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AHomayina. 3anponoHo8aHo opuziHanbHUl cnocib supobHUYyMea
3 mpicku mononi 8 00Hili ycmaHo8yi 080X Pi3HUX 30 CKAAOOM i Ka-
AI0PIlIHICMI0O CUHMeMUYHUX 2a3i8: cepedHboKasnopiliHoeaoma Hu-
3bKOKanopiliHozo. CepedHboKanopiliHuli 2a3 ompumyrome 3a-
B80AKU npouecy niponizy biomacu ymoHKomy ¢hikcogaHomy wapi
mosuwjuHoto 20 MM nid 8naAUBOM 080X 308HIWIHIX Oxcepesa mero-
80i eHepeii. liponizep sucomoro 225 mm posmawosaHo 8 npomi-
HKY MiXC 020p00XCY8aAbHOI mpyboro diamempom 230x5 mm ma
8HYMpIWHb0t0 Mpyboto 180x5 MM, nosepxHi AKUX NOKPUMO i30-
AAYIEI0 3 Kepamiku moswuHoro 2 mm. llicaa npozpigy nosepxoHs
niponizepa 0o memnepamypu 950-960 C 8 020p00xHy8a1bHY
mpyb6y nodaemscsa niocyweHa mpicka monosi ma 00 No8epxoHs KepamivyHUX i30aAyili 308HILIHLOI Ma 8Hympi-
Hboi mpy6 nideodamsca numomi mennosi nomoku 0—-150 K/ /(c-m?). YacmuHa ppakyiti mpicku mornoni npoHu-
Kae 8 moHKul Kinbyesuli mixcmpybHuli npocmip, a 3aauWioK hopMYyEe HACUN YACMUHOK (Knacmepu) Ha exo0i 8
niponizep. [na pylHy8aHHA Kaacmepie suKopucmosyomes obepmansHull po3nywysay 3 Memanesux eHy4YKux
npymis, w0 0ae amoay cgpopmysamu moHKuUl ¢pikcosaHuli wap. Po32a50aaucs pi3Hi pexcumu niposnizy mpicku
mononi. lMepwuli pexcum: 308HiWHI Mensaosi nomoKu dopisHroromes 0, i npoyec niponizy 8iobysaemocsa 3a paxy-
HOK merina, Wo aKymMysaremMbca 8 Memasi ma Kepamiui, nonepedHso Hazpimux 0o memnepamypu 950 <C. Yac
npoepisy wapy 0o MiHiManbHOi memnepamypu yacmuHoK 760 C cmaHosums 21 c. Tpemitli pexcum: menaosuli
nomik Ha i307auit0  02opodxcysansHoi mpybu— 80 kx/(c-M?), Ha i30aauit0  8HympiWHLOI mpybu —
70 k/Ic/(c:m?). MiHimansHa memnepamypa npozpisy YyacmuHoK Giomacu 3a Yac yukayl8 c cmaHosums 670 C,
a weudkicme npoepisy wapy 0ocszae 1 900 C/x8, W0 € 03HAKOH WBUOKO20 Niponi3y. [1icna Yyuksay suxio nemkux
PEYOBUH 3AKIHYYEMBLCA | 3aAUWAEMbCA YaCMKA CMOAU — 8 %, AKA NpomsA2om 3 ¢ nepemeoproeEMbCA HA Ae2KuUll
203 3a80AKU KpeKiHay, mobmo niponi3Huli 2a3 cKAAOaemMocA aAUWe 3 BMOPUHHO20 2a3Y.
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L3 |nctuTyT rasy HAH Ykpainu, m. Kuis,
YKpaiHa;

23 |HCTUTYT TexHiuHoi Tennodismkm HAH
YKpaiHu, m. Kunis, YkpaiHa

3 |HcTUTYT BiAHOBAOBaHOI eHepreTukn HAH
YKpaiHu, m. Kunis, YkpaiHa

Knrouoei cnoea: Hepyxomuli wap, 6iomaca, menaonposioHicms, nipois, napornosimpaHa easugikayis, men-
71006MiH, 203, memmnepamypa.

Mo3HayeHHA

A, C H,N,O,S, Vun W - macosi 4aCTKM 30111, Byrneuto, Bo-
[OHI0, a30TY, KUCHIO, CipKK, NETKUX PEYOBUH i BONOTM y TBE-
pAOMY Manusi

Din — AiaMeTp BHYTPILLIHbO TPYOU, MM

De — piameTp oropoaKyBanbHoi Tpybu, mm

H —BucoTta, m

g — TennoBWi NOTIK, WO NagaEe Ha MOBEpPXHIO i30nALil,
KO/ (c-m?)

r — pagia/ibHa KoopAuMHaTta, M

t — Temnepartypa, °C

Vgaz, Ytar | Ychar — MACOBi YaCTKM NPOAYKTIB TEPMOIi3Y TPICKU
Tononi (Bi4 cymapHOro MakCMMaNbHOTO BUAiIEHHA Npoay-

KTiB TEpMiYHOro po3KnagaHHaA) rasy, cmonu ta char
Ybiomas — AKTMBHA YaCTWHA TPICKM TONOANI (Bif cymapHOro ma

KCMMa/IbHOTO BWUAJNEHHA NPOAYKTIB TEPMIYHOTO pO3KAa-
[aHHA)

6 — piameTp YacTUHKK, M

€ — MNOPO3HICTb Wapy

A\ — KoediuieHT TennonposigHocTi, KA/ (c-m-K)
p — WiNbHICTb, Kr/m3
T—vac, c

A — TOBLUMHA i301AUiT, MM
Ar — NPOMIXKOK, M

IHaeKen: bed - wap
biomas - 6iomaca

char — ByrinbHuWIA 3a11LWOK
d - cyxa maca

daf — cyxa 6e3301bHa maca
gaz —ras
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izopl — i3onsauia izoplan
max — MakCMMaJibHUM
min — MiHiMabHWI

p — YaCTWHKa

r - pobounit

tar - cmona

Bctyn. 3aranbHU HeZoNiK CXxeM 3 ABUIYHAMM BHYTPILW-
HbOTO 3ropPAHHA — e HAABHICTb BUCOKMX BUMOT [10 YUCTOTU
reHepaTopHOro rasy, A4ONYyCTUMMI BMICT CMOA Nij Yac Tpu-
Basoi poboTU ABUryHa He MOBMHEH nepesuulyBatM 10—
100 mr/um? [1-3].CepeaHbOKaNoPiHMii reHepaTopHUii ras
OTPMMYIOTb LUAAXOM NipoAi3y 6iomacu, HU3bKOKANOPIAHMI
ra3 — 3a paxyHoK rasudikau,ii il KOKCO30/bHOIO 3a/IULLKY.
OnAa oTpuMaHHA B OAHOMY peaKTopi ABOX Pi3HUX 3a CKNa-
OOM i KaNIOPIMHICTIO CUHTETUYHMX ra3iB 3 Ma/J MM BMiCTOM
CMOSIHWX PEeYyoBUH HeobXigHO BMKOPMCTOBYBATM [BOCTa-
AOiHY TepmoXimiuHy nepepobKy 6iomacu, WO NOeAHYE nNi-
poni3 3 nofanbwoto ra3udikaLieto KOKCO30/bHOro 3aau-
wKy. OcTaHHi po3pobKM rasoreHepaTopiB LbOroTMNYy:
«Viking», FLETGAS, LT-CFB [4]. Y KoreHepau,iliHilt ycTaHo-
Bui LIPRO-Energy [5] BukopucToBYy€eTbCA KOMbBiHaLIA WHe-
KOBOrO niposisepa i NPAMOTOYHOrO rasoreHepaTopa 3 na-
ponoBIiTPAHMM  AyTTAM. Y rasoreHepaTop NOTpannse
naporasoBa CyMill NeTKMX NPOAYKTiB Niponi3y i KOKCoBUM

3a/IMWLOK  CUPOBUHW — AEpPEeBHOI  TPICKM  poO3mMipom
30-50 mm, W0 MaEe BigHOCHY BoAOFiCTb He Binble 15 %. Te-
naota 3ropsAHHA OTPUMAHOro rasy CTaHOBUTDL

5,6 Mx/Hm3, BmicT a30Ty — 44 %. EneKTpMyHa NOTYXHICTb
yctaHoBkM 30 abo 50 kBT (400 B, 50 l'u), a tennosa — 70 abo
110 kBT 3a ButpaTn 6iomacu 30 abo 50 kr/roa. Cnocib, wo
ABNA€ coboto KombiHaLito NipoAi3y i NoAaNbLIOro KPeKiHry
NETKUX NPOAYKTIB Yy BUCOKOTEMMNEPATYPHOMY LIapi HaniBKo-
Kcy abo pepeBHOro Byrinas, snepe 6yB onucaHuii y po-
60Ti [6]. JocniaxKysanu Bname epeKkTy BUCOKOTEMMEPATYP-
HOrO KpPeKiHry Ha 06’em i cKag, rasis, ogeprKyBaHuUX Mig vac
nepepobkmn aepeBHoi TMPCK. Byno nokasaHo, Lo 3a Temne-
paTypu 950 °C BiabyBaeTbLCA NOBHE PO3KAaAaHHA CMO i Ni-
poreHeTn4Hoi Bosioru. Y [7] 6yno BuBYEHO BNAUB KaTaniTu-
YHOro i TepmivyHOro edekTiB Mig Yac KpeKiHry niponisHmx
npoAayKTiB 6iomacy B NopoxkHboMy 06’emi Ta B Wapi aepe-
BHOrO BYrinnsA 3a Temnepatypu 500-700 °C. OTprmaHo gaHi
Npo 3MiHy CK/lagy KOHAEHCOBAaHWX i HEeKOHAEHCOBAaHMX
npoaykTis. Y [8, 9] nokasaHo BNAMB TeMnepaTypu B 30Hi re-
TEPOreHHOro KPEeKiHry NeTKMX NpoAyKTiB nepepobneHHA
nepesHoi 6iomacu i Topdy Ha BNACTUBOCTI rasy Ta epeKTu-
BHiCTb NpoLiecy.

Hapasi BifoMi TaKi OCHOBHi TMNKM NipONiI3HUX peaKTopiB: Ni-
poni3 y winbHomy wapi [10], niponi3 y nceBao3piakeHomy
kunnsyomy [11] abo umpkynorodomy [12] wapi, guckosui
peakTop, Wwo obepTaeTbea (biomacy npUTUCKatoTb A0 raps-
yoro obepToBoro Aucka) [13] Ta KOHiIYHKUI peaKTop (cymiw
b6iomacu Ta rapsayoro nicky nepebyBaloTb B KOHYCi, AKWUN
06epTaEeTbCsA, a BUAANEHHA MaTepiany, Lo NpopearyBsas, Bi-
A6YyBaETbCA 3aBAAKN BiALEHTPOBUM cunam) [14], abnsaTtus-
HWUI peakTop (biomacy MmexaHi4YHO NPUTUCKAIOTb A0 rapsayoi
CTiHKM) [15], BUXpOBUIA aBNATUBHMNIA peakTop (YacTUHKM i3
3aKpPy4yeHOro nOTOKYy MOTPaniATb Ha rapadi CTiHKK

Kepam — Kepamika

CTanb — CTaNb

LKA = LKA

0 — noyaTKOBE 3HAaYEHHA NapameTpa
|-V — BapiaHTU (perKMmmM) po3paxyHKy

peakTopa) [16], WwWHeKoBMI peakTop (UMNiHAPUYHA peTo-
pTa, wo obirpieaerbces, 3i WHekom) [17], PyRos (LMKAOH, Wwo
MIiCTUTb iHTErpoBaHWUI QiNbTP rapaYmnx rasis, y AKMi noTpa-
nase cymiw 6iomacu Ta rapadyoro nicky) [18], nnasmosuit
peakTop (uMniHApMYHA ra3opo3pagHa KBapuoBa Tpybka, B
cepeanHy AKOI noAaeTbca bHiomaca, NpPoAyKTM Bupana-
IOTbCA BaKyyMHMM Hacocom) [19], MiKpOXBUAbOBUI peak-
Top (nigBeneHHA eHeprii 33 4,ONOMOTrol B3aEMOAi MiKPOX-
BW/IbOBOTO BUMPOMIHIOBAHHA 3 MOJIEKYNamMKU 1 aToMamu
6iomacu) [20], coHAYHUI peakTop (NapaboniyHUit coHAY-
HUI KOHUEHTpaTop, Y GOKYCi AKOro peakTop — KBapLoOBa
Tpy6Ka) [21], BaKyyMHUI1 peakTop (HarpiBaHHA NaNbHUKOM
abo iHOYKUiHWI HarpiB y Bakyymi) [22]. AnbTepHaT1BOIO
nNpocToMy NipoAi3y € ABOCTaAiMHa NiponiTUYHA KOHBEpCIS,
WO NMOEAHYE NipoNi3 i nojasblie MepeTBOPEHHSA JIETKUX
NPOAYKTIB, WO KOHAEHCYOTbCA, Ha ra3. KpeKiHr napis Buco-
KOMOJ/IEKYIAPHUX PEYOBUH, fAKi 33 3BUYAUHUX YMOB ABNA-
10Tb cObOt0 piaMHY, 34e6inblworo NPoBoOAATL NPU BUCOKIM
TemnepaTypi B cnewiafibHMX HacagKax 3 iHEPTHOro martepi-
any, abo B Wapi KaTasizaTopa YN KOKCOBOTO 3a/IMLLIKY CUPO-
BUHUW. 3aNeXKHO Bi4, MapameTpiB MNpouecy i KOHKpPeTHOl
cXemu peanisauii, ABocTajinHa nepepobka aae amory ede-
KTMBHO OTPMMYBATU BiZHOCHO YNCTUI HU3bKO- abo cepena-
HbOKanopiiHnin ra3. OCHOBHOIO NepeBarol amnapaTtHoro
noAiny npouecis Niponisy i noganvLoi rasmdikauii, Ha Big-
MiHY Bif 3BMYalHMX rasoreHepaTtopis obepHeHoro Tmny, €
HW3bKMI1 BMICT cMmon y rasi (10-15 mr/m3).

Y poboTi [23] ans pudopmiHry npoayKTis rasmdikauii nican
Masioro NPOMMC/IOBOrO rasudikaTtopa 3 HU3XIAHMM raso-
BMM MOTOKOM BWKOPWUCTAaHO MapOBWM MAA3MOTPOH, WO
0aNno MOXNUBICTb CYTTEBO 36iNbINTK BMXig BOAHIO i3 cuC-
TeMU. 3a EeNeKTPUYHOI NOTY)KHOCTI naasmoTpoHa 1,1-
1,4 KBT BUXiZ4 BOAHIO 3 OTPMMaHUM NAAMBHUM ra3om nicna
napoBoro puopmiHry 36inbwysascs B 1,5-2,1 pasa y no-
PiBHAHHI 3 NOBITPAHO rasundikaLiieto.

Ha ycTaHoBUi 41a BUNpobyBaHb NafIMBHUX eNeMeHTiB [24]
3 BUKOPUCTAHHAM TBEPAOrO MasvBa 3aBAAKM KaTaNniTUUHIN
KoHBepcii CO 3a peaKuji€lo BOAAHOrO 3CyBY, BUCOKO- Ta HU-
3bKoTemnepatypHomy 3B’A3yBaHHi0 CO2 oTpMMaHo ras i3
BMicTOM BogHto 94,7-97,0 % (06.).

