
for the heat flux through the gas phase due to thermal conductivity and radiation, and heat transfer through the particles due to con-
ductive and radiative heat exchange between them. Using the developed model, extensive numerical studies of the influence of diame-
ter, thermal conductivity and particle density (biomass, coal) on the heating rate of a fixed bed at any time were carried out. An es-
timate of the warm-up time of the fixed bed for various types of coke-ash particles of coal and biomass was made, which can be used
in commissioning modes of plants for the thermochemical processing of solid fuels. It is shown that: 1) the rate of heating of the fixed
bed depends mainly on three parameters: density, thermal conductivity and particle diameter; 2) a decrease in the coefficient of
thermal conductivity and the diameter of the particles and an increase in their density increases the heating time of the particles in a
fixed bed; 3) the warm-up time of the fixed bed of straw particles is significantly lower than when heating gas coal due to the lower
bulk density of biomass particles; 4) the heating time of the husk particles and gas coal is commensurate; 5) with increasing warm-
ing time of the fixed bed, the temperature profile deforms due to an increase in the coefficients of effective thermal conductivity, heat
transfer by radiation between adjacent particles, heat transfer from a particle through a gas past neighboring grains due to an in-
crease in temperature values of coke-ash particles at all points of the cross section of the bed. Referenses 4, fig. 8.

Keywords: fixed packed bed, straw, husk, coal, thermal conductivity, density, conductive, radiation.
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Ycii0BHbIE 0003HAYEHHS:

a  — CTeNeHb YepHOTHI YaCTHUIIBI; 0  — Imamerp YacTHUIEL, M;
¢ — TemioeMKocTh, kJx/(kr-K); €  — IIOPO3HOCTH CJIOS;
D - nunaMerp UMIMHAPUYECKOI HOBEPXHOCTH, M ; A —xodpdunuent remtonpoBoanoctu, kx/(c-m-K);
R - paamyc NUIMHAPUYECKOI HOBEPXHOCTH, M; p  — ILIOTHOCTB, KI/M’;
r — TeKyUHi paauyc, M; oy — nocrosiHHas Credana—bonbimana, KJIK/ (c- M2 KY;
t - temmeparypa, °C; T —BpeMms, C;
o — koaddurment Temmoobmena, kx/(c-m>K); & - mapamerp MOJENH TEIIONPOBOIHOCTH 3€PHUCTOTO CIIOS.
HNupexcer:

bed — CIIOH; w — [TIOBEPXHOCTb;

cond — KOHZYKTHBHBII TETUIOOOMEH; 20 — 3¢ (eKTUBHBII;

g —ras; 0 — HavyaJIbHbIE YCIIOBUS;

p — 4acTuLa; I-V - Bapuantsl pacuera.

rad — JIy49UCTHII TETUIO0OMEH;

BBenenme. Hacrosimiass paboTta mocBsiieHa Ma-
TEeMAaTHIECKOMY MOJICTTUPOBAHUIO W YHCICHHOMY
HCCIICIOBAHUIO BJIMSHHUS T'€OMETPHUYECKHX WU (DHU3H-
YECKUX IMapaMETPOB Pa3IUYHBIX BHUJIOB KOKCO30JIb-
HBIX YacCTHUIl TBEPABIX TOIUIMB Ha IMpPOLECC pagualib-
HOTO TEIUIONepeHOoca 3a CYST HECTAI[MOHAPHOU TeTI-
JIOTIPOBOAHOCTH B MWJIMHAPHICCKOM TUIOTHOM CJIOE.

MocranoBka 3amaum. [Ipeqnaraemas mMonens 6a-
3UpYeTCs Ha CIEAYIONINX OCHOBHBIX MPEANOCHUIKAX:

1) Hecepuueckre KOKCO30JIbHBIC YACTHIIBI Ka-
MEHHOTO yTJIS WM OMOMAacchl (COJIoMa, JIy3ra) MMe-
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0T [1apooOpa3Hyo (opMy, DKBHUBAJICHTHBIN JHa-
METp KOTOPBIX OIpenensiercs 4depe3 o0beM 3epeH
HENPaBUILHOU (OPMBI;

2) paccMaTpHBAKOTCS KOKCO3OJIEHBIC YaCTHUIIBI
0e3 coJiepKaHus JICTyYUX BEIIESCTB U UCXOIHOH Bia-
T'H TBEP/IOTO TOIUIHBA;

