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AHHOTAIIUA

IIpeonosicen HOBbLIL Mamepuan u3 OKCUO YUPKOHUEBLIX BOTOKOH C HOPOWUKOM U3 KapOudd KpeMHUs 8 Kauecmee No210mumens
Menno6o20 U3IyueHus, obecneyusaioweco cHudxdceHue Kodpuyuenma menionpogoOHOCMU NPU bICOKUX EMNEPaAmypax.
Manviii 6ec u manas monyuHa Meniou3OIAYUOHHO20 CLOS NO3GONAIOM NPOEKMUPOSAMb 6bICOKO MeMnepamypHvie neuu
VMEHbUEHN020 6eCa U 6HEUWHUX PA3MEPO8, YO CHUMCAen Meniogble Nomepu Kak npu pazozpese neyu, max i 6 CayuoHapHom
pedcume. Manvlii 6ec (hymeposannoco Mamepuana 3HAYUMenbHO CHUXCAem e20 CHOUMOCMb NPU 2apaHmuu 00N208e4HOCHU
HenpepvlisHol pabomvl npu memnepamypax newu 1800 °C 500 cymox. IIpednodicen memoo pacuema neuu npu npoekmuposaHuu
dymeposku, ¢ yuemom 3a8UCUMOCMU KOIPDuyuenma menionposoOHOCIU OMm MeMnepamypsl 6 6uoe NOAUHOMA NAMOU
cmenenu. B pabome npeonoswcen memoo pacuema 6blCOKOMEMNEPAMYPHLIX KAMEPHBIX Neyell ¢ YYemoM 3a6UcUMOCu
KO3 puyuenmos menionpo8OOHOCMU Om MeMnepamypsl 6 ude NOTUHOMA NAMOU CIMeNneHU, KOMOPblll COOePIHCUN UeCmb
HeU36eCmMHbIX ~ NOCMOAHHBIX