Y [25] HaBeaeHO yCTaHOBKY M71a3MOBOI NaponoBiTpaHOi 0be-
pHeHoi rasundiKalLii, B fiKii N1a3mMoBUI CTPYMiHb BBOAUTLCS B
30HY NipoNi3y, BN/IMBAOYM TaKOXK Ha MpoLEecH NapoBoro pu-
OPMiHIY NETKMX KOMNOHEHTIB OpraHivyHoi cuposuHu. Oaep-
¥KaHO HU3KY eKcnepuMeHTalbHKUX pe3y/bTaTiB, 30Kpema: a)
oepyaHo ras 3i cnissigHOLEHHAM KOMNoHeHTiB H2/CO 1,4—
1,5 MO/Ib/MO/Ib 3  HWMKYOKO TEMJOTOK 3ropsaHHA 27—
3,0 MOx/HMm3, Ta ximiunum KK, rasudikauii 29,6-31,5 %; 6)
BUKOPWUCTAHHA PO34ibHOI KOHBEpPCIT TBepANX OpraHiYHMX Bi-
OXoA4iB  [ano  MOMAMBICTb  36inbwMTK  XimiuHMiA KK,
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rasundikauii o 27,7-39,1 % B pasi BUKOpUCTaHHA neneTt AM
Ta 8o 44,1-55,4 % — B pasi BMKopucTaHHa TK3LU; B) noka-
33HO, WO Ha BMXiZ BOAHIO B CKNAAi OAEPrKAHOro rasy BhJiv-
BaNM CTyMiHb BUKOPUCTAHHA BOAAHOI Napu, WBUAKICTb KOH-
Bepcii TBepANX OpraHivHMX BiAX0A4iB Ta iX CKAaa.

Y [26] po3rnaaatoTbCs MOXKANBOCTI BNPOBAAKEHHA TEXHO-
Norii TepMiYHOro pO3KNaAaHHA PiAKMX BYr1eueBmiCHUX pe-
YOBWH Pi3HOMAHITHOrO NOXOAXKEHHSA AK CK/IA40BUX BiaXxo-
AiB oA CTBOPEHHA ra3’onofibHUX MNpoAyKTiB 3a4aHoro
CKNaAy 3 NoAasbliMM BUKOPUCTAHHAM Y XiMiYHiA npomuc-
NI0BOCTI Ta 3aMillleHHs npupogHoro rasy. Cepepa Havnepc-
NEeKTUBHILLNX METOAiIB BUKOHAaHHA TaKoro 3aBAaHHA € Tep-
MiYHe po3KNaZiaHHsA BYr/eBOAHIB 3i cTabinisauieto npouecy
33 paxyHOK BBefEeHHA B HbOro BUCOKOTEMMepaTypHOro
A)Kepena nnasmoBoro pospsay. [na BMKOHaHHA poboTwu
CTBOPEHUI eKCNnepMMEHTaNbHUIA CTEHA ANA rasudikauii pi-
LKWNX BYTN1€BOLAHEBMX BiAXOAiB Ta NaIMB 3 BUCOKMM BMICTOM
3abpyaHIOBaIbHUX PEeYOBUH. BUKOHaAHO AochiasKeHHA pe-
bopMmyBaHHA piaKUX Nanue, AKi NoKasanu: 1) TenaoTa 3ro-
PAHHA reHepaToOPHOro rasy, BUPOHAEHOrO i3 COHALHMKOBOI
onii, ctaHoBUTb 8,89 M//Hm3, BUpobaeHOro 3 piaKoro ni-
yHoro naamea — 13,75 Mx/um3; 2) KK npouecy rasndi-
Kauii ctaHoBUTb 80-84 %; 3) KK/ BMpobHMLTBaA TenaoBoi
eHeprii Wnaaxom nonepeaHboi rasnodikauii pigkoro naanea
He nepesuLLye 72 %.

[ekapboHisalis cuctem UeHTpani3oBaHOro Tenaonocra-
YyaHHA (CUT) € aKTyanbHOW0 TemMolo Ans KpaiH 3 PO3BUHY-
Tumu CUT, sKki 6ynm nobyaoBaHi NnepeBaskHO B MUHY/IOMY
CTONITTi Ta PO3Pax0BaHi Ha BUMKOPUCTAHHA BMKOMHOTO Ma-
nmea [27]. Y umx cuctemax ogHOYaCHO HeobXigHO BUKOHY-
BaTW 3aBAAHHA CKOPOYEHHA CNOXMBAHHA TEMJIOBOT eHeprii,
3aMiHM 3acTapinoro o6nagHaHHA Ta 3amilLeHHA BUKOMHOTO
nasavBea BiAHOBNOBAHUMU [ArKepenamu eHeprii Ta CKua-
HUMW eHepreTUYHMMU pecypcamu. Li 3aBaaHHA matoTb oa-
HOYaCHO BMKOHYBATUCA B YMOBAx HeobxigHocCTi cTabinb-
HOro 3abesneyeHHs CMNOXWMBAYIB TEMJ/IOBOK EHEPriElo.
BMKOHAHHA TaKOro CKAQ4HOTO KOMMJIEKCHOTO 3aBAAHHA
notpebye po3pobKM HayKOBO 0OIPYHTOBAHOI METOA0OTII.
3anponoHoBaHO MeTOoA0/10ri0 AeKapboHi3aLii NoTyXHUX
3actapinnx CLLT Ha BMKONHOMY Nanmei ANs MOAENbHOIO Mi-
CTa, AKa MoxKe ByTK 3acTocoBaHa AnA Haratbox mict YKpa-
iHW Ta KpaiH €C. Lla meToa0n0ria CKNAAAETLCA 3 TPbOX OC-
HOBHMX HanpAMmiB: 1) CKOPOYEHHS CMOXMBaHHA TenaoBol
eHeprii 33 paxyHOK MiaBuLeHHA eHeproedeKTUBHOCTI Ten-
NIOBUX CMOXKMBAYiB Ta TENIOBUX Mepex; 2) 3aMilLleHHA
J)Kepen, AKi NpauiooTb Ha BUKONMHOMY NauBi, BigHOBAIO-
BaHUMM [}KepeslaMu eHeprii Ta CKUAHUMW eHepPreTUYHUMMU
pecypcamu nia yac BUPobHULTBA TenaoBoi eHeprii; 3) iHTe-
rpaLis TenaoBMX Mepex, Lo 3abe3nevye MOXANBICTb BU-
pob61ATU «3eneHy» TENIOBY EHEPTi0 HA OKPEMMUX TEMIOBUX
Axepenax, AKi MaloTb HalKpalli ymoBM Ans AeKkapboHisa-
Ljii, Ta TPAHCNOPTYBATU L0 EHEPrilo Ha iHLWi AXKepena eHep-
rii, AKi He MaloTb NoTeHLUiany abo matoTb ripwi yMoBU ann
nekapboHisauii.

Y [28] po3rnagaerbca npouec WeKAKoro niposisy Bagasse B
LiNbHOYNaKoBaHOMY LIApi 38 paxyHOK TenaoBoi eHeprii: a)
OBOX e/IeKTPOHarpiBayis, pPO3TallOBAaHUX HA MOBEPXHAX

HarpiBy 30BHILWHbOIO Ta BHYTPILWHbOIrO KOAKCiaNnbHUX LunAi-
HApiB giameTpamu 220 i 150 mm; 6) enekTpoHarpisaya, po-
3TalOBAHOrO Ha MOBEPXHi 30BHILIHbLOrO UMAIHAPA | Npoay-
KTiB 3ropfHHA, WO OMMBAlOTb BHYTPIWHIO MOBEPXHIO
BHYTPIWHbLOrO UuNiHApa. PeryntoBaHHA BEMYUH TENIOBUX
NOTOKiB NpoTArom umkny 0 < T < 60 C 34iACHIOETLCA 3MiHO
CUAKN CTPYyMY i Hanpyru. PeryntoBaTn Temnepatypy NpoayK-
TiB 3ropAHHA y By3bKOMy iHTepBani 4 < T < 60 ¢, ae Temne-
paTypa 3miHteTbeA Big 1716 po 1016,5 °C, gosoni BaxKo
yepes BeJIMKY iHEPTHICTb NPOLECY FrOPiHHA B TOMKOBIM Ka-
mepi. Kpim TOro, 3a BMCOKMX TemnepaTyp NPOAYKTIB 3ro-
pAaHHA, 1716 °C, poBeaeTbca pyTepyBaT BHYTPILLHIO NoBe-
PXHIO BHYTPILWHbOrO UUAiHAPA, WO Npu3Beae A0 iCTOTHOro
3MEHLLEHHA TENIOBOrO NMOTOKY, KU CNPAMOBYETLCA B Mi-
ponidep. Taki BennKi TemnepaTypu NPOAYKTIB 3ropAHHA
0byMmoBneHi AyXe Manum KoedilieHTOM Tenaosianavi Big,
OMMOBMX ra3iB 40 NoBepxHi niposisepa. Ha niacrasi BuKkna-
AeHOoro pobuTbcA BUCHOBOK, O B 30HI BUCOKUX Temnepa-
Typ 1016,5-1716 °C, 33 nepion UMKy Kpalwum BUABANA-
€TbCA €NeKTPoOobirpis BHYTPILWHbLOIO LMAiHApPA.

Onuc TexHoNorii TepmMoXiMiyHOi Nnepepobkm bBiomac.

Ha puc. 1 nokasaHo, AK NpaLLlo€e yCTaHOBKA WWBMAKOTO Nipo-
N3y 6ionanmea Ta NaponosiTpAHOI rasmdikay,ii pikcosaHoro
Byrneuyo.

Kamepa niponizy 39 cknaga€erbca 3 4BOX BiCECUMETPUYHUX
Tpy6, BUrOTOB/IEHMX i3 *KapoMiLHoi cTani AlSI310: BHyTpiLw-
HbOi 17 i 30BHiLWHbLOT 19 (puc. 1, a, 6). 30BHILLHIO NOBEPXHIO
Tpy6m 19 Ta BHYTpIiLLHIO NOBEPXHIO TPY6M 17 NOKPUTO Kepa-
MiYHUMM i30n5UiAmMM 9 Ta 18 Ha ocHoBI HiTpuUTy (abo OK-
cuay) antomiHito ToBLLMHOW 2 MM (puc. 1, 6). Ha 30BHiLWLHI
NOBEPXHi KepamivyHOi i30/1ALii 9 BCTAHOBNIOETLCA €1eKTPO-
HarpiBay 27, L0 CKNA[AETLCA 3 HIXPOMOBOrO APOTY, HaMO-
TAHOro y BUrNAAj cnipani Ha noBepxHto i3onauii 9. Qpyrui
e/IeKTpoHarpiBay 26 po3TalloOBYETbLCA BcepeauHi Tpybu 17.
TyT HIXPOMOBMI APIT HAMOTYETLCA Ha KepaMiyHy noBep-
XHIO UMNIHAPUYHOT BTYNKM 43, AKy nigbupatoTb Tak, Wwob
cnipanb WinbHO NpUaArana g0 BHYTPILWHbLOI NOBEPXHi Kepa-
MiYHOI i3onAuii 18. [nAa ycyHeHHA B3aemogii niponisHoro
rasy 3 HiXPOMOM B HUXHiW YacTuHi Tpybu 17 BcTaHOBAIO-
€TbcA dnaHeub 38.

Ha noyaTKy po3nantoBaHHA yCTaHOBKM B rasudikatopi 37 Ta
B Kamepi kunaayoro wapy 31 dopmyoTbca HEPYXOMi LWapK
3 nonepeaHbOo HanpPaLbOBaHUX KOKCO30/1bHUX YAaCTUHOK bi-
omacu 36 Ta nicky 23, nicna yYoro BiabyBaeTbCA iX nporpi-
BaHHA go TemnepaTyp 600 °C Ta 950-1000 °C, BignosigHo,
BMCOKOTEMMNEPATYPHO iHEPTHOI ra30BOIO CYMILLLLIO, O
NOAAETLCA Nif, pewwiTkM rasmdikatopa 29 Ta Kamepu KUNAA-
yoro wapy 29. MapanenbHo 3 UMM MNOYMHAETLCA NpPOrpi-
BaHHA MOBEPXOHb Harpisy niponisepa A0 TemnepaTtypwu
960 °C 3a paxyHOK Tenna ABOX eneKTpoHarpisadis. Micna
nporpiBaHHA NOBEPXOHb Kamepu niponisy 39 BiabyBaeTbCcs
3acunKa BucxigHoro 6ionanmea 3 6yHKepa 6iomacu 6 4o 30-
BHiLWHbOI TPYOM 19 32 4ONOMOrOI0 XKMBUIbHUKA 7. YacTnHa
dpaKLiit biomacy NPOHMKAE Y TOHKUI KiNbLEBUA MiXKTPY6-
HWI nNpocTip ToBWWHOW 20 MM, Ae po3TalloBaHa Kamepa
niponisy 39, a 3a/INLWOK YaCTUHOK BUCXigHOro nanmea ¢op-
MYE HaCuN YaCTUHOK (KnacTepu) Ha BXOAi Yy 3a30p MiX Tpy-
6amn 17 Ta 19.
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Puc. 1. YemaHosKka 08ocmadiliHoz2o npouecy mepmoximiyHoi nepepobku biomacu: a — weudkuli niponiz bionaausa 8 mo-
HKOMY HepyxomMomy wiapi mosujuHoro 20 MM ma naponosimpaHa 2a3ugikauis gikcosaHoz2o syaneyto; 6 — cxema po3ma-
WyBaHHsA 8epMuUKAAbHO20 Mpyb4acmoao npowmosxysaya id 4ac npowmosexy8aHHA KOKCO30/bHUX YACMUHOK biomacu
nicas npouecy niponizy 3 Kamepu niponizepa 00 ailiku: 1 —ean; 2 —enekmpodsuayH; 3, 4 — wkigu; 5 — NiOWUNHUK; 6 —
byHKep niocyweHuUx YacmuHoK biomacu; 7 — ¥usuabHUK; 8 — Memasesa Wwimka (po3nywyesaya); 9 — i304ayia 3 Kepamiku
Ha ocHosi Himpumy (abo okcudy) antoMiHito 014 308HiWHLOI Mpy6u;10 — mpy6a 015 NepemiKaHHA KOKCO30/bHUX YdC-
muHoK 6iomacu 3 niliku 6o eazugikamopa; 11 — mpybonposid 8uxody Cupo20 HeOHUU,eHo20 Nipoi3Ho20 2a3y; 12 — Ha-
npAMoK pyxy pemeHs; 13 —nacoea nepedaya; 14 — pymansp 014 poznywysaya; 15 — xpecmonodibHa emynka; 16 — vac-
muHKu 6iomacu; 17 — esHympiwHA mpyba; 18 — i3045uis 3 Kepamiku Ha ocHogi Himpumy (a6o okcudy) antomiHito 018
8HymMpiwHb0i mpybu,; 19 — 308HiwHA mpyba; 20 — yuKaoH,; 21 — sucokomemnepamypHuli pinemp 011 ynosseHHA 8yai-
nbHOI caxi; 22 — mpybonpoeio 8ioxiOHUX OUMOBUX 2a3i8 Nic/as Kunaa4o20 wapy; 23 —4acmuHKu nicky; 24 — 3miliosuk; 25
— mpy6a suxo0dy niponizHozo 2a3y; 26 — eneKmMpoHazpieay 0718 8HymMpiwHeoi mpybu,; 27 — enekmpoHazpieay 0714 308Hi-
WHbOI mpybu; 28 — mpyba 019 mMpaHcnopmy eucokomemrnepamypHux oumosux 2azie; 29 — pewimka; 30 — memasnesa
obuyalika 3 mopkpemom; 31 — Kamepa Kunaa4o2o wapy; 32 — mpybonposio 0s15 nodayi naponosimpsaHoi cymiwi; 33 —
mpy6onpoeio 0514 8uxody eeHepamopHozo a3y, 34—nampybok 019 susaHMaxceHHA 30au; 35 — nilika; 36 — KOKCO30/1bHi
yacmuHKu 6iomacu; 37 — eazugikamop; 38 — ¢paaHeus; 39 — kamepa niponizy; 40 — miyka 014 4yacmuHoK biomacu; 41 —
Kpuwka,; 42 — npouwimoexyeay KOKCO30/bHUX YACMUHOK biomacu,; 43 — KkepamiyHa emynka,44 — wubep