3) Temmeparypa OIHOPOAHONW OOKOBOH IMOBEPX-
HOCTH IWIMHIPUYECKOW CTCHKH, OrpaHHUYMBAIONICH
00BEM HETIOJBMIKHOTO CJIOS, TOCTOSTHHA M HE MEHSI-
€TCsl BIIOJIb TOBEPXHOCTH;

4) TETUTOBBIM COIIPOTHUBIICHUEM OTPaXKTAFOIICH
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MMOBEPXHOCTH MpeHeOperaem;

5) He YYHWTHIBaeTCS BIUSHUE W3MEHEHHS OH-
TaJBIHH Ta3a Ha pacCMaTPHUBAaEMBIi MPOIIECC;

6) TeTeporeHHasi CUCTeMa ra3 — TBEpJbIe Yac-
THUIBI pAaCCMATPHUBACTCS KaK KBa3UTOMOTCHHBIN
KOHTUHYYM ¢ 3G (eKTUBHBIM KO3 (PHUIIMEHTOM Tel-
JIOTIPOBOTHOCTH;

7) ra3oBast (baza B CI0€ HETIO/IBIKHA,;

8) TemmepaTypbl Ta3a W YaCTHI[ PaBHBI MEXIY
COO0OM.

OcHOBHbIE ypaBHeHMsl. YpaBHEHHE, ONHCHI-
BaroIee WM3MCHCHHE BO BPEMEHU paTUaIbHOTO
pacrpeneneHus TeMIepaTypbl YacTHIl B IUIUH]-
pUYECKOM TUJIOTHOYNAKOBAHHOM 3EPHHCTOM CJIOE€
nMmeeT B [1]

dc,t, 0

0t _E

,
oy

p,(1-¢) , (1)

riae 3¢ GeKTUBHBIN KO PHUIIMEHT TEIJIONPOBOIHO-
CTH A, Haxourcs 1o hopmyrne [2]
A, a I-¢
=gl 1+ + S @
A . A . 1 4 e
arad,p 6 3 7\'1)
A

rad,g

1/®+

g

KO3 (UIUCHT TEIUTIOOTAaYM W3TYyYCHHEM OT YacCTH-
Il Yepe3 ra3 MUMO COCEIHUX 3€PCH ONMPeAeiAcTCs
COTJIaCHO BBIPKCHHUIO [2]

O = 0,227 10* 1 X
1+e(1-a,)/(2a,(1-¢)) 3)
(1, +273)°,
KO3 (QUITUCHT TETUIOOTAAYH U3ITyYCHUEM MEKIY
COCEIHUMH YacTULaMu [2] —
a (t. +273)°
Oy, =0,227 007 22— )

_ap

IlepBorit uwneH GhopMmymasl (2) YIUTHIBAET TEILIO-
BOW TOTOK Yepe3 ra3oBy (a3dy TEIUIONPOBOIHO-
CThIO M W3JIYYCHHUEM, BTOPOM — TEIUIOOTIauy Yepes
YaCTHIIBI 32 CYET KOHAYKTUBHOTO M PaJUAIMOHHOTO
TEII000MEHa MEX Ty HUMHU.

HexkoTtopsble pe3yabTaThl pacyeToB. O0cyum
pe3yNbTaThl pacYeTOB ISATH BApPUAHTOB HArpeBa pas-
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JIMYHBIX BUJIOB TBEPJBIX TOIIUB B LIMIUHAPHIECKOM
HEMOJBUKHOM CIIOE.
Bapuanr I: razoBbiii yromb,
A, = 0,0038 x/Ix/(c-m-K) [3], pp = 1383 Kr/m’,
0 =0,009 m.
Bapuanr II: conoma,
A, = 8-10” kJlx/(c-M-K), p, = 133 kr/™’,
6 =0,0073 m.
Bapuanrts! Il u V: ny3ra,
A, = 0,0001 &JTx/(c-M-K), p, = 200 kr/m’,
6 =0,0019 m.

Bapuanrt IV: xameHHBIH yIiib,

A, = 0,00025 xJlx/(c-m-K) [3], p, = 1300 kr/nr’,
6 =0,009 m.