Y 3anponoHoBaHOMY TEXHIYHOMY pilleHHi ANnA pynHYBaHHA
KNnacTepiB BUKOPUCTOBYETHCA PO3NyLIyBay 8 3 mMeTaneBux
FHYYKMX NPYTiB, AKUIA cManTb Ha obepTanbHomy Bany 1 Ta
meTanesui npowTosBxyBay 42. ObepTaHHs Bany 34i1CHIO-
€TbCA 32 paxyHOK NacoBoi nepedadi 13, AKa CKNajaeTbCA 3
KPYr/10oro pemeHs i ABox WkigiB 3 i 4, oAWH 3 AKMX (WwKiB 4)
YKOPCTKO 3aKpinJieHo Ha Bany 1 3a LONOMOrOK XpecTonogi-
6Hoi BTYAKM 15, npuBapeHoi Ao Bana 1. Y noyatkoBomy no-
NOXKeHHi po3nywysay 8 nepebysae B ¢pyTnapi 14, asan—y

KpalHbOMY BepPXHbOMY MOJOXKeHHi (puc. 1, 6). Micna 3acu-
NaHHA BUXiAHOro Nanmea y 30BHiWHIO Tpyby 19 Ban 1 onyc-
KaeTbcA AoHNU3Y (puc. 1, a). Jani BKAOYAETbCA eNeKTPoaBK-
r'yH 2, Ha Bany AKOro po3TalloBaHO LWKiB 3, WO nepegae
obepTanbHUI MOMEHT LWKiBY 4, i, K HacNigoK, Ban 1 yepes
nacosy nepegayvy 13 nounHae obepTaTucs, Hagaroum obep-
TaZIbHOrO pyxy po3nylyBayy 8, BHACNiAOK Yoro BigbyBsa-
€TbCA PYNHYBAHHA KiacTepiB Ta GOpPMYyBaHHA TOHKOIO He-
pyxomoro wapy B Kamepi niponizy 39. Hdani Ban 1
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niginmaetbca 4o Bepxy i Witka 8 noTtpannsae y ¢ytaap 14
(puc. 1, 6). Nicna nporpisy Kamepu niponisy 39 Ao Temne-
patypu 960 °C Ta dopmyBaHHA B HbOMY HACUMHOrO LWapy
YyacTMHOK bionanuea 3 Temnepatypoto 100 °C TOBLMHOM
20 MM Big, ABOX eneKTpOHarpiBHUKIB 26 Ta 27 nigBoaAaTbca
NocTiliHi NuTOoMi Tennosi noTokn 70 000 Ta 60 000 BT/m? Ao
BHYTPILWHbLOI NOBEPXHI KepamiyHOi i3onAuii 18 i 30BHIWHbLOI
NoBepPXHi KepamiyHoi izonauii 9, signosigHo.

3 Kamepu niponizy 39 BUXOLMUTb HEOUULLLEHUI CMPUIA NipO-
Ni3HWUI ras, Akui Tpybonpososom 11 HaAX0ANTb Yy FrapsaYnil
uMKnoH 20, ae BiabyBaeTbca BiAAiNeHHs NiponisHoro rasy
Bifg, ApiGHMX YacTMHOK Biomacu, nicns Yoro BiH NoTpanasfe y
BMCOKOTEMNEpPaTypHUit ¢inbTp 21 AnA yNOBAEHHA BYriNb-
HOT caKi. OunLLEeHNIT NiPONI3HUI ras, AKMUIA CKNa[AETLCA 3
HeKoHAeHcoBaHoi YacTuHu (CO, Ha, CO,, CHa, CoHa Towo) i
KOHAEHCOBAHOI YaCTMHW, WO MICTUTb BUCOKOMOJIEKYNAPHI
cnonyku Tnny CsHs, 2002 NpAMYE 4,0 3MmilioBUKA 24, BCTaHO-
B/IEHOTO B Kamepi kunaayoro wapy 31, ae Biabysaetbcs
npouec pruPopPMiHry: BUCOKOMONEKYNAPHI CNONYKM PO3K-
NagatoTbeA Ha nerki rigpokapboxu (CHa, C2Ha Towo) 3a pa-
XYHOK KOHBEKTMBHO-KOHAYKTUBHOIO Ta NPOMEHEeBOro Ten-
NI00BMiHY MiXK KMNAAYMM LWAPOM Ta MOBEPXHEH 3MiMOBMKa
24. Micns 3miioBMKa NiposiisHUiM ra3 25 npamye B cuctemy
OXOJIOAXKEHHA, Ae TemnepaTypa Nipoi3HOro rasy ameHLy-
€TbcA 10 60 °C 3 noAanblIO KOHAEHCALE BOAAHOI Napw,
O NPUBOAMTL A0 NiABULLEHHA KanopilHocTi rasy. Cyxui

3 4

cepenHbOKaNoPiINnHUA OYMLLEHMIA MiIPOMI3HMIA ra3 3aKauy-
€TbCA B rasrosibaep. MNpoayKTU 3ropaHHA 3 TemnepaTypoto
~ 1000 °C nogatoTtbea no Tpybi 28 nig pewitky 29 Kamepw
Kunnsyoro wapy 31. 3aBAAKM AMMOBMM rasam Biabysa-
€TbCA NPOrPiBaHHA YaCTMHOK MicKy 23 Ta iX 3piAKeHHA.

KOKCO30/1bHWUI 3a/MLLOK, OTPUMaHMIA Nicaa Niponisy Yactu-
HOK 6iomacK, HagxoauTb y Niviky 35 3aBAAKW BIAKPUTTIO WK-
6epa 44, nicna yoro npamye ao rasudikatopa 37, Ae Biady-
BAETbCA KOHBepciA Kokcy 36 y naponosiTpAaHOMY
cepenoBULLi, AKe noTpanase B rasuodikatop no Tpy6i 32.
OCKinbKn TOBLMHA Kamepu niponizy 39 mana i CTaHOBUTL
nvwe 20 Mm, ANA NPOLUTOBXYBAHHA KOKCO30/1IbHUX YAaCTUHOK
6iomacu 3 Kamepwu niponisy B NiliKy 35 BUKOPUCTOBYETLCA
MeTaNeBui NPOLITOBXyBaY 42, AKMIN NPOLUTOBXYE KOKCO30-
JIbHi YaCTMHKM 3aBAAKW BEPTUKANbHO-MOCTYNaAbHOMY PyXy
Tpybu. [na peryntoBaHHA BUCOTW Wapy nepenbayeHo 3ams
30411 Yepes naTpybok 34. Ha Buxoai 3 rasudikatopa 37 otpu-
MYEMO HEOUULLEHNA HNU3bKOKAOPIHMI reHepaTopHUIA ras
3 TENIOTBOPHOIO 3AaTHicTI0 5600-6000 k/Hm® (ana Ge-
pesn — 5600 KK/HM3), AKMI NPaKTUYHO HE MICTUTb CMOJ.
[eHepaToOpHWUI ra3 cnpAMOBYETbCA NOC/IAOBHO B CUCTEMM
rapAvoro OYMLLEHHSA Ta OXONI04KEHHSA, @ NOTIM NOAAETLCA B
Kamepy 3ropsaHHA NOPLIHEBOro ABUIyHa, BCTAHOB/IEHOMO Ha
MiHI-TELL. YacTnHa aelweBoi enekTpoeHeprii, WwWo BMpobas-
€TbCA Ha MiHI-TELL, BUTPaYa€eTbCA Ha KMBNEHHA ABOX €NEKT-
poHarpisayis, po3TalloBaHMX Ha MOBEPXHAX Niponisepa.
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Puc. 2. YemaHo8Ka 019 weuodKo20 niponizy mpicku mononi: 1 — 020po0xysansHa mpyba; 2, 4 — i304ayia 3 Kepamiku Ha
0CHo8i Himpumy (abo okcudy) anomiHito; 3 — 8HympiwHa mpyba; 5 — niocyweHi YyacmuHKU mpicku monosi; 6 — wubep;
7 — niponizep; 8 — 308HiWHIl enekmpoHazpieay; 9 — sHympiwHili enekmpoHazpieay

MocTtaHOBKa 3apavi

MoyaTKoBi yMOBM A4NA WBMAKOrO Nipoai3y TPiCKK Tononi y
¢dikcoBaHoMy LWapi ana BapiaHTiB |-V npeacrasneHo Ha
puc. 2: BucoTa Wwapy — Hoed = 225 MM, eKBiBaNIeHTHUI Aja-
MEeTpP YacTUHOK — 8o = 7 MM, NMOpPO3HicTb wapy — € = 0,42,
LWiNIbHICTb YaCTUHOK — ppo = 400 Kr/m3i ix TemnepaTypa — too
=100 °C, giameTpu BHYTPiWHbOI TPy6M —Din = 180%5 mm Ta
0OropoAKyBanbHOI TPyo6u — De =230x5 mm, noBepxHi AKKX
NOKPUTO i30/1ALLIEID 3 KEpaMiKM TOBLUMHOW — A = 2 MM,
maca wapy— 0,577 Kr, maca NeTKUX PEeYoBUMH Yy LWapi—
0,476 Kr, maca KOKCO30abHOro 3anuwky — 0,1 kr, macosa

YyacTKa ¢ikcoBaHoro Byrneuto (Ha pobouy macy) — 14,88 %,
netkoro Byrneuto — 27,12 %. Cknag nerkoro rasy (y maco-
BMX YyacTkax): CO = 0,464, CO,=0,101, H,=0,01, H.0 = 0,23,
CsHs,200,2 = 0,058 1 C1.16Ha = 0,137. 30BHiWHI NnuTOMi Ten-
NOBi NOTOKM g Ta TeMnepaTypu MeTany terans i i30MALIT trepam
(abo0 tizopl) AnA BapiaHTa | — g(r =83 mm) = g(r =117 mm) =0,
tkepam = tcrans = 950 OC; - q(r =83 MM) = q(r =117 MM) =
150 K,ﬂ,)‘l’(/(C'MZ), tkepam = terans = 950 OC; - q(r =83 MM) =
80 K,U,)K/(C'MZ); q(r =117 MM) =70 K,ﬂ.)K/(C'MZ), tkepam = terans
=960 °C; IV —qg(r = 83 mm) = 70 kx/(c-m?); g(r = 117 mm) =
60 K,U,)K/(C'MZ), tkepam = terans = 960 OC,' V- q(r =83 MM) =
70 kx/(cm2); g(r = 117 mm) = 60 KO/ (c*M?), tizopl = terans =
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960 °C. Y BapiaHTax |-V BUKOPUCTOBYETbCA KepamiyHa i3o-
NAuiA, Wo po3TalloBaHa HAa NOBEPXHAX NipoJizepa, 3 Koedi-
LIEHTOM TeNNoNpPOBiAHOCTI Aepam = 25-1073 kx/(c-m-K) Ta
LLNbHICTIO Prepam = 3800 Kr/m3, B V — i30naujia izoplan 3 Aizopl

Tabnuusa. EnemeHTapHuii cknag 6iomacu

=0,14-107 kAx/(c-M-K) Ta WinbHICTIO Pizop = 920 Kr/m3. Y Ba-
piaHTax |-V BMKOpUcTOBYETbCA CcTanb 20X23H18 (AISI310) 3
KoeoilieHTOM TenaonpoBigHOCTI Acrans = 0,02 KOK/(c-m-K)
Ta WiNbHICTIO Perany = 7800 Kr/m3,

. c H N o s' Vet A" w
Mapka 6iomacu % % % % % % % %
Tpicka Tononi 42 5,11 0,656 39,73 0,01 83 0,5 12

AHani3 pesynbTaTiB po3paxyHKy npouecy niponisy. lpo-
QHaNi3yeEMO AMHAMIKy npouecy niponily TpicKu Tononi 3a
pPaxyHOK Ten/I0BOi eHeprii ABOX eNeKTpoHarpisayis, po3Ta-
LWOBAHMX HA NOBEPXHAX KepaMmidyHOI i301ALii 30BHIWHbOI 1
Ta BHYTPiWHbOI 3 Tpy6 (puc. 2). Po3rnaHemo pexum nipo-
Ni3y TPICKM TONOAI, KONM 30BHILUHI TENNI0BI NOTOKM, WO Ma-
[Al0Tb Ha 30BHILIHIO 2 Ta BHYTPILWHIO 4 NOBEPXHi Kepamiy-
HOi i30nAuii, AopiBHIOWTL Hy: g(r = 83 mm) = qg(r =
117 mm) = 0 (puc. 2, puc. 3, a). Niponi3 YaCTUHOK TPICKK TO-
noni 5 y ¢pikcoBaHomy wapi 7 BiabyBaeTbCA 32 paxyHOK Te-
nna, Wo akyMyJOETbCA B meTani Tpyb 1, 3 Ta KepamiuHil
isonauii 2, 4, nonepefHbO HArpiTMX A0 TemnepaTtypu
950 °C. Ha puc. 3, a BUAHO, W0 Yac Nporpisy B HEPyXomomy
LIapi YaCTMHOK TPICKKM TOMOAi eKkBiBaneHTHoro giameTpa &o
=7 MM LWiNbHICTIO ppo = 400 Kr/m3 3i weunakicTio 1886 °C/xs
[0 MiHiMmanbHOI Temnepatypu tpmint = 760 °C cTaHOBUTb
Tumnl = 21 ¢ (KpMBa 7 Ha puc. 3, a, BapiaHT |). Temnepatypa
KepaMiyHoi i301ALii BNPOA0BK LIUKAY Tumkal = 21 € NaAa€ HA
69 °C (AtxepaMI = tKepaMI(r =83 mm, T= O) tKepaMI(r =83 mMm, T=
21 ¢) =950 881 =69 °C), meTany BTouKaxr=90ir=110 mm
(ams. puc. 2) —Ha 76 Ta 64 °C, BignosigHo, i Temnepatypa B
UMX TOYKaX AOPIBHIOE: teransl(r = 90 Mm, T=21c) =874 °CTa
teransl(r = 110 mm, T = 21 ¢) = 886 °C (kpuBa 7 Ha puc. 3, a).
AKLLO NpoAoBXKYyBaTU LMKAM Niponisy Aani 6es3 niaseaeHHs
30BHiWHbOrO Tenna, akymy/boBaHe Tenno byae 3Ha4yHO
3MEHLYBATUCA, BHAC/IAOK YOr0 TPMBAJICTb LIMKAY Ta KiNb-
KiCTb CMOAM 3POCTaTMMYTb, a AKICTb rasy 3HWXKyBaTW-
MeTbCA. [N YCYHEeHHS LMX HefoNiKiB HeobXigHO opraHisy-
BaTW NiABeAEHHA 30BHIWHbLOrO Tennaa A0 MNOBEPXOHb
HarpiBy niposisepa 40 NOYaTKY HACTYMHOrO LUKAY.