Bapwuantse Il u V oTimuarotres Mexay coOoi
crocoboM pacuera 3PGeKTUBHOTO Kod(hPUIIUeHTA
TEIIONPOBOJHOCTH A.4. B Bapuanre III Benuumnua
Asp BBIUHCIISAETCS C HCIOJIb30BAHUEM BBIPAKECHUIA
(2)—(4), B V — coriacHO peKoMeHAAusIM [4]:

)\’acb = acond + arad > (5)
rae Ko3(pPUIMEeHT KOHIYKTUBHOTO TEIIIO0OMEHa
PacCUUTHIBACTCS KaK

2, 1n(xp/xg)_1 ]
a‘cond s ( )
A . A .
I-—| 1-—
p p

a KO3(1)(1)I/ILII/IGHT TCIUIOOTAAYU U3JIIYUYCHUEM — UCXOOA
U3 BBIPAXKCHUA

0.96

| 40,(1, +273)° /0,
2 ! -1 L
a, 0,576

Bo Bcex BapuaHTax fyy = 30 °C, Dy =

o, =0,7072, (1, /1, ) (7)

=024 M, e = 0,4 ™, a, = 0,85. Jlyia pemienus aByx-
MEpPHOTO ypaBHEHHUS HECTAllMOHAPHOW TEIUIONpO-
BogHOCTH (1) HEOOXOMUMO 33a/1aTh TPAHUIHBIC YCIIO-
BHSI Ha OCH U CTEHKE Orpakjaromero muwmaapa. Ha
OCH HETOJBMXHOTO CJIOSl TPAaHUYHBIC YCIOBUS 3a/a-
10TCA n3

COOOpaKEeHHMSI CHUMMETPHUHU

(r = 0): 0t,/0r =0, Ha TOBEPXHOCTH IUIHHIPA
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(r=R) — tygr = t, = 900 °C. PacuerHslii MaTepuan
MPOUJUTIOCTPUPOBAH Ha puc. 1-8, rie npencraBieHbl
npoduan Haubosiee BaXKHBIX MapaMETPOB Ipoliecca
HarpeBa KOKCO30JbHBIX YacTHIl TBEPAOTO TOILIHMBA B
HenoJB>XHOM cioe. Ha puc. 1 a mokaszaHo pacmpe-
JIeJIeHNEe PacYeTHBIX 3HAYCHHWH TemIepaTyp YacTHII
ra3oBOTO YISl MO MOMEPEYHOMY CEUYCHHUIO HEMOJ-
BIDKHOTO ¢J10s1. BUHO, 4TO ¢ MOBBIIIEHHEM BpEMEHHU

MporpeBa IJIOTHOTO CIIOS, HAOII0IaeTCs U3MEHEHUE
XapakTepa 3aBUCHMOCTH 1,(T, 7), OOYCIIOBIEHHOE
poctoM 3(dekTHBHOTO KO3 (UIMEHTa TEIIonpo-
BOJHOCTH Ang(Olrad,ps Orade) (PHC. 1 6) 3a cyeT Bo3pac-
TaHus KOX(QQUIIMCHTOB TEIUIOOTAAYN H3IyICHUEM
Orad p(fp) M Orado(t,) (pHC. 2; cM. (2)—(4)) H3-3a MOBHI-
IIEHHWs 3HAYEHHMH TEMIIepaTyphl YacTHIl f, BO BCEX
TOYKaX MOMEPEYHOTO CEYCHUS CIIOSI.

10001 5p7C a 0,003 e, 1w (17K
17 _
9 8 10 ~
7 0 .
5
) / i
EY ; ;
I 5
500r 0,0015 sl
0 0,05 0.1 7m 0 0.05 KT

Puc. 1. PacnipenesieHue TemnepaTypsl ra3oBoro yrJsi (a) u 3¢pgekTuBHOro ko3gpuuneHTa TenjJonpoBoIHOCTH
(6) no nonepevYHOMY CeYeHHIO HEMOABUKHOIO CJ1051 B 3AaBUCMMOCTH OT BpeMeHnu nporpesa: / — 0,0002 c,
2-450c¢,3-1050c,4-1350c¢,5-1500c¢c,6—-1800c, 7—2100 c, 8 — 2550 c, 9 — 3000 c,

10 -3450 ¢, 11 — 5850 c (Bapuanr I)