Po3rnaHemo guMHamiky nepeTBoOpeHHA CMOJIM Ha NErkuii ras
3aBAAKM KpeKiHry ana sapiaHTa |. Llel npouec cknaaaerbea 3
reHepauii CMO/IM 3a PaxyHOK PO3KNaAaHHA aKTMBHOI Yac-
TUHW TPICKM TOMOI Ybiomas! 3MZAHO 3 NMEPBMHHOIO PEAKLIED
Tepmonizy Ta ii gMcUNauielo 3a PaxyHOK NepeTBOPEHHA
CMO/IM Ha Nerkui ras (BTOpMHHa peakuia Tepmonisy).Ha
puc. 4, 8 (kpuea 3) BUAHO, WO GYHKLIA Vun(r, T) Ha AinaHuj
0,0966 < r <0,1053 m B MOMEHT Yacy T = 18 ¢ B TemnepaTtyp-
HOMy gAjana3oHi At, =760-787 °C mae gBa MaKCMMyMM:
Vtar,maxl(r =0,0988 M) = Vtar,maxl(r =0,1014 M) =57,3%. BinTe-
pBanax 0,0966 < r < 0,0982 m 1a 0,1025 < r < 0,1053 m aKTK-
BHOI YaCTUHW TPICKM, LLO 3HAXOAUNACb Y YAaCTUHKAxX Tonoi,
HeMag€, BCA BOHA CKOHLLeHTpOBaHa Ha ainAHui 0,0982 < r <
0,1025 m, Npu LPOMY 3aNEXKHICTb Ybiomasi(, T) MAaE MaKCUMyM
Ybiomasi(r = 0,1 m, T=18 c) = 51,8 % (KpuBa 3 Ha puc. 4, 2). Y
NPOMIXKY Yacy 18 < 1< 21 c i3 cMoan, WO pPO3TaLIOBAHA Ha

AinaHkax 0,0966 < r < 0,0982 m 1a 0,1025 <r <0,1053 m, BU-
pPOoBNAETLCA TiIbKU NETrKUiA ra3 (NepBUHHOIO rasy Hemae) 3a-
BAAKN KPEKIHI NpoLLecy Ta BUCOKIM TemnepaTypu YacTMHOK
Tpicku Tononi — 764—775 °C (kpuBa 7 Ha puc. 3, @), Npo Wo
CBiauNTb KprBa 4 Ha puc. 4, 8, B TOM Yac AK Ha ainaHui 0,0982
<r<0,1025 m BiabyBa€eTbCA iIHTEHCUBHUI BUXiA, NEPBUHHOTO
NiPONI3HOro rasy 3aBAAKU PO3KAALAHHIO aKTUBHOI YaCTUHU
6iomacy, Wo BUXOAUTb 3 YACTUHOK TPICKM Yy LA NPOMIXKOK
yacy (KpvBa 4 Ha puc. 4, 2). TakMM YMHOM, Ha ZinsaHui 0,0982
<r<0,1025 m (18 < T < 21 c) BMPOBAAIOTLCA OAHOYACHO Ne-
PBUHHWI Ta NerkMi rasu, Ha BiamiHy Big AinaHok 0,0966 < r
<0,0982mT1a0,1025<r<0,1053 m.

Y pasi nigBeaeHHA NUTOMMX TEMNIOBUX MNOTOKIB g(r = 83 mm)
=q(r = 117 mm) = 150 k>k/(c-M?) yac nporpisy HEPYXOMOro
LIapy YaCcTMHOK TpicKM Tononi 3i wemakicTio 2023,3 °C/xs Ao
MiHIManbHOT TemnepaTypu tpmini = 707 °C cKOpoYyeTbCA 3
Tunl =21 € A0 Tume = 18 ¢ (KpmBa 6 Ha puc. 3, 6, BapiaHT Il).

Ha BigmiHy Big BapiaHTa | Temnepatypu meTtany Ta Kepami-
YHOI i30/1AL,ii 30BHIWHBLOT 1 Ta BHYTPiWHbLOI 3 TPyb 3pocTa-
10Tb BNpoAoBXK Yacy 0 < T < 18 ¢ y NOpiBHAHI 3 MOYATKOBOO
TemnepaTypto trepamii(T = 0) = teransi(t = 0) = 950 °C i pocara-
H0Tb 3Ha4YeHb: tkepami(r = 84 mm, T =18 c) = 982 °C Ta tcranwil(r
=87,5 MM, T =18 c) =972 °C; txepami(r = 117 mm, T=18¢) =
999,70 °C, teranen(r = 113 mm, T = 18 ¢) = 988 °C Ta teranen(r =
115 mm, T=18 c) =995 °C (kpuBa 6 Ha puc. 3, 6, BapiaHT Il).
Y ubOMyY peXxuMi Niposizy TemnepaTypu KepamiyHoi isona-
uii Ta 30BHIWHbLOI MOBEPXHi MeTany OropoArKyBasJbHOI
Tpybu 1 nepesuwytots 1000 °C, TOMy A5 peryatoBaHHsA Te-
MNepaTyp trepam Ta tcrans Y MeXax 1000 °C nuTomnin Tenno-
BMIA NOTIK 3MeHWYeTbcA Ha 10 % 3aBAAKM 3MEHLUEHHIO
cmnm ctpymy Ha 10 %, Wwo NnpuBoAnTb A0 3MEHLLEHHA TeM-
nepartyp matepianis. [ani KapTuHa noBToptoeTbea. Cnocre-
piraeTbca pi3Ke 3pOCTaHHA TemnepaTyp cTiHkK go 1000 °Cii
nagiHHA NMTOMOro Tens0Boro NoTtoky Ha 10 %. Lle xapakre-
pu13ye npouec ocumaalinHoro niponisy. TakMm YMHoMm, Baa-
€TbCA YTPUMYBATM TEMNEPATYPU MmaTepianis Ha piBHI 990—
1000 °C. TyT NUTOMWUI TenNOBWUI MNOTIK MPOTArOM LMUKAY
3meHLWyeTbea 3 150 go 72 kx/(c-m?). CknagHicTb opraHi-
3aLlii TAKOro peXXnumy niponisy NoNAra€e B peryatoBaHHi Tem-
nepatyp maTepianis y mexxax 1000 °C y ay»e By3bKOMy Ya-
COBOMY [ianasoHi Ta HaABHOCTI BE/IMKMX MNUTOMMX
Ten/s0BUX MOTOKIB Y NMOYATKOBIN MOMEHT Yacy. Tomy 6y-
AEMO LWYKATU TaKUW PeXMM Miponisy, 3a AKOro 3Ha4YeHHs
napameTpiB NPouecy g, tiepam, tcrane MaNO 3MiHIOBANNCA B
npoueci umKkay niponisy.
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Puc. 3. Po3nodin memnepamyp KepamiyHoi i30a4uyii, Memasny ma 4yacmuHOK mpicku mornosi 3a nepepizom Hepyxomozo
wapy 3anexwHocmi gio Yacy T, c:1-3;2—-6;,3—-9;,4—12;5-15,6—-18;,7-21;,8—16; 9 — 24; a —eapiaHm |; 6 —sapiaHm
Il; 8 —sapianm IlI; 2 —eapiaHm 1V; 0 —eapiaHm V; a—2 —KepamiyHa i301ayia Ha nosepxHax niponizepa,; 0 —izonayis izoplan

Ha riogepxHAX niposizepa

Ha pwuc. 3, 8 NpointoCcTpoOBaHO pexMm Miponily 3a TaKux
yMoB: q(r = 83, mm, T = 0) = 80 kx/(c:m?); g(r = 117 mm, T =
0) = 70 k[AxK/(c*M?), tepamini(T = 0) = teranumi(t = 0) = 960 °C (Bapi-
aHT Ill). 3BepTae Ha cebe yBary Tol $aKT, WO NUTOMMUIA Ten-
NIOBUI NOTIK, AKUIA NAafa€e Ha OropoaKyBasbHy TPyby MeH-
LUK, HiXK MTUTOMMIA TENIOBUI NOTIK, LLLO N3AA€E HA BHYTPILLIHIO
Tpy6y. Lle nos’Aa3aHo 3 TUM, Lo Y GiKCOBAHMI MOMEHT Yacy T
TENJOCNPUINHATTA BiCECUMETPUYHUX NOBEPXOHb HArpiBy o4-
HakoBe. TOMy MpW 3MeHLUEHi NOBepXHi Harpisy, TO6TO Npu
3MeHLWeHi pagjycy r3117 o 110 mm nMTOMUIA TENI0BUI NO-
Tik 3poctatume 3 g(r =117 mm, t=3 ¢) =70 go g(r = 110 mm,
T=3c) = 74,5 k/(c:m?), a 3i 36inblIeHHAM pagjiycy r 3 83
00 90 MM NUTOMWIA TENNOBUIA NOTIK NagaTume 3 g(r = 83 mm,
1=3¢) =80 70 g(r =90 mm, T =3 c) = 73,8 kIx/(c-m?).

Ha BigmiHy Big, ocumnauiiHoro niponisy, TyT TemnepaTtypu
KepamivHoi i3onauii —tkepami(r = 117 mm, T = 18 ¢) = 959 °C
Ta tkepamii(r = 84 Mm, T = 18 ¢c) = 952 °C i ctani —tcranoii(r =
115 mm, T = 18 ¢c) = 954 °C Ta teransni(r = 85 mm, T =18 ¢) =
949 °C mano Bigpi3HAKTbCA Big, NOYAaTKOBUX TemnepaTtyp
tKepaMIII(T = 0) = tcTaanII(T = 0) =960 °C (BapiaHT |||), i nuTomi
TEnJIOBi MOTOKM HE 3MIHIOKOTLCA MPOTATOM LMKAY Tuymkall =
18 c (KpmBa 6 Ha pwc. 3, 8, BapiaHT lll). MiHimanbHa Temne-
paTypa Nporpisy HEPYXOMOTrO LUAPY 3@ YacC LUMKAY Tuukalll =
18 ¢ 3i weunakictio 1900 °C/xB cTaHOBUTb tp,mini = 670 °C. Y
BapiaHTax Il Ta lll yac uMKNy oAHAKOBMN, ane pi3Hi YacTKK
CMOJIM Ha BUXOAj 3 uMKAy (puc. 4). BuaHo, wo y BapiaHTi Il

YacTKa CMOAM CTaHOBUTb Viarmaxi = 1% (KpuBa 3 Ha
puc. 4, 6), Toai Ak y BapiaHTi Il us yactka Habarato 6i-
NIbLIA — Viar,maxill = 8 % (KpuBa 3 Ha pwc. 4, a). AnA ycyHeHHsA
LbOro HeaoANiKy y BapiaHTi lll HeobxigHO 36inbWNTK TPUBA-
NicTb uuKkny Ha 3 ¢ (Kpuea 4 Ha pwuc. 4, a). Lle aae 3mory
Aeuwo NigBULNTM TeMNepaTypy MeTany nepes Apyrum Lm-
KNOM: teraneni(r = 115 Mm, T = 21 ¢) = 959 °C Ta teraneni(r =
85 mm, T=21c)=955°C.

BapiaHT IV Biapi3HAEeTbCA Bia BapiaHTa |l HeBeAMKUM 3MeH-
LWEHHAM NUTOMMX TenaoBMX MOToKiB g(r = 83 mm) =
70 kO/(c-m2); g(r = 117 mm) = 60 KK/ (c-M?) 33 HE3MIHHMX
NoOYaTKOBUX TEMNEPATyp KepamiyHoi i3onauii Ta metany —
960 °C. Yac nporpiBaHHA YaCTUHOK TPICKM TOMNOAI B HEPYXO-
MOMY Wapi 3i weKnakKicTio 1866,6 °C/xB A0 MiHiManbHOI Te-
MMepaTypu tpminiv = 660 °C CTAaHOBUTb Tumkaiv = 18 ¢ (KpuBa 6
Ha pwuc. 3, 2, BapiaHT IV). Ha BigmiHy Big BapiaHTa lll, ge
Ytar,maxiil = 8 %, y BapiaHTi IV nicna 3aKiH4eHHA LMKAY YacTKa
cMonu aewo 36iNblYETbCA | CTAHOBUTb VYiarmaxiv = 11,6 %
(nopiBHATM KpuBy 3 Ha puc. 4, a Ta KpuBy 6 Ha pwuc. 5, a).
[nAa 3MeHLWeHHA 3HAYEHHA Viarmaxv HEOBXigHO 36inbWKTK
Yyac LMKNY Tumaiv Ha 3 ¢ (KpuBa 7 Ha puc. 5, a). 3rigHo 3
puc. 3, 2 y BapiaHTi IV cnocTepiraerbca 3meHLWeHHA Temne-
paTyp KepamiuHoi i30nauii — tkepamv(r = 117 mm, T =18 ¢c) =
951 °C Ta tkepamiv(r = 83 Mm, T = 18 ¢) = 949 °C i meTany —
tc*ranblv(r =115mm, T = 18 C) =946 OC, tcranblv(r =85 MM, T =
18 C) =943 °C, tCTaanV(r =90 mm, T=18 C) =924°CTa tCTaﬂb|V(r
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=110 mm, T = 18 ¢) = 934 °C y nopiBHAHHI 3 NOYaTKOBUMM
Temnepatypamm: tuepamiv(t = 0) = teranwiv(t = 0) = 960 °C. Ha
puc. 3, 2 (KpuBa 6) BUAHO, WO TemnepaTypa BHYTPiWHbOI
NnoBepxHi oropoaKysanbHoi Tpybu 1 Bnana Ha 26 °C, a 30B-
HiLWHbOT NoBepxHi TpybuM 3 — Ha 36 °C. Take NpocigaHHsA Te-
MMepaTypu Ha NOBEPXHAX HEPYXOMOro Liapy B nepLiomy

NOCNiAOBHMX LMKAAX Niponisy. Ana nigBuLLeHHA Temnepa-
TYpUY Ha BXOAi B Liap nepes Apyrum LUKAOM A0CTaTHbO Mi-
CNA OCHOBHOIO Yacy Miponisy Tumav = 21 ¢ nporpisati nose-
pXHi Harpisy niponizepa npotarom 3 c. Toai BKasaHi
nepenaay Temnepartyp 3meHwarTbeA 3 36 4o 16 °Ci 3 26
80 12 °C (nopiBHATK KpuMBI 6 i 9 Ha puc. 3, 2).