Fig. 1. Temperature distribution of the gas coal (a) and the effective coefficient of thermal conductivity (6) over
the cross section of the fixed bed as a function of the heating time: 7/ — 0,0002 s, 2 — 450 s, 3 — 1050 s, 4 — 1350 s,
5-1500s,6-1800s,7—-2100s, 8 -25505s,9-3000s, 10—-3450s, 11 — 5850 s (variant I)

BingnosmoBana enepreruka. 2018. Ne 4 18



KOMIUIEKCHI EHEPTETUYHI CUCTEMH HA OCHOBI B/IE

ISSN 1819-8058

0 3 - Oeadp, KT xA(cor K 0.4 - eadg, K A oo K
0 —» 035p _ {0
025} D 7
03f 2
&
0.2} _
0.25 ,
015} 0.2}
0,15}
0.1}
0.1}
l 0,05
0 0,05 0.1rm 0 0.05 0.17m

Puc. 2. Pacnpenenenne ko3 GpUIHEHTOB TENJI00TAAYH H3TYYEHHEM Upaq p (@) U Uraq o () IO MONIEPEYHOMY CEYe-
HHMI0 HEMOJABUKHOTO CJI051 B 3aBUCMMOCTH OT BpeMeHH MmporpeBa razosoro yris: [ —450 ¢, 2 — 1050 ¢, 3 — 1350 ¢,
4-1500¢,5-1800¢c, 6 -2100c, 7—2550 ¢, 8 —3000 c, 9 — 3450 c, 10 — 5850 ¢ (BapuanT I)

Fig. 2. Distribution of the heat transfer coefficients for the radiation a,,q, (¢) and a,,4, (0) over the cross section

of the fixed bed, depending on the gas coal heating time:

1-450s,2-10505s,3-1350s,4—-1500s, 5-1800 s,

6-2100s, 7-2550s,8-3000s, 9—3450s, 10 — 5850 s (variant I)

CKOpoCTh TIPOTpEBa IUIOTHOTO CIIOS 3aBUCHT B
OCHOBHOM OT Tpe€X HapaMeTpoB A,, pp, U O, UTO Clle-
nyet u3 ypaBHenui (1) u (2). C yBenuuenueM ko3¢-
(uIMenTa TenIO0NpPOBOJIHOCTH MaTepHana A, U aua-
METpa YacTHIl 0 U yMEHBIICHHEM WX IUIOTHOCTH,
CKOPOCTh TIPOTPEBa IUIOTHOYNAKOBAHHOTO 3€pHH-
CTOTO CIIOSl BO3PACTAET.

B Bapuanre II, rae ortHomeHus Ay/d,y =
= 47,5 u pp/ppn = 10,4, Bpems nporpesa cnos 3Ha4u-
TEIHHO MEHBIIIE, qeM B Bapmante |
(cp. puc. 1 a u puc. 3 a). B aToM ciydae ompenme-
nronuM (akTOpoM CKOPOCTH HarpeBa YacTHUIl B
CJIO€ ABJAETCA HUX IJIOTHOCTB (Ppr>>ppm; cM. (1)),

BCIIEJICTBHE Yero TPaJUeHT TeMmIepaTyp Bo3pac-

BingnosmoBana enepreruka. 2018. Ne 4
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Taet (diy(t, r)/dv)y > (dty(t, r)/dt);, 4T0 IPUBOIAMT K
TTOBBINICHUIO KOX(P(GUIIMEHTOB TEIUIOOTAAYN H3ITY-
YEHHUEM Olraq pii(fp) > Oradpi(fp) M Oraq gri(fp) > Olragg1(Zp), @
clefoBaTeIbHO M dPQeKkTuBHOrO0 Kodddummenta
TEIIONPOBOJHOCTH Asgri(Crad.pits Oradgi) > Asgpi(Ohrad.pls
Orad,or) (Cp. pHC. 1 0, puc. 2 1 3 6, puc. 4).

Heckonpko wuHasts kapTuHa HaOnromaercs B
cilydyae IporpeBa peTopThl ¢ ny3rod (Bapuant III).
3nechk BausAHHE NepBoro GaxkTopa pyi/ppm = 6,9
HOJHOCTBIO KOMIIEHCUPYETCS BTOPBIM — Api/Apm =
= 38, Omarogaps 4eMy BpeMEHa IMpOrpeBa HEMO.I-
BIDKHOTO CJIOSI C Ta30BBIM yTIJIeM M Jy3rol OKas3bl-
BAalOTCA COM3MEpPUMBIMH (cp. puc.l, puc.2 u
puc. 5, puc. 6).
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Puc. 3. Pacnipenienienne TeMnepaTypbl YacTHII c0JIOMBI (@) 1 3¢ dexTuBHOrO KO3(pPHIHEHTA TEIIONPOBOAHOCTH
(6) Mo monepeYHOMY CeYEeHHI0 HEMOABUKHOTO CJI051 B 3aBUCMMOCTH OT Bpemenn nmporpesa: / — 0,0002 ¢, 2 — 300 c,
3-450c¢,4-600c,5-750c,6-900c, 7—- 1050 c, 8 — 1650 ¢ (Bapuanr II)

Fig. 3. Temperature distribution of the straw particles (a) and the effective coefficient of thermal conductivity (o)
over the cross section of the fixed bed as a function of the heating time: / — 0,0002 s, 2-300s, 3 -450s, 4 - 600 s,
5-7508,6-900s,7—1050s, 8 — 1650 s (variant II)
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Puc. 4. Pacnpenesnenne K03(p(pUUHEHTOB TENI00TAAYH H3TYYEHHEM Uraqp (@) H Oraq o (0) IO MONEPEUHOMY
CeYEeHHI0 HEMOABUKHOTO CJ1051 B 3aBUCMMOCTH OT BpeMeHH nporpesa yactun coaombl: / — 300 c, 2 - 450 c,
3-600c,4-750c,5-900c, 61050 c, 7 - 1650 c (BapuanT II)

Fig. 4. Distribution of the heat transfer coefficients for the radiation a,,q, (¢) and 0,4, (0) over the cross section
of the fixed bed, depending on the straw particles heating time: / — 300s, 2 —450s,3 —600s,4 —7505s,5-900 s,
6 — 1050 s, 7 — 1650 s (variant II)
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Puc. 5. Pacnipenesienne TeMnepaTtypsbl Jy3ru () 1 3¢ (peKTHBHOT0 K03 pHieHTa TeIIONPOBOIHOCTH () IO MOMEPEeYHOMY
CeYeHHIO HeNOABMKHOIO CJIOSI B 3aBUCHUMOCTH OT BpeMeHu nporpesa: / —0,0002 ¢, 2 -450c¢, 3-1050 ¢, 4 - 1500 ¢, 5—-2100 c,
6—12550c, 7—3000 c, 8 —3750 ¢, 9 — 5550 c (Bapuanr III)

Fig. 5. Temperature distribution of the husk (a) and the effective coefficient of thermal conductivity (9) over the cross section
of the fixed bed as a function of the heating time: / — 0,0002 s, 2 - 4505, 3 -1050s,4 — 15005, 5—-2100s, 6 —2550 s,
7-3000s, 8 -3750s, 9 —5550 s (variant III)

0,3 - Ceadp, 11 /(oK) a 04 -Dfrad,g,fcﬂx’f(c'mz'}{) &

0.2%

0,2

0z

015

0,1+

005k

0 005 01rm 005 01 rm

Puc. 6. Pacnpenenenne ko3QpGpuuneHTOB TENI00TAAYH H3TYIEHHEM Uryqp (@) H Opyq,g (0) 110 MONEPEUHOMY CEYEHHIO HENO-
BU/KHOTO €J1051 B 3aBHCHMOCTH OT BpeMeHH mporpesa ay3ru: / —450 ¢, 2 - 1050 ¢, 3 — 1500 ¢, 4 — 2100 ¢, 5 — 2550 ¢, 6 — 3000 c,
7 —=3750 c, 8 — 5550 ¢ (Bapuanrt III)

Fig. 6. Distribution of the heat transfer coefficients for the radiation a,,q4, (@) and a,,q, () over the cross section of the fixed
bed, depending on the husk heating time: / — 450 s, 2 — 1050 s, 3 — 1500 s, 4 — 2100 s, 5 — 2550 s, 6 — 3000 s, 7 — 3750 s,
8 — 5550 s (variant IIT)
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YMeHblIeHHEe KO3 QUIMEHTa TETUIONMPOBOIHO-
ctu A, ¢ 0,0038 no 0,00025 x/Ix/(c-m-K) (cp. Bapu-
auTel [ u IV) npuBOAUT K YMEHBIIEHUIO BEIMYHUHbI
Ay, BCIEJCTBHE 4YEro BpeMs MpPOrpeBa YacTHIl Ka-
MEHHOTO yriisi B BapuaHTe IV oOka3bIBaeTCs BBIIIE,
yeM B Bapuante I (cp. puc. 1 u puc. 7).