UMKANi  niponizy 6yae HeraTMBHO  Bifg3HayaTMcA  Ha
O'S’Ytar a 6
Ytar
06l™ 12 3 10,012
0,3F
0,3F +0,006
O ] O 1 0
0,09 0,11 0,09 001 M 011
OY?;Ytar ped
1,2’Ybiomas
0,35F
0,6
by
0 . - 0 A ;
0,09 01 M 011 0,09 0,1 r,m 0,11

Puc. 4. Po3no0in 3a nepepizom Hepyxomoz0 wapy niposaizepa Yacmxu CMOoAU Yiar M AKMUBHOI YaCMUHU mpicku monosni
Vbiomas 30A€MHCHO 8i0 Yacy, c: 1 —12; 2 —15;,3—18;4—-21; a —eapiaHm lll; 6 — eapiaHm II; 8, 2 — eapiaHm |

0 7’\1’&" a 1 qu_,biomas b
12345
1 51413 |2
0,35F 0,6F
6
0 0 6| J
0,09 0,1 r,Mm 0,11 0,09 0,11
c
1’2’}/9;11 :
0,6 2 0,05
0 1 ) 0 )
0,09 0,105 rrMm 0,12 0,09 0,105 r, M 0,12

Puc. 5. Po3no0in 3a nepepizom Hepyxomoz20 wapy nipoaizepa akmueHoi YacmuHuU mpicku momnosi Yviomas (6) ma macosux
4acmoK npodyKmie mepmonisy: CMonuU Yiar (a), 3MiLIAGHO20 MiPOAI3HO20 2a3Y Vgaz (8) Ma char ychar (2) 3anexcHO i 8i0 yacy,
¢ (eapiaHm IV): 1-3;2-6;3-9;4-12;5-15,6-18,7-21
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’Yta r

0,70
3
12
0,35}
4
0 i )
0,09 0,1 rr M 0,11

Puc. 6. Po3no0in 3a nepepizom Hepyxomozo wapy niposi-
3epa YacmKuU CMOU Yiar 3a71€HCHOCMI 8i0 Yacy, ¢ (sapiaHmM
V):1-12;2-15,3-18,4—-24

BapiaHT V, HaBeAeHWI Ha puC. 3, e, KOHCTPYKTMBHO Bigpi3HA-
€TbCA BiA BapiaHTa IV TMM, WO AK i301AUiMHWI MaTepian BU-
KOPUCTOBYETLCA izoplan 3 AysKe HU3bKMM KoedilieHTom Ten-
nonposiaHocTi Aiopv = 0,14-10°3 kk/(c'm+K), wo cyTreso
BM/IMBAE Ha PO3N0AiN TemnepaTyp meTtany Tpyb, kepamiyHoi
i30/1ALii Ta YaCTMHOK TPICKM TOMOAi 3a Mepepi3om Hepyxo-
MOFO LUAPY Ta HA KPEKIHT NepeTBOPEHHA CMOIN HA Nerkui
ras: 1) nagiHHa TemnepaTyp MeTasly BiAHOCHO No4YaTKOBOI Te-
mnepaTtypn 960 °C 3a nepiog yacy 21 ¢ cTaHOBUTb: MeTany B
ToyKaxr=85,r=90,r=110Tar=115 mm: 80, 85, 75Ta 67 °C,
BignoBiaHo (KpuBa 7 Ha puc. 3, 0); cnocTepiraeTbcs gesnke
NigBULLLEHHA TEMNEPATYPU KEPAMIYHOT i301ALLIT B TOYKAX I =
83 1ar=117 mm Ha: 12 Ta 9 °C, BignosiaHo; 2) nafiHHA Tem-
nepaTtyp meTany 3a nepiog t = 24 c y BapiaHTi IV HabaraTo
MEHLWI, HiXK y BapiaHTi V: y Touyi r =90 mm —B 5,3 pasa, y To-
yui r =110 mm — B 6,25 pa3sa (NopiBHATU KpuBi 9 Ha puc. 3, 2
Ta puc. 3, 0); 3) nagiHHA TemnepaTyp MeTany y BapiaHTi | Ha
10-20 % meHLwe, HixKy BapiaHTi IV: y Toyui r =90 mm —8 1,12
pasa, y Touuir =110 mm—B 1,2 pasa (NopiBHATU KpuBi 7 Ha
puc. 3, a Ta puc. 3, 0); 4) npodinb GYHKUIT yearv(r, T) Haraaye
Npodinb 3aneKHOCTI Vtari(r, T) (NOPIBHATM KpuBi 3 Ha puc. 4, 8
Ta puc. 6). Ha By3bkilt ginanui 0,0969 < r < 0,1036 m pyHKLUis
Viarv(r, T) AOCATraeE MaKCMMaibHUX 3HaYyeHb — 60 %, AKi mano
BiOPI3HAIOTHCA Bif, MaKCMMasIbHUX 3HaAYyeHb 3aneXKHOCTi
Vtar,maxl(r =0,0988 M) = Vtar,maxl(r =0,1014 M) =57,3% (I'IOpiB-
HATM KpMBi 3 Ha pwuc. 4, 8 Ta puc. 6); 5) MakcMmanbHi 3Ha-
YeHHA QYHKLT Yiarv(r, T) ¥ 4,9 pasa binblue, HiX y BapiaHTi IV
(nopiBHATK KpuMBY 6 Ha puC. 5, a Ta KpuBy 3 Hapuc. 6), Tay 60
pasis binblie, HiX y BapiaHTi Il (nopiBHATM Kpuei 3 Ha
puc. 4, 6 Ta Hapwc. 6); 6) Yac NporpiBy YacTUHOK TPICKMU TO-
noAi B HEpPyXomomy LLapi 3i weumakictio 1897 °C/x8 Ao miHi-
MasibHOi TemnepaTypw tominv = 764 °C CTaHOBUTb Tuymnv = 21 C
(KpuBa 7 Ha puc. 3, 0).

Harapaemo, Wwo moaens npouecy Tepmoposnagy [29] ckna-
[AETbCA 3 TPbOX NAapanesibHUX NEPBUHHUX PeaKLii po3Kna-
OaHHA aKTMBHOI YacTKW, AKa BUAIAMNACL 3 YACTUHKKU Bio-
Macu, Ha NepBUHHKI NiponisHuii ras, char Ta cmony, i 4Box
BTOPMHHUX peaKuin — NepeTBOPeHHs CMOJN Ha ferkui
(sTOopMHHMIA) ra3 i char 3a paxyHOK KpekiHry. lMpouec Tep-
Mopo3naay anda sapiaHTta IV npointoctpoBaHo Ha puc. 5. Ha

HbOMY BUAHO, WO 3 NaMHOM Yacy 0 < T <21 ¢ npouec Tep-
MoOJi3y HiomacK 3MilLYETbCA Bif, 30BHILHBLOI Ta BHYTPILU-
HbOi MOBEepPXOHb Harpisy niponisepa (Kpusi 1) BranMb Hepy-
XOMOro wapy (Kpmsi 5), 3alimaioum npu UbOMYy Manui
06’eM HEPYXOMOTO Lapy, PO3TALLOBaHIN y LEeHTpasbHil Ya-
CTMHI niponisepa. B npomixKokK yacy 15-18 ¢ akTMBHa 4Yac-
TKa biomacy, WO 3HAAMTLCA Y YAaCTMHKax Biomacu Ha ains-
HWi 0,0970< r<0,1029 m (KpuBa 5 Ha puc. 5, 6), B NOBHOMY
06c¢a3i Nnokngae teepay $asy Ta NOBHICTIO PO3KNALAETLCA
nig, BNAYBOM NEPBUHHMX peakLili Tepmmonisy (Kpusa 6 Ha
puc. 5, 6), i TiIbKK 3aUWAETLCA YAaCTKa CMOAWN Ha AinAHUI
0,0974 < r<0,1026 m (KpuBa 6 Ha puc. 5, a). Tomy npoTs-
rom yacy 18 < 1< 21 c, BMxig niponisHux rasis BigdyBaeTbCA
TiNIbKM 3@ PaxXyHOK KPEKiHr npouecy (NepBUHHOrO rasy He-
Mage), TOBTO BTOPMHHMX peaKLii, BHaCNiAOK YOro y LLeHTpa-
JIbHIM YacTUHI Niponizepa cMosa NepeTBOPHETLCA HA Ner-
Kui1 ras (Kpuea 6 Ha puc. 5, 8) Ta char (KpuBa 6 Ha puc. 5, &).

BucHOBKM

1. 3anponoHoBaHO OpuriHanbHUIA cnocib BUpobHULUTBA 3
TPiCKM TOMNOAI B OAHIN YCTAaHOBL, ABOX Pi3HMX 33 CKNa-
OOM i KANOPINHICTIO CUHTETUYHMX rasiB: cepeaHbOKaNo-
PiMHOrO Ta HU3bKOKa-NopiliHOro. CepeaHbOKanopiiHNUiM
ras oTPMMYyIOTb 3aBAAKM MPOLLECY Miponi3y TPiCKM TO-
nosii B TOHKOMY ¢iKcoBaHOMY LWapi TOBWUHOW 20 Mm
nig, BNIMBOM [BOX 30BHILLHIX AXKepen TennoBoi eHeprii
WIAXOM €NeKTPOHArpiBaHHA BHYTPIWHbOI Ta 30BHiLU-
HbOi MOBEPXOHb Harpisy Niponisepa.

2. Po3rnagaetbca n'ATb PisHMX peXXUMIB niponisy biomacu:

— Yy Neplwomy pexumi Tensosi NOTOKMK, WO NafatoTb HA No-
BEPXHi KepaMiyHOi i3011Lii, AOPiIBHIOOTb HYA0, TOMY
npoviec niponisy BiAbyBa€ETbCA 32 PaxXyHOK TENNA, LLO aKy-
MYNIOETbCA B MeTani Tpyb Ta KepamiyHoi i3onauii, none-
peaHbo HarpiTux go temnepatypu 950 °C. MokasaHo Lo,
TPMBaANiCTb LMKAY Nipoi3y cTaHOBUTL 21 ¢, a WBMAKICTb
NporpiBaHHA Hepyxomoro Lwapy AopisHioe 1886 °C/xs.
TemnepaTypa meTany Ha BXoZi B Wwap y Touuir =90 mmy
nepwomy Umnkni nagae Ha 76 °C i gopisHioe 874 °C. Y Ha-
CTYMHUX UMKNAX NAAIHHA TeMnepaTyp KepamivyHoi i3ona-
Lii, MeTany Ta YaCTMHOK TPiICKM TONOJi NO NonepeyHoOMy
nepepisy niponisepa TpuBaTMMe, BHACNI 40K YOO Yac uu-
KAy Ta KiNbKiCTb CMOIM 3POCTAaTUMYTb, @ AKICTb rasy nori-
pwysaTMMeTbcA. TOMy MiCAA KOXKHOTOo UMKy Tpeba nigii-
MaTM TemnepaTypy MeTany Ha Bxogi B wap 3 874 po
950 °C gorpiBaHHAM NOBEPXOHb HArpiBy 3a paxyHoK nia-
BeZleHHA 30BHILUHbOrO TeNna;

— BMNPOAOBXK 18 ¢ AiNAHKM, po3TalloBaHi B LLEHTPabHIl Ya-
CTUHI niponisepa, 4e 3aAMLWAOTbCA YaCTKa CMON Ta aK-
TMBHa YacTKa biomacy, Lo 3HaXOAMUTLCA B YHACTUHKAX, CU-
NIbHO 3BYXYIOTbCA | gocaratoTb po3mipis: 0,0966 < r <
0,1053 m 1a 0,0982 < r < 0,1025 m, BignosigHo. Ha uux
AinAHKax GYHKLIA Yiari(r, T) B TeMnepaTypHOMY Aiana3oHi
Atp =760-787 °C ma€ ABa 04HAKOBI MaKCUMYMM: Viar,maxi(r
=0,0988 M) = ytar,maxi(r = 0,1014 m) = 57,3 %, a 3a/1€XKHicTb
Vbiomasi(F, T) MAa€ MAaKCUMYM Ybiomasi(r = 0,1 m, T = 18 ¢) =
51,8 %. Ha ginankax 0,0966 < r < 0,0982 m 12 0,1025<r<
0,1053 Mm aKTMBHOI YacTMHM bGiomacu Hemae, Tomy
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BMPOOHMUTBO NiPONI3HOro rasy CKNaAa€eTbCa Ti/IbKKM 3 ner-
Koro (BTOPUHHOrO) rasy. Y yacoBomy iHTepBani 18 < T <
21 c BCA CMONa, L0 pO3TalloBaHa Ha AainaHui 0,0966 <r <
0,1053 m, NnepeTBOPHOETLCA Ha NIETKUI a3 3aBAAKN Kpeki-
Hry;

Y OPYromy pexxumi 3aBAAKM BUCOKMM MUTOMUM Teno-
BUM noTokam 150 k//(c-M2) TpmBanicTb UMKAY Niponisy
CKOpoYYyeTbCA A0 18 ¢, TemnepaTtypu meTany Ta Kepamiy-
HOI i30/1AUi 3poCTaloTb BNPOAOBXK UMKAY Bifbl HUX [0
1000 °C. Ana yTpumaHHsa ix Ha pisHi 1000 °C nutomuii Te-
NA0BUIM MOTIK 3MEHLYETbCA NpoTArom uukay 3 150 go
72 k[x/(c-m?), Wwo Haragye ocumnauiiHuii niponis [29].
Ha Buxogi 3 UMKy YacTKa CMOAM Mana i CTaHOBUTb
Ytar,maxIl = 1 %;

— Y TPETbOMY PEKMMI NUTOMI TENI0BI NOTOKM, WO NadaloTb

Ha 30BHILLHIO Ta BHYTPILWHIO NOBEPXHi NipoAni3epa, CTaHO-
BnaTb 70 Ta 80 k[xk/(c-m?), BiANOBIAHO, | HE 3MiHIOIOTbCA
npoTarom umkny. MiHimanbHa TemnepaTtypa NporpiBaHHA
HEPyXOMOro wapy 3a 4ac uuknyl8c 3i weuAakictio
1900 °C/x8 — 670 °C. Ha BMXOAj 3 UMKy CMOCTEPIraeTbes
naZiHHA TemnepaTypu MeTasly Ha BXOAi B HEpyxomwuit
wap y Todykax r =90 mm ta r = 110 mm: 3 960 o 935 °C1a
3 960 oo 942 °C, BiANOBIAHO, @ YaCcTKa CMOJIM 3HAYHO
MEHLUe, HiXK y BapiaHTi | i LOPIBHIOE Ytar,maxill = 8%. [Ana no-
BHOMO NepeTBOPEHHS CMOJIM HA IETKWI ra3 noTpibHo 36i-
NbWKUTU TpMBanicTb umkny 3 18 go 21 c. Le npusoauts 40
3MeHLUeHHA NajiHHA TeMnepaTypu MeTany Ha BXOi B He-
PyXOMMM Wwap y Touykax r = 90 mm Ta r = 110 mm nepes
apyrum umknom: 3 25 go 16 °C 1a 3 18 go 11 °C, Bigno-
BigHO. TemnepaTypu meTasy 30BHILIHbOI MOBEPXHi Oro-
POAKYBaNbHOT TPYOU teransin(r = 115 mm, T=21 ¢) =959 °C
Ta BHYTPiWHbOI NOBEPXHi BHYTPIWHbLOI TPYOU teranui(r =
85 mm, T =21 c) = 955 °C mano Bigpi3HAOTLCA BiA4 NoYaT-
KoBoi Temnepatypm 960 °C. Lli HeBenuKi nagiHHA Temne-
paTyp IerKO MOXYTb OYTM YCYHEHi 33 paxyHOK 30BHiLUHiX
O)Kepen TeNN0BOI eHepril;

— Y YeTBEPTOMY PEXUMI NipONi3y MMTOMI TEMI0Bi NOTOKM Ha
30BHILLIHIO Ta BHYTPILIHIO NMOBEPXHi HArpiBy CTAaHOBAATb
60 70 kx/(c-M?) i He 3MiHIOIOTbCA MPOTArom LMKAY. Yac
NPOrpiBaHHA YaCTUHOK TPICKM TONOAI 40 MiHiManbHOI Te-
mnepaTypum 660 °C —18 ¢, a WBUAKICTb NPOrpiBaHHSA Wapy
pocarae 1866,6 °C/xB, L0 € 03HAKOIO LBUAKOrO Miponisy.
MafiHHA TemnepaTypu MeTany Ha BXOAi B HEpyxomwuit
wap npotArom 18 cy Toukaxr=90 mmtar=110 mm cTa-
HOBWUTbL 26 Ta 36 °C, BiANOBiAHO, @ YaCTKa CMOJIM B NOpIB-
HAHHI 3 BapiaHTom |l 36inbwyeTbea B8 11,6 pasa. Ana nia-
BULLEHHA TemnepaTypy MeTany Ha BXOAi B Lap nepej,
OPYrMM LIMKAOM A0CTaTHbO MiCAA NepLoro LMKAy nipo-
ni3y 21 c nporpiBaTi NOBEpPXHi HarpiBy niponisepa npoTa-
rom 3 c. Toai BKa3aHi nepenaan Temnepatyp meTany cyT-
TEBO 3MeHLWwalTbeA: 3 36 go 16°C i 3 26 oo 12 °C.
Bnpoaos: 18 ¢ BigbyBaeTbCA CyTTEBE CKOPOYEHHA Aina-
HKM 0,0974 < r< 0,1026 m (Ar = 5,2 mMm), Ae 3aAULLAETLCA
YyacTKa CMOJIM, @ aKTMBHa YacTMHa 6iomacu 3HUKAE, BHA-
CNiJOK 4YOoro BMXiA Miponi3HMX rasis B iHTepBani 18 < 1<
21 c BiAOYBAETbCA TiNIbKM 33 PaxyHOK KpekiHry, TobTo

BTOPMHHWUX peaKLin NepeTBOPEHHA CMOIM Ha NIerKniA ras
Ta char;

y N'ATOMY peXMmi niponisy NMTOMi Tensosi NOTOKM Ti
caMmi, Wo B YeTBepTOMY. BapiaHT V KOHCTPYKTMBHO Biapi-
3HAETbCA Big BapiaHTa IV TUM, WO AK i301ALiIMHMIA maTe-
pian BMKOpMCTOBYETbCA izoplan 3 gyke HU3bKUM Koedi-
LIEHTOM TenonpoBiAHOCTI Aizopiv = 0,14-1073 kA /(c-m-K).
MagiHHA TemnepaTypu meTany y Toykax r =90 mm 1a r =
110 mm 3a nepiog yacy 21 c ctaHoBuTb 85 Ta 75 °C, Big-
nosigHo. Lle B8 5,3 pasa nepesulye nagiHHA Temnepa-
Typu meTany B Touui r = 90 mm Ta B 6,25 pasa—y Touui r
=110 mm y nopiBHAHHI 3 BapiaHToMm IV, a npodinb dyHKLT
Viarv(r, T) Haragye npodinb 3aNeXKHOCTI Yiar(r, T). MagiHHA
TemnepaTypu meTany Ha BXOoAi B Wwap npu T =21 c y Bapi-
aHTi |: Atcranel(r = 90 mm) = 76 °C Ta Aterans(r = 110 mm) =
64 °C, meHLWi, HiXK y BapiaHTi V: Atcransv(r = 90 mm) = 85 °C
Ta Atcransv(r = 110 mm) = 75 °C. Ha By3bKin ginanui 0,0969
<r<0,1036 m PYHKUiA Ytarv(r, T) Yy MOMeEHT Yacy 18 ¢ go-
CAra€ ABOX OAHAKOBUX MaKCUMasbHUX 3HadyeHb — 60 %,
AKi Mano Bigpi3HAIOTLCA Bif, 3HAa4YeHb, HaBeAEHUX Y Bapi-
aHTi |, — 57,3 %. MaKcumanbHi 3HaueHHA GYHKUIT yiarv(r, T)
y BapiaHTi V B 4,94 pasa b6inbLi, HixK y BapiaHTi IV (3a oa-
HaKOBWX TEM/IOBMX MOTOKIB) Ta y 60 pasis binbLui, HiX y
BapiaHTi Il.
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Abstract. An original method is proposed for producing two syn-
thetic gases — one of medium calorific value and one of low calo-
rific value — from poplar wood chips in a single unit. The medium-
calorific gas is obtained through the pyrolysis of biomass in a thin
fixed bed 20 mm thick, under the influence of two external heat
sources. The 225-mm-high pyrolyzer is located between a 230x5-
mm-diameter outer tube and a 180x5-mm-diameter inner tube,
the surfaces of which are covered with 2-mm-thick ceramic insu-
lation. After heating the pyrolyzer surfaces to a temperature of
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950-960 °C, dried poplar chips are fed into the outer tube, and  Ukraine

specific heat fluxes of 0—150 kJ/(s-m?) are applied to the ceramic

insulation surfaces of the outer and inner tubes. Part of the poplar chip fractions penetrates the thin annular
intertube space, while the remainder forms a particle bed (clusters) at the pyrolyzer inlet. A rotating agitator
made of flexible metal rods is used to break up the clusters, allowing a thin, fixed layer to form. Various modes
of poplar chip pyrolysis were considered: 1) external heat fluxes are zero, and the pyrolysis process occurs due
to heat accumulated in the metal and ceramics, preheated to a temperature of 950 °C. The time required to
heat the bed to a minimum particle temperature of 760 °C is 21 s; 2) the heat flux to the insulation of the outer
tube is 80 ki/(s-m?), and to the insulation of the inner tube is 70 kJ/(s-m?). The minimum heating temperature
of biomass particles during the 18-second cycle is 670 °C, and the heating rate of the bed reaches 1,900 °C/min,
which is an indicator of rapid pyrolysis. After the cycle, the release of volatile substances ceases, and a 8% tar
fraction remains, which is converted into a light gas within 3 seconds through a cracking process; that is, the
pyrolysis gas consists solely of secondary gas.

Keywords: fixed bed, biomass, thermal conductivity, pyrolysis, steam-air gasification, heat transfer, gas,
temperature.

Symbols

A, C, H,N,O,S,V, and W — mass fractions of ash, carbon,
hydrogen, nitrogen, oxygen, sulfur, volatile matter, and
moisture in solid fuel

Din —inner pipe diameter, mm

De — outer pipe diameter, mm

H — height, m

g — heat flux incident on the insulation surface, kl/(s-m?)
r —radial coordinate, m

t —temperature, °C

Vgaz, Ytar and ychar — mass fractions of poplar chip pyrolysis
products (of the total maximum release of thermal decom-
position products) of gas, tar, and char

Ybiomas — active fraction of poplar chips (of the total maxi-
mum release of thermal decomposition products)

6 — particle diameter, m
€ — bed porosity

A — thermal conductivity coefficient, kJ/(s-m-K)
p — density, kg/m?3
T—time, s

A —insulation

Ar—gap, m

Indices: bed — bed
biomas — biomass

char — carbon residue

d — dry mass

daf — dry ash-free mass
gaz — gas

izopl —izoplan insulation
max — maximum

min —minimum

p — particle

r —working
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tar —tar
ceram — ceramics
steel — steel

Background. A common drawback of systems using inter-
nal combustion engines is the high purity requirements for
the generator gas; during prolonged engine operation, the
permissible tar content must not exceed 10-100 mg/Nm3
[1-3]. Medium-calorific-value synthesis gas is obtained by
pyrolysis of biomass, while low-calorific-value gas is pro-
duced by gasification of its coke-ash residue. To produce
two synthetic gases with different compositions and calo-
rific values and low tar content in a single reactor, it is nec-
essary to use a two-stage thermochemical processing of bi-
omass, combining pyrolysis with subsequent gasification of
the coke-ash residue. Recent developments in gas genera-
tors of this type include the “Viking,” “FLETGAS,” and
“LT-CFB” [4]. The “LiPRO-Energy” cogeneration plant [5]
uses a combination of a screw pyrolyzer and a direct-flow
gas generator with steam-air blowing. The gas generator
receives a steam-gas mixture of volatile pyrolysis products
and the coke residue of the feedstock—wood chips 30-50
mm in size, with a relative humidity of no more than 15%.
The heat of combustion of the resulting gas is 5.6 MJ/Nm?3,
and the nitrogen content is 44%. The electrical power of the
unit is 30 or 50 kW (400 V, 50 Hz), and the thermal power
is 70 or 110 kW at a biomass feed rate of 30 or 50 kg/h. The
method involving a combination of pyrolysis and subse-
qguent cracking of volatile products in a high-temperature
bed of semi-coke or charcoal was first described in [6]. The
effect of high-temperature cracking on the volume and
composition of gases produced during the processing of
wood sawdust was investigated. It was shown that at a
temperature of 950 °C, complete decomposition of tars and
pyrogenic moisture occurs. In [7], the influence of catalytic
and thermal effects during the cracking of biomass pyroly-
sis products in a vacuum and in a bed of charcoal at tem-
peratures of 500—700 °C was studied. Data on changes in
the composition of condensed and non-condensed prod-
ucts were obtained. In [8, 9], the effect of temperature in
the heterogeneous cracking zone of volatile products from
the processing of wood biomass and peat on gas properties
and process efficiency was demonstrated.

Currently, the following main types of pyrolysis reactors are
known: fixed-bed pyrolysis [10], pyrolysis in a fluidized bed
[11] or circulating bed [12], a rotating disc reactor (biomass
is pressed against a hot rotating disc) [13], and a conical re-
actor (a mixture of biomass and hot sand is contained in a
rotating cone, and the removal of reacted material occurs
due to centrifugal forces) [14], an ablative reactor (biomass
is mechanically pressed against a hot wall) [15], a vortex ab-
lative reactor (particles from a swirling flow strike the hot
walls of the reactor) [16], a screw reactor (a heated cylin-
drical retort with a screw) [17], “PyRos” (a cyclone contain-
ing an integrated hot gas filter into which a mixture of bio-
mass and hot sand enters) [18], plasma reactor (a
cylindrical quartz gas discharge tube into which biomass is
fed, with products removed by a vacuum pump) [19], a

cycle - cycle
0 —initial parameter value
I-V — calculation variants

microwave reactor (energy input via the interaction of mi-
crowave radiation with biomass molecules and atoms) [20],
a solar reactor (a parabolic solar concentrator with a quartz
tube reactor at its focal point) [21], a vacuum reactor
(heated by a burner or via induction heating in a vacuum)
[22]. An alternative to simple pyrolysis is two-stage pyro-
lytic conversion, which combines pyrolysis with the subse-
quent conversion of condensed volatile products into gas.
The cracking of vapors of high-molecular-weight sub-
stances, which are liquids under normal conditions, is usu-
ally carried out at high temperatures in special inert-mate-
rial nozzles, or in a bed of catalyst or coke residue from the
feedstock. Depending on the process parameters and the
specific implementation scheme, two-stage processing en-
ables efficient production of relatively clean, low- or me-
dium-calorific gas. The main advantage of the hardware
separation of pyrolysis and subsequent gasification pro-
cesses compared to conventional reverse-flow gasifiers is
the low tar content in the gas (10—15 mg/m3).

In [23], a steam plasma torch was used for the reforming of
gasification products from a small-scale industrial gasifier
with a downflow gas stream, enabling a significant increase
in the hydrogen yield from the system. At a plasma torch
power of 1.1-1.4 kW, the hydrogen yield from the fuel gas
obtained after steam reforming increased by a factor of
1.5-2.1 compared to air gasification.

At a fuel cell testing facility [24] using solid fuel, gas with a
hydrogen content of 94.7-97.0% (vol.) was obtained
through the catalytic conversion of CO via the water-slip re-
action, as well as high- and low-temperature CO2 capture.

Reference [25] describes a plasma steam-air reverse gasifi-
cation plant in which a plasma jet is fed into the pyrolysis
zone, thereby also influencing the steam reforming pro-
cesses of the volatile components of the organic feedstock.
A series of experimental results were obtained, in particu-
lar: a) gas was produced with an H2/CO ratio of 1.4-1.5
mol/mol, a lower heating value of 2.7-3.0 MJ/Nm?, and a
chemical gasification efficiency of 29.6—-31.5%; b) The use
of separate conversion of solid organic waste made it pos-
sible to increase the chemical efficiency of gasification to
27.7-39.1% when using wood pellets or pellets made from
agricultural and industrial waste and to 44.1-55.4% when
using rubber crumbs from worn tires; c) It was shown that
the hydrogen vyield in the resulting gas was influenced by
the degree of steam utilization, the conversion rate of solid
organic waste, and its composition.

Reference [26] examines the potential for implementing a
technology for the thermal decomposition of liquid carbon-
containing substances of various origins — such as waste
components — to produce gaseous products of a specified
composition for subsequent use in the chemical industry
and as a substitute for natural gas. Among the most prom-
ising methods for accomplishing this task is the thermal
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decomposition of hydrocarbons with process stabilization
achieved by introducing a high-temperature plasma dis-
charge source into the system. To carry out the work, an
experimental unit was created for the gasification of liquid
hydrocarbon wastes and fuels with a high content of pollu-
tants. Studies on the reforming of liquid fuels were con-
ducted, which showed: 1) the heat of combustion of gener-
ator gas produced from sunflower oil is 8.89 MJ/Nm?3, and
that produced from liquid furnace fuel is 13.75 MJ/Nm?3; 2)
the efficiency of the gasification process is 80-84%; 3) the
efficiency of thermal energy production via the preliminary
gasification of liquid fuel does not exceed 72%.

The decarbonization of disctrict heating systems (DHSs) is a
pressing issue for countries with well-developed DHSs, which
were built primarily in the last century and designed to use
fossil fuels [27]. In these systems, it is necessary to simulta-
neously address the challenges of reducing heat consump-
tion, replacing outdated equipment, and substituting fossil
fuels with renewable energy sources and waste energy re-
sources. These challenges must be addressed while ensuring
a stable supply of heat to consumers. Solving such a complex,
multifaceted problem requires the development of a scien-
tifically sound methodology. A methodology for decarboniz-
ing large, outdated fossil-fuel-fired district heating systems
for a model city is proposed, which can be applied to many
cities in Ukraine and EU countries. This methodology in-
cludes three main areas: 1) reducing heat consumption by
improving the energy efficiency of heat consumers and heat
networks; 2) replacing heat production from fossil fuel-fired
sources with sources that utilize renewable energy sources
and waste energy resources; 3) integrating heating net-
works, which enables the production of “green” thermal en-
ergy at specific heat sources that offer the best conditions for
decarbonization, and the transmission of this energy to other
energy sources that lack the potential or have poorer condi-
tions for decarbonization.

Reference [28] examines the process of rapid pyrolysis of
bagasse in a densely packed bed using thermal energy
from: a) two electric heaters located on the heating sur-
faces of the outer and inner coaxial cylinders with diame-
ters of 220 and 150 mm; b) an electric heater located on
the surface of the outer cylinder and the combustion prod-
ucts flowing over the inner surface of the inner cylinder.
The heat fluxes are regulated during the cycle 0 <t< 60 s
by varying the current and voltage. It is quite difficult to reg-
ulate the temperature of the combustion products within
the narrow range 4 < 1< 60 s, where the temperature varies
from 1716 to 1016.5 °C, due to the high inertia of the com-
bustion process in the combustion chamber. Furthermore,
at high combustion product temperatures of 1716 °C, the
inner surface of the inner cylinder would need to be lined,
which would lead to a significant reduction in the heat flux
directed into the pyrolyzer. Such high combustion product
temperatures are due to the very low heat transfer coeffi-
cient from the flue gases to the pyrolyzer surface. Based on
the above, it is concluded that in the high-temperature
range of 1016.5-1716 °C over the cycle period, electric
heating of the inner cylinder proves to be the best option.

Description of the technology for the thermochemical
processing of biomass. The plant for the rapid pyrolysis of
biofuel and steam-air gasification of fixed carbon operates
as follows (Fig. 1).

Pyrolysis chamber 39 consists of two coaxial tubes made of
AISI310 heat-resistant steel: an inner tube 17 and an outer
tube 19 (Fig. 1, a, b). The outer surface of tube 19 and the
inner surface of tube 17 are coated with ceramic insulation
9 and 18 based on aluminum nitride (or oxide) 2 mm thick-
ness (Fig. 1, b). An electric heater 27 is installed on the
outer surface of the ceramic insulation 9; it consists of ni-
chrome wire wound in a spiral on the surface of the insula-
tion 9. A second electric heater 26 is located inside the tube
17. Here, the nichrome wire is wound onto the ceramic sur-
face of a cylindrical sleeve 43, which is selected so that the
coil fits tightly against the inner surface of the ceramic in-
sulation 18. To prevent interaction between the pyrolysis
gas and the nichrome, a flange 38 is installed at the bottom
of the tube 17.