Kak ormeuanocs paHee, pe3ynbTaThl pacdeToOB
s dhexkTuBHOTO KO3(PPUIMEHTA TEILTONMPOBOIHOCTH

1000 EpsC

200

0 0.05  01rm

Ay 11 BapuanTa III momydeHsl ¢ MCIONb30BaHUEM
BeIpakeHnid (2)—(4) [2], a B BapuaHTe V — COTJIacHO
3aBucuMocTsaM (5)—(7) [4]. AHanu3 4YKMCIEHHBIX HC-
CJIEIOBaHMI TMOKa3bIBAET, YTO 3HAUEHUS 3aBUCUMO-
CTH 1,(T, 1), @ TaKXkKe QYHKIHHU Ay (T, ) B pacCMaTpPH-
Ba€MbIX BapUaHTaX [OCTATOYHO OJM3KH, IOITOMY
BpeMs IpOrpeBa B 0OOMX BAapHAHTaX COU3MEPUMO
(cp. puc. 5 u puc. 8).
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Puc. 7. PacnpenesieHue TemMnepaTypbl KaMeHHOTo yris (@) u 3¢ dpeKTHBHOr0 Kod3(pPuiHeHTa TeNJI0NnPOBOIHOCTH
(6) no nonepevYHOMY CeYEeHHIO HEMOABUKHOTO CJ1051 B 3AaBUCMMOCTH OT BpeMenu nporpesa: / — 0,0002 c,
2-450c¢,3-1050c¢c,4-2100c, 5 —3000 c, 6 —3450 ¢, 7 — 4050 ¢, 8 — 4950 ¢, 9 — 6000 c, 10 — 8850 ¢ (Bapuant V)

Fig. 7. Temperature distribution of the coal (a) and the effective coefficient of thermal conductivity (¢) over the
cross section of the fixed bed as a function of the heating time: / — 0,0002 s, 2 —450s, 3 — 1050 s, 4 — 2100 s,
5-3000s,6—-3450s,7—-4050s,8-4950s, 9— 6000 s, 10 — 8850 s (variant IV)
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Puc. 8. Pacnipenenenne TeMneparypsbl Jy3ru (a) u 3¢ (peKTHBHOT0 K03()(PHUIMEHTa TeNIONPOBOTHOCTH () 1O 1M0-
nepevyHOMY ce4eHHI0 HEeMOABUKHOIO CJIOsI B 3aBUCHMOCTH OT BpeMeHu nporpesa: / — 0,0002 ¢, 2 - 450 c,
3-1050¢,4-1500c¢,5-2100 ¢, 6 — 2550 ¢, 7 — 3000 c, 8 — 3750 c, 9 — 5550 c (Bapuant V)

Fig. 8. Temperature distribution of the husk («) and the effective coefficient of thermal conductivity (6) over the
cross section of the fixed bed as a function of the heating time: / — 0,0002 s, 2 - 450 s, 3 — 1050 s, 4 — 1500 s,
5-2100s,6—-2550s,7—-3000s,8—3750s, 9— 5550 s (variant V)

BeiBoawl. 1. TlocTpoena aBymepHas ocecHM-
METpUYHas MaTeMaTU4ecKas MOJENb HECTAlMOHAp-
HOTO TIpOIIecca TEIIONPOBOAHOCTH B HEMOBIKHOM
MUIHHIPHYECKOM TUIOTHOYITIAKOBAHHOM CJIOE, KOTO-
pasi BKJIIOYaeT B ce0s KOHIYKTHBHBIH TEIJIOOOMEH,
paJMalMOHHBIN TEIUIONEPEHOC OT YAaCTHIIBI 4Yepe3
ra3 MAMO COCEJHHUX 3€PCH, TEIUIOOTAady H3IyYCHU-
€M MEXJy COCETHUMH YaCTHIIAMH.