At the start of the unit’s ignition, fixed beds are formed in the
gasifier 37 and in the fluidized bed chamber 31 from pre-
formed coke-ash particles of biomass 36 and sand 23, then
they are heated to temperatures of 600 °C and 950-1000 °C,
respectively, by a high-temperature inert gas mixture sup-
plied under the grates of the gasifier 29 and the fluidized bed
chamber 29. Concurrently, the heating surfaces of the pyro-
lyzer begin to be heated to a temperature of 960 °C using the
heat from two electric heaters. After the surfaces of the py-
rolysis chamber 39 have been heated, the rising biofuel is fed
from the biomass hopper 6 into the outer tube 19 via the
feeder 7. Part of the biomass fractions penetrates the thin
annular intertube space, 20 mm thick, where the pyrolysis
chamber 39 is located, while the remaining particles of the
rising fuel form a pile of particles (clusters) at the entrance to
the gap between tubes 17 and 19.

The proposed technical solution for breaking up clusters
uses a brush 8 made of flexible metal rods, mounted on a
rotating shaft 1, and a metal pusher 42. The shaft is rotated
by a belt drive 13, which consists of a round belt and two
pulleys 3 and 4, one of which (pulley 4) is rigidly secured to
shaft 1 by means of a cross-shaped bushing 15 welded to
shaft 1. In the initial position, the brush 8 is located in the
housing 14, and the shaft is in the uppermost position (Fig.
1, b). After the feedstock is loaded into the outer tube 19,
shaft 1 is lowered (Fig. 1, a). Next, electric motor 2 is acti-
vated; a pulley 3 is mounted on its shaft, which transmits
torque to pulley 4, and, as a result, shaft 1 begins to rotate
via belt drive 13, causing brush 8 to rotate, which breaks up
the clusters and forms a thin stationary layer in pyrolysis
chamber 39. Next, shaft 1 rises to the top and brush 8 en-
ters housing 14 (Fig. 1, b). After the pyrolysis chamber 39 is
heated to a temperature of 960 °C and a loose bed of bio-
fuel particles with a temperature of 100 °C and a thickness
of 20 mm is formed within it, constant specific heat fluxes
of 70,000 and 60,000 W/m? are supplied from the two elec-
tric heaters 26 and 27 to the inner surface of the ceramic
insulation 18 and the outer surface of the ceramic insula-
tion 9, respectively.
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Fig. 1. Plant of a two-stage thermochemical biomass processing: a — rapid pyrolysis of biofuel in a 20-mm-thick fixed bed
and steam-air gasification of fixed carbon; b — layout diagram of a vertical tubular pusher during the feeding of biomass
coke-ash particles after the pyrolysis process from the pyrolyzer chamber to the hopper: 1 — shaft; 2 — electric motor;
3, 4 —pulleys; 5 — bearing; 6 — hopper for dried biomass particles; 7 — feeder; 8 — metal brush (loosener); 9 — ceramic insu-
lation based on aluminum nitride (or oxide) for the outer pipe; 10 — pipe for the flow of coke-ash biomass particles from
the hopper to the gasifier; 11 — outlet pipe for raw, unpurified pyrolysis gas; 12 — belt direction; 13 — belt drive; 14 — case
for the brush; 15 — cross-shaped sleeve; 16 — biomass particles; 17 — inner pipe; 18 — aluminum nitride (or oxide)-based
ceramic insulation for the inner tube; 19 — outer tube; 20 — cyclone; 21 — high-temperature filter for capturing carbon
soot; 22 — flue gas outlet pipe after the fluidized bed; 23 — sand particles; 24 — coil; 25 — pyrolysis gas outlet pipe;

26 — electric heater for the inner pipe; 27 — electric heater for the outer pipe; 28 — pipe for transporting high-temperature
flue gases; 29 — grate; 30 — metal shell with sprayed refractory; 31 — fluidized bed chamber; 32 — steam-air mixture sup-
ply pipe; 33 — generator gas outlet pipe; 34 — ash discharge pipe; 35 — funnel; 36 — biomass coke particles; 37 — gasifier;
38 —flange; 39 — pyrolysis chamber; 40 — biomass particle pipe; 41 — cover; 42 — pusher for biomass coke-ash particles;
43 — ceramic sleeve; 44 — damper

Unpurified raw pyrolysis gas exits pyrolysis chamber 39 and
flows through pipeline 11 into hot cyclone 20, where the
pyrolysis gas is separated from fine biomass particles; it
then enters high-temperature filter 21 to capture carbon
soot. The purified pyrolysis gas, consisting of a non-conden-
sable fraction (CO, Hz, CO2, CHa, C2Ha, etc.) and a conden-
sable fraction containing high-molecular-weight com-
pounds such as CsHs200,2, flows to coil 24, installed in the

fluidized bed chamber 31, where the reforming process
takes place: high-molecular-weight compounds are broken
down into light hydrocarbons (CHa, C2H4, etc.) due to con-
vective-conductive and radiative heat exchange between
the fluidized bed and the surface of the coil 24. After pass-
ing through the coil, the pyrolysis gas 25 flows into the cool-
ing system, where the temperature of the pyrolysis gas is
reduced to 60 °C, followed by condensation of steam, that
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increases the calorific value of the gas. The dry, medium-
calorific, purified pyrolysis gas is fed into the gas holder.
Combustion products at ~1000 °C are fed through pipe 28
beneath grate 29 in fluidized bed chamber 31. The flue
gases heat the sand particles 23 and fluidize them.

The coke-ash residue obtained after the pyrolysis of bio-
mass particles enters hopper 35 through the opening of
gate valve 44, then it proceeds to gasifier 37, where the
coke 36 is converted into a steam-air mixture that enters
the gasifier through pipe 32. Since the thickness of the py-
rolysis chamber 39 is small, at only 20 mm, a metal pusher
42 is used to push the coke-ash biomass particles from the

pyrolysis chamber into hopper 35; this pusher moves the
coke-ash particles via the vertical reciprocating motion of
the pipe. To regulate the bed height, ash is discharged
through pipe 34. At the outlet of the gasifier 37, we obtain
raw low-calorific generator gas with a calorific value of
5600-6000 kJ/Nm3 (5600 kJ/Nm3 for birch), which con-
tains virtually no tars. The generator gas is sequentially
directed into the hot cleaning and cooling systems, and
then fed into the combustion chamber of a piston engine
installed at the mini-CHP plant. A portion of the low-cost
electricity generated at the mini-CHP plant is used to
power two electric heaters located on the surfaces of the
pyrolyzer.
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Fig. 2. Plant for rapid pyrolysis of poplar wood chips: 1 — outer tube; 2, 4 — ceramic insulation based on aluminum nitride
(or oxide); 3 — inner tube; 5 — dried poplar wood chips; 6 — slide gate; 7 — pyrolyzer; 8 — external electric heater; 9 — inter-
nal electric heater

Problem Statement

The initial conditions for the rapid pyrolysis of poplar wood
chips in a fixed bed for variants I-V can be represented as
follows (Fig. 2): bed height — Hbed = 225 mm, equivalent
particle diameter — 60 = 7 mm, bed porosity — € = 0.42, par-
ticle density — ppo = 400 kg/m? and their temperature — tyo
=100 °C, inner tube diameter — Din = 180x5 mm and outer
tube diameter — De = 230%5 mm, the surfaces of which are
covered with ceramic insulation — A = 2 mm, bed mass —
0.577 kg, mass of volatile substances in the bed —0.476 kg,
mass of coke-ash residue — 0.1 kg, mass fraction of fixed
carbon (relative to the working mass) — 14.88%, volatile
carbon — 27.12%. Composition of light gas (in mass frac-
tions): CO = 0.464, CO2 = 0.101, H2 = 0.01, H20 = 0.23,
CsH6.200.2= 0.058, and Ci1.16Ha = 0.137.

External specific heat fluxes g and the temperatures of the

Table. Elemental composition of biomasses

metal tsteel and the insulation teeram (Or tizopl) for the variant
I—q(r=83mm)=gq(r=117 mm) =0, tceram = tsteel = 950 °C;
Il —g(r =83 mm) = g(r =117 mm) = 150 kJ/(s:m?), tceram =
tsteel = 950 °C; Il — g(r = 83 mm) = 80 kl/(s-m?), q(r = 117
mm) = 70 kJ/(s:m?), teeram = tsteel = 960 °C; IV — g(r = 83 mm)
=70 kJ/(s:m?); g(r =117 mm) = 60 kJ/(s*m?), tceram = tsteel =
960 °C; V—g(r=83 mm)=70kJ/(ss-m?); g(r=117 mm) =60
kl/(s°m?), tizopl = tsteel = 960 °C. In variants I-IV, ceramic in-
sulation is used on the surfaces of the pyrolyzer, with a
thermal conductivity coefficient Aceram = 25-103 kJ/(s-m-K)
and a density pceram = 3,800 kg/m3, while in variant V,
izoplan insulation is used with Aizopi = 0.14-10°3 kJ/(s:m-K)
and a density of piopt = 920 kg/m3. In variants |-V,
20X23H18 steel (AISI310) is used, with a thermal conduc-
tivity coefficient Asteel = 0.02 kJ/(s:m-K) and a density psteel =
7,800 kg/m3.

. c H' N* or s eaf A wr
Biomass type % % % % % % % %
Poplar wood chips 42 5.11 0.656 39.73 0.01 83 0.5 12
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Analysis of the results of the pyrolysis process calculation.
Let us analyze the dynamics of the poplar wood chip pyrol-
ysis driven by the thermal energy of two electric heaters
located on the surfaces of the ceramic insulation of the
outer 1 and inner 3 tubes (Fig. 2). Let us consider the pop-
lar chip pyrolysis regime when the external heat fluxes in-
cident on the outer 2 and inner 4 surfaces of the ceramic
insulators are zero: g(r =83 mm) = g(r = 117 mm) = 0 (Fig.
2, Fig. 3, a). The pyrolysis of poplar chip particles 5 in the
fixed bed 7 occurs due to heat accumulated in the metal of
pipes 1, 3 and ceramic insulators 2, 4, preheated to a tem-
perature of 950 °C. Fig. 3, a shows that the heating time in
the fixed bed of poplar chip particles with an equivalent di-
ameter 80 = 7 mm and a density ppo = 400 kg/m? at a rate
of 1,886 °C/min to the minimum temperature tpmin = 760
°Cis Teyelel = 21 s (curve 7 in Fig. 3, @, variant ).

The temperature of the ceramic insulation decreases by 69
°C during a cycle of Teyclel = 21 ¢ (Atcerami = teerami(r = 83 mm,
T= 0) _tceraml(r =83 mm,t=21 C) =950-881=69 OC), and
the temperature of the metal at points r=90 mm and r =
110 mm (see Fig. 2) decrease by 76 and 64 °C, respectively,
and the temperatures at these points are: tsteen(r =90 mm,
1=215s) =874 °Cand tsteen(r = 110 mm, T =21 c) = 886 °C
(curve 7 in Fig. 3, a). If pyrolysis cycles continue without
supplying external heat, the accumulated heat will de-
crease significantly, resulting in longer cycle times, in-
creased tar production, and reduced gas quality. To ad-
dress these issues, external heat must be supplied to the
pyrolyzer’s heating surfaces before the next cycle starts.

Let us consider the dynamics of tar conversion into light gas
via the cracking process for Variant I. This process consists
of tar generation through the decomposition of the active
fraction of poplar wood chips (ybiomasi) according to the pri-
mary thermolysis reaction, and its dissipation through the
conversion of tar into light gas (secondary thermolysis re-
action). Fig. 4, c (curve 3) shows that the function yan(r, 1)
inthe interval 0.0966 <r <0.1053 mm at time 1=18 s within
the temperature range At, = 760-787 °C has two maxima:
Vtar,maxl(r =0.0988 mm) = Vtar,maxl(r =0.1014 mm) =57,3 %.
In the ranges 0.0966 < r < 0.0982 m and 0.1025 <r < 0.1053
m there is no active portion of the poplar chip, it is entirely
concentrated in the range 0.0982 < r < 0.1025 m, and the
function ybiomas! (r, T) reaches a maximum at Yviomasi (r = 0.1
m, T=18s)=51.8% (curve 3 in Fig. 4, d). In the time interval
18 <1< 21, only light gas is produced from the tar located
in the ranges 0.0966 <r <0.0982 m and 0.1025 <r < 0.1053
m (no primary gas is produced) due to the cracking process
and the high temperature of the poplar chip particles —
764—775 °C (curve 7 in Fig. 3, a), as evidenced by curve 4 in
Fig. 4, c, whereas in the range 0.0982 < r < 0.1025 m, there
is an intense release of primary pyrolysis gas due to the de-
composition of the active portion of the biomass released
from the wood chip particles during this time interval
(curve 4 in Fig. 4, d). Thus, in the range 0.0982 < r < 0.1025
m (18 << 21s), both primary and light gases are produced
simultaneously, unlike in the ranges 0.0966 < r < 0.0982 m
and 0.1025<r<0.1053 m.

When the specific heat fluxes g(r =83 mm) = g(r =117 mm)
=150 kJ/(s-m?) are applied, the heating time of a stationary
bed of poplar wood chips at a rate of 2023.3 °C/min to the
minimum temperature tpminit = 707 °Cis reduced from Teyclel
=21 510 Teycen = 18 s (curve 6 in Fig. 3, b, variant I1).

Unlike in variant |, the temperatures of the metal and the
ceramic insulation of the outer (1) and inner (3) tubes in-
crease over the time interval 0 < T < 18 s compared to the
initial temperature tcerami(T = 0) = tsteen(t = 0) = 950 °C and
reach the following values: tcerami(r = 84 mm, T=18 c) =982
°Cand tsteelll(r =87.5mm,t=18 C) =972 °C; tceramll(r =117
mm, T=18 ¢) = 999.70 °C, tsteem(r =113 mm, t=18 c) =988
°C and tsteem(r = 115 mm, T = 18 ¢) = 995 °C (curve 6 in Fig.
3, b, variant Il). In this pyrolysis mode, the temperatures of
the ceramic insulation and the outer surface of the metal
casing pipe 1 exceed 1,000 °C, therefore, to regulate the
temperatures tceram and tsieel Within 1,000 °C, the specific
heat flux is reduced by 10% by decreasing the current by
10%, which leads to a decrease in the temperatures of the
materials. The pattern then repeats. A sharp rise in wall
temperatures to 1,000 °C and a 10% drop in the specific
heat flux are observed. This characterizes the oscillatory
pyrolysis process. In this way, it is possible to maintain the
temperatures of the materials at 990-1,000 °C. Here, the
specific heat flux decreases from 150 to 72 kJ/(s-m?) over
the course of the cycle. The main challenges in implement-
ing this pyrolysis regime are controlling the material tem-
peratures within 1,000 °C over a very narrow time window
and managing the high specific heat fluxes at the initial
stage. Therefore, we will seek a pyrolysis regime in which
the values of the process parameters g, tceram, tsteel Change
little during the pyrolysis cycle.

Figure 3, c illustrates the pyrolysis process under the fol-
lowing conditions: g (r =83, mm, t=0)=80kJ/(ssm?); g (r
=117 mm, t= O) =70 kJ/(s-mZ), tceramIII(T = 0) = tsteeIIII(T = O) =
960 °C (variant Ill). It is noteworthy that the specific heat
flux falling on the outer pipe is less than the specific heat
flux falling on the inner pipe. This is due to the fact that at
a fixed time 1, the heat absorption by the axisymmetric
heating surfaces is the same. Therefore, when the heating
surface is reduced, i.e., when the radius r is reduced from
117 to 110 mm, the specific heat flux will increase from g(r
=117 mm,t=3)=70tog(r=110 mm, t=3)=74.5kl/(s-m?),
and with an increase in the radius r from 83 to 90 mm, the
specific heat flux will decrease from g(r = 83 mm, t=3) =
80to g(r=90 mm, t =3) = 73.8 kJ/(s-m?).