2. [pemioxkeHHas MOJIEITb TO3BOJISIET TOTYYHUTh
JETATLHYI0 UH(QOPMAIIHIO O paclpeeCHHH TeMIIe-
paTyphl gacTtull, kodddurmenTax 3pGheKTHBHON Te-
TUTOTIPOBOTHOCTH M TEIUIOOT/IaYH M3IYYCHUEM B JIFO-
00l TOYKE MOMEPEYHOTO CEUCHHUS CIIOS B JTFOOOH MO-
MEHT BpeMmeHH. Kpome TOro, MOJIEnb IO3BOJSET
OILICHUTh BPEMs IPOrpeBa HEMOIBMXKHOTO ILIOTHO-
YIIAKOBAHHOTO CIIOS JUIS Pa3UYHBIX BHJIOB KOKCO-
30JIGHBIX YACTHIl YIJIsl MM OHOMAcCChl, YTO MOXKET
OBITh UCMOJIB30BAHO TPU MYCKOHAIAIOYHBIX PEHKH-
Max YCTAaHOBOK TEPMOXHUMHUYECKON TmepepaboTKu

BingnosmoBana enepreruka. 2018. Ne 4

TBEP/BIX TOTLIHB.
3. IlokaszaHo, 4TO: a) C yBEIMYECHHUEM BpPEMEHU
MIpOTpeBa HEMOABHKHOTO CJIOS TPOUCXOIUT medop-
Mauus npoQuias Temrepatryp f,(t, r), BbI3BaHHasd
poctoM KoddPuumenToB 3hHEKTUBHON TemIonpo-
BOJHOCTH Ay(Olrad ps Olrad,g) ¥ TETUIOOTAAYH M3TyYEHH-
€M Opadp(fp) M Oradg(fp) M3-3a MOBBINIEHUA 3HAYCHUM
TeMITepaTyphl KOKCO30JIBHBIX YACTHIT BO BCEX TOUKAX
MOTIEPEYHOTO CeYCHHS CJI0s; 0) BpeMs Mporpesa He-
MOJIBMYKHOTO TUIOTHOYMAKOBAHHOT'O CJIOSI  YaCTHI]
COJIOMBI 3HAYMTEIHHO HHXKE, UYeM IPH HArpeBe Ta30-
BOIO YIJISI M3-32 MEHbBIIEH BEIUYMHBI HACBHIITHOU
IJIOTHOCTU YAaCTHIl OMOMAcChl; B) BPEMEHA Harpesa
YaCTHI[ Jy3TH U Ta30BOT0 YIJIsI OKa3bIBAIOTCS COU3-
MEPUMBIMU. DTO OOBSCHSAETCS TEM, YTO BIUSHUC
nepBoro GakTopa pyi/ppm = 6,9 NOTHOCTHIO HUBEIHU-
pyercst BTOPbIM — Ap/Apm = 38; T) yMEHbIIEHHE KO-
3 PUITUEHTA TEIUIONPOBOIHOCTA MaTepHalia yBEINYH-
BaeT BpeMsl HarpeBa YacTHIl B HEMOJABKHOM CJIOE.
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MOJAEJIOBAHHSA I YUCEJBHE JOCJIIKEHHS
HECTAIIOHAPHOI'O ITPOLIECY TEIIJIOIIEPEHOCY
B HEPYXOMOMY IIIJIBHO YITAKOBAHOMY HIAPI

B.B. PoxmaH, TOKTOp TEXHIYHHX HayK

IuctutyT BinHoBmoBanoi enepreruku HAH Ykpainu
02094 By:n. 'nata XortkeBuua, 20A, M. KuiB, Ykpaina

Tlo6yodosano ocecumempuuny necmayionapny mooens npoyecy
menyionepeHocy 6 HepyxoMOMy YUNIHOPUUHOMY WINbHOYNAKO-
6AHOMY WAPI 3 YPAXYBAHHAM MENI06020 NOMOKY Hepes 2a306)
¢hazy 3a paxyHox menionpogioHocmi i GUNPOMIHIOBAHHS, | men-
106i00aui uepe3 YACMUHKU 3a80SAKU KOHOYKMUGHOMY I padiayii-