Unlike oscillatory pyrolysis, here the temperatures of the
ceramic insulation teeramm(r = 117 mm, t = 18 ¢) = 959 °C;
teerami(r = 84 mm, T =18 c) = 952 °C and the steel tswcenn(r =
115 mm, Tt =18 ¢) = 954 °C; tsteenn(r =85 mm, t=18 c) =949
°C differ little from the initial temperatures tceramni(t = 0) =
tsteemn(T = 0) = 960 °C (variant lll), and the specific heat fluxes
do not change during the cycle Teycen = 18 s (curve 6 in Fig.
3, ¢, variant Ill). The minimum heating temperature of the
fixed bed during the cycle teycem = 18 s at a rate of 1900
°C/min is tp,minn = 670 °C. In variants Il and Ill, the cycle time
is the same, but the tar content at the end of the cycle dif-
fers (Fig. 4). It can be seen that in option I, the tar content
is Ytar,maxi = 1% (curve 3 in Fig. 4, b), whereas in variant lll,
this content is much higher — ytar,maxii = 8% (curve 3 in Fig.
4, a). To eliminate this problem in variant lll, the cycle time
must be increased by 3 s (curve 4 in Fig. 4, a). This allows
slightly increasing the metal temperature before the sec-
ond cycle: tsteem(r = 115 mm, T =21 ¢) = 959 °C and tsteem(r
=85 mm, t=21c)=955°C.
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Fig. 3. Temperature distribution of poplar wood chip particles across the cross-section of the fixed bed as a function of
timet, s: 1-3; 2—6; 3-9; 4-12; 5-15;, 6 — 18, 7 — 21, 8 — 16; 9 — 24; a — variant I; b —variant Il; ¢ — variant lll; d — variant
IV; e —variant V; a — d — ceramic insulation on the pyrolyzer surfaces; e — Izoplan insulation on the surfaces of the pyro-

lyzer
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Fig. 4. Distribution across the cross-section of the pyrolyzer’s fixed bed of tar fraction y:.r and the active portion of poplar
chips ypiomas as a function of time, s: 1 —12; 2 —15; 3 - 18; 4 —21; a —variant lll; b —variant ll; c, d —variant |
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Variant IV differs from variant Ill in that the specific heat
fluxes are slightly lower: g(r = 83 mm) = 70 kl/(s-m?); g(r =
117 mm) = 60 kJ/(s'm?) at constant initial temperatures of
the ceramicinsulation and metal — 960 °C. The heating time
of poplar chip particles in a fixed bed at a rate of 1,866.6
°C/min to the minimum temperature tpminv = 660 °C is
Teyclelv = 18 s (curve 6 in Fig. 3, d, variant IV). Unlike option
Ill, where ytar,maxii = 8%, in option 1V, after the cycle ends,
the tar content increases slightly and amounts to ytar,maxiv =
11.6% (compare curve 3 in Fig. 4, a, and curve 6 in Fig. 5,
a). To reduce the value of ytarmaxyv, it is necessary to in-
crease the cycle time Tteyclev by 3 s (curve 7 in Fig. 5, a).

As shown in Fig. 3, in variant IV, a decrease in the temper-
ature of the ceramic insulation is observed: tceramv(r = 117
mm, T =18 ¢) =951 °C; teeramiv(r =83 mm, t=18 ¢) =949 °C
and metal — tsteev(r = 115 mm, T = 18 c) = 946 °C, tsieenv(r =
85 mm, T =18 c) = 943 °C, tsteenv(r =90 mm, T =18 c) = 924
°C and tsteenv(r = 110 mm, T = 18 c) = 934 °C compared to
the initial temperatures: tceramiv(T = 0) = tsteenv(t = 0) = 960
°C. As shown in Fig. 3, d (curve 6), the temperature of the
inner surface of the containment tube 1 dropped by 26 °C,

while that of the outer surface of tube 3 dropped by 36 °C.
Such a drop in temperature on the surfaces of the station-
ary bed during the first pyrolysis cycle will have a negative
impact on subsequent pyrolysis cycles. To increase the
temperature at the layer inlet before the second cycle, it is
sufficient to heat the pyrolyzer’s heating surfaces for 3 sec-
onds after the main pyrolysis time Tcyceiv = 21 s. Then the
indicated temperature differences decrease from 36 to 16
°C and from 26 to 12 °C (compare curves 6 and 9 in Fig. 3,
d).

As shown in Fig. 3, d (curve 6), the temperature of the inner
surface of the containment tube 1 dropped by 26 °C, while
that of the outer surface of tube 3 dropped by 36 °C. Such
a drop in temperature on the surfaces of the fixed bed dur-
ing the first pyrolysis cycle will have a negative impact on
subsequent pyrolysis cycles. To increase the temperature
at the bed inlet before the second cycle, it is sufficient to
heat the pyrolyzer heating surfaces for 3 seconds after the
main pyrolysis time Teyeiv = 21 s. Then the indicated tem-
perature differences decrease from 36 to 16 °C and from
26 to 12 °C (compare curves 6 and 9 in Fig. 3, d).
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Fig. 5. Distribution across the cross-section of the pyrolyzer’s fixed bed of the active portion of the released poplar wood
chips yviomas (b), the mass fractions of thermolysis products ytar (a), mixed pyrolysis gas yga: (c), and char ycher (d) as a func-
tion of time, s (variant IV): 1-3;2—-6;3-9,4—-12; 5-15,6-18,7—-21

Variant V, shown in Fig. 3, e, differs structurally from Vari-
ant IV in that it uses lzoplan as the insulating material,
which has a very low thermal conductivity coefficient Aizopiv
=0,14-103 kJ/ (s'm-K), which significantly affects the tem-
perature distribution of the metal pipes, ceramic insula-
tion, and poplar wood chips across the cross-section of the
fixed bed, as well as the cracking process of tar conversion
into light gas: 1) the drop in metal temperature relative to
the initial temperature of 960 °C over a period of 21 s is as
follows: for the metal at points r=85,r =90, r=110, and r
=115 mm: 80, 85, 75, and 67 °C, respectively (curve 7 in Fig.

3, e); a slight increase in the temperature of the ceramic
insulation is observed at points r = 83 and r = 117 mm by
12 and 9 °C, respectively; 2) the drop in metal temperatures
over the period T = 24 s in variant IV is much smaller than
in variant V: at point r = 90 mm — by a factor of 5.3, at the
point r =110 mm — by a factor of 6.25 (compare curves 9 in
Fig. 3, d and Fig. 3, e); 3) the drop in metal temperatures in
variant | is 10-20% less than in variant IV: at the pointr =
90 mm — by a factor of 1.12, at the pointr =110 mm —by a
factor of 1.2 (compare curves 7 in Fig. 3, a and Fig. 3, e); 4)
the profile of the function ytarv(r, T) resembles the profile of
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the dependence yan(r, T) (compare curves 3 in Fig. 4, c and
Fig. 6). In the narrow range 0.0969 < r <0.1036 m, the func-
tion yiarv (r, T) reaches its maximum values — 60%, which
differ little from the maximum values of the yiarmax(r =
0,0988 mm) = ytar,max(r = 0,014 mm) = 57,3 % (compare
curves 3 in Fig. 4, c and Fig. 6); 5) the maximum values of
the function yarv(r, T) are 4.9 times greater than in variant
IV (compare curve 6 in Fig. 5, a and curve 3 in Fig. 6), and
60 times greater than in variant Il (compare curves 3 in Fig.
4, band in Fig. 6); 6) The heating time for poplar wood chips
in a fixed bed at a rate of 1,897 °C/min to the minimum
temperature tpminv = 764 °C is Teyclev = 21 s (curve 7 in Fig. 3,
e).
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Fig. 6. Distribution of the resin fraction ytar across the
cross-section of the pyrolyzer’s stationary bed as a func-
tion of time, s (variant V): 1 —-12;2—-15;3-18;4-24

It should be noted that the thermal decomposition model
[29] consists of three parallel primary reactions involving
the decomposition of the active fraction released from the
biomass particle into primary pyrolysis gas, char, and tar,
as well as two secondary reactions - the conversion of tar
into light (secondary) gas and char through a cracking pro-
cess. The thermal decomposition for variant IV is illustrated
in Fig. 5. Fig. 5 shows that over time 0 <t < 215, the biomass
thermolysis process shifts from the outer and inner heating
surfaces of the pyrolyzer (curves 1) deeper into the fixed
bed (curves 5), occupying a small volume of the fixed bed
located in the central part of the pyrolyzer. Over a period
of 18 s, the active fraction of biomass released from the
particles disappears (curve 6 in Fig. 5, b), and the tar frac-
tion remains in the range 0.0974 < r < 0.1026 m (curve 6 in
Fig. 5, a). Since ybiomasiv = 0 in the time interval 18 < 1< 21
s, the yield of pyrolysis gases occurs solely due to the crack-
ing process, i.e., secondary reactions, resulting in the tar
converting into light gas in the central part of the pyrolyzer
(curve 6in Fig. 5, ¢) and char (curve 6 in Fig. 5, d).

Conclusions

1. An original method is proposed for producing two syn-
thetic gases — one of medium calorific value and one of
low calorific value — from poplar wood chips in a single
unit. The medium-calorific gas is obtained through the

pyrolysis of poplar chips in a thin, 20 mm-thick fixed bed
under the influence of two external heat sources, with
the inner and outer heating surfaces of the pyrolyzer
electrically heated.

2. Five different modes of biomass pyrolysis are consid-
ered:

— In the first mode, the heat fluxes falling on the surfaces
of the ceramic insulators are zero, so the pyrolysis pro-
cess occurs due to the heat accumulated in the metal
pipes and ceramic insulators, preheated to a tempera-
ture of 950 °C. It is shown that the pyrolysis cycle time is
21, and the heating rate of the fixed bed is 1886 °C/min.
The temperature at the bed inlet at the point r = 90 mm
in the first cycle drops by 76 °C and is 874 °C. In subse-
qguent cycles, the temperature drop of the ceramic insu-
lation, metal, and poplar wood chips across the pyro-
lyzer’s cross-section will continue, causing the cycle time
and tar yield to increase while gas quality deteriorates.
Therefore, after each cycle, the inlet temperature to the
bed must be raised from 874 to 950 °C by reheating the
heating surfaces through the supply of external heat;

— Over a range of 18 s, the sections located in the central
part of the pyrolyzer, where the tar fraction and the ac-
tive biomass fraction released from the particles remain,
narrow significantly and reach dimensions of 0.0966 < r <
0.1053 mm and 0.0982 < r < 0.1025 mm, respectively. In
these regions, the function ytar(r, T) in the temperature
range Atp = 760-787 °C has two identical maxima:
Vtar,maxl(r =0.0988 mm) = Ytar,maxl(r =0.1014 mm) =57.3%,
and the function ybiomasi(r, T) has a maximum at ybiomasi(r =
0.1 mm, t =18 c) = 51,8 %. In the regions 0.0966 < r <
0.0982 mm and 0.1025 < r < 0.1053 mm, there is no ac-
tive biomass, so pyrolysis gas production consists only of
light (secondary) gas. In the time interval 18 <1< 215, all
the tar located in the range 0.0966 < r < 0.1053 mm is
converted into light gas due to the cracking process;

— In the second mode, due to high specific heat fluxes of
150 kJ/(s-m?), the pyrolysis cycle time is reduced to 18
seconds, and the temperatures of the metal and ceramic
insulation rise to over 1,000 °C during the cycle. To main-
tain them at around 1,000 °C, the specific heat flux is de-
creased during the cycle from 150 to 72 kJ/(s-m?3), resem-
bling oscillatory pyrolysis [29]. At the end of the cycle, the
tar content is low and amounts to Ytar,maxi = 1 %;

—In the third mode, the specific heat fluxes incident on the
outer and inner surfaces of the pyrolyzer are 70 and 80
kJ/(s-m?), respectively, and remain constant throughout
the cycle. The minimum heating temperature of the fixed
bed during the 18-second cycle at a rate of 1900 °C/min
is 670 °C. At the end of the cycle, a drop in temperature
is observed at the inlet to the fixed bed at points r = 90
mm and r =110 mm: from 960 to 935 °C and from 960 to
942 °C, respectively, and the tar fraction is significantly
lower than in variant | and equals ytar,maxii = 8 %. To com-
pletely convert the tar into light gas, the cycle time must
be increased from 18 to 21 s. This leads to decreasing the
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temperature drop at the inlet to the fixed bed at points r
=90 mm and r = 110 mm before the second cycle: from
25to 16 °Cand from 18 to 11 °C, respectively.

The temperature of the outer surface of the outer tube,
tsteemn (=115 mm, 1=215s) =959 °C, and the temperature
of the inner surface of the inner tube, tsteeni (r =85 mm, t
=21s) =955 °C, differ little from the initial temperature
of 960 °C. These slight drops in temperature can easily be
compensated for by external sources of thermal energy;

In the fourth pyrolysis mode, the specific heat fluxes on
the outer and inner heating surfaces are 60 and 70
kl/(s-m?), respectively, and remain constant throughout
the cycle. The time required to heat poplar wood chips
to a minimum temperature of 660 °C is 18 s, and the
heating rate of the bed reaches 1866.6 °C/min, which is
indicative of rapid pyrolysis. The temperature drop at the
inlet to the fixed bed over 18 s at pointsr =90 mm and r
=110 mm is 26 and 36 °C, respectively, and the tar frac-
tion increases by a factor of 11.6 compared to variant Il.

To increase the temperature at the inlet to the chamber
before the second cycle, it is sufficient to heat the pyro-
lyzer’s heating surfaces for 3 seconds after the first 21-
second pyrolysis cycle. This significantly reduces the tem-
perature differences: from 36 to 16 °C and from 26 to 12
°C. Over 18 s, there is a significant reduction in the sec-
tion 0.0974 <r<0.1026 m (Ar =5.2 mm), where a portion
of the tar remains, while the active part of the biomass
disappears, resulting in the yield of pyrolysis gases in the
interval 18 < t < 21 s occurring solely due to the cracking
process, i.e., secondary reactions converting resin into
light gas and char;

—In the fifth pyrolysis mode, the specific heat fluxes are the
same as in the fourth. Variant V differs structurally from
variant IV in that it uses Izoplan as the insulating material,
which has a very low thermal conductivity coefficient of
Nizoplv = 0,14-10°% kJ/(s-m-K). The temperature drop at
points r =90 and r = 110 mm over a period of 21 s is 85
and 75 °C, respectively. This is 5.3 times greater than the
temperature drop at the point r =90 mm and 6.25 times
greater at the point r = 110 mm compared to variant IV,
and the profile of the function yarv(r, T) resembles the
profile of the dependence ytar(r, T). Temperature drops
at the entrance to the bed at T =21 s in variant I: Atsteen(r
=90 mm) =76 °C and Atsteen(r = 110 mm) = 64 °C are
lower than in variant V: Atsteen(r = 90 mm) = 85 °C and
Atsteen(r =110 mm) = 75 °C. In the narrow section 0.0969
<r<0.1036 m, the function ytarv(r, T) at time 18 s reaches
two identical maximum values — 60 % — which differ little
from the values given in variant 1 —57.3 %. The maximum
values of the function ytarv(r, T) in variant V are 4.94 times
greater than in variant IV (with identical heat fluxes) and
60 times greater than in variant Il.
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