HOMY Menio06Miny Midc HUMU. 3 GUKOPUCMANHAM PO3POOIEHOT

MOOeli OMpUMAno demaivhy iHgopmayilo npo npoini memne-
pamypu uacmuHox, Koegiyicnmu epexmuenoi menionpogiono-
cmi | mennosiodaui 6UNPOMIHIOBAHHAM 8 OYOb-sKill mouyi none-
peuHozo nepepisy wapy 6 0yOv-aKuti MomeHm yacy. 3pobneno
OYIHKY 4acy npozpiey HepyxXomoz20 wapy O1s pizHux udie KOKco-
30AbHUX YACMUHOK 8V2inna i biomacu, uwjo modice Oymu 6UKopuc-
MAHO NPU NYCKOHANAL0O0UCYBATLHUX PEHCUMAX YCMAHOBOK mep-
Moximiunoi nepepobku meepoux namus. Ilokazano, wo: 1) weu-
OKICMb NPOSPIBANHs HEPYXOMO20 WAapY 3A1edCUMsb 6 OCHOGHOMY
8I0 MPbOX napamempis: WinbHOCMI, MenaionpogioHocmi i odia-
Mempa YacmuHok; 2) smeHuienHs Koepiyichma menionpogioHo-
cmi 1 diamempa YacmuHoK i nioguweHHs iXHboi winbHocmi 30i-
JILULYE 4AC HAZPIBAHHA YACMUHOK 8 HepyXoMomy wiapi; 3) uac
npo2cpiey HePYXoMo20 wapy YaCmuHOK COJOMU 3HAYHO HUIICUUL,
HIDIC N0 YAC HASPIGAHHA 24308020 BY2LlIs Yepe3 MEeHULY 3d PO3-
MIpoM Hacunuy winbHicmes yacmunox biomacu; 4) yacu nazpisy
YACTUHOK JIYWNUHHA | 24308020 8Y2iNNA cyMipHi; 5) 3i 30invuien-
HAM Yacy npozpigy Hepyxomoeo wapy eiodysacmuvcs oeghopma-
yisi npogin memnepamyp, CHpUYUHeHd 3POCMAHHAM Koeiyi-
€HmMi6 ehexmueHoi menionposioHocmi, Mmeniosidoayi eUNPoMi-
HIOBAHHAM MIdC CYCIOHIMU YACMUHKAMU, MENo-nepeHocy 6io
uacmuHKu yepes 2a3 nog3 cycioHi 3epna uepes nioGUUeHHs 3HA-
ueHb memnepamypu KOKCO3O0NbHUX HACMUHOK Yy 6CIX MOUKaxX
nonepeunozo nepepisy wiapy. bion. 4, puc. 8.
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Knwuoei cnosa: nepyxomuili winoHo ynakosanuil wap, coioma,
Jy3ea, yeiniis, MenionposioHicms, WinbHiCMb, KOHOYKMUGHUL,
padiayitiHuil.
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SYNOPSES

A two-dimensional axisymmetric mathematical model of the
nonstationary heat conduction process in a fixed cylindrical
packed bed is developed, taking into account the heat flux
through the gas phase due to thermal conductivity and radiation,
and heat transfer through particles due to conductive and
radiative heat transfer between them. The proposed model makes
it possible to obtain detailed information on the calculated values
of the temperature of the coke-ash particles or biomass, the
coefficients of effective thermal conductivity and heat emission
at any point in the cross section of the bed at any time. With the
help of the developed model, extensive theoretical studies of the
influence of the diameter, thermal conductivity, and density of
coke-ash particles of biomass and coal on the heating time of the
fixed bed to a specified temperature were made. It is shown that:
a) with an increase of the heating time of the stationary bed,
deformation of the temperature profile #,(t, r) occurs — the
temperature equalization in the radial direction due to the growth
of the coefficients of effective thermal conductivity At = f( Oaqps
Oq,¢) and heat emission by radiation due to increasing temperature
of the coke-ash particles at all points of the cross-section of the
bed; b) the time for heating the fixed bed of straw particles is
much lower than heating time of the gas coal because of the
smaller value of the biomass particles bulk density; c) the heating
times of the husk and gas coal particles are commensurate. This is
because the influence of the first factor p,i/ppm = 6,9 is completely
leveled by the second factor — Ay/A,y = 38; d) a decrease in the
thermal conductivity of the material increases the heating time of
the particles in the fixed bed.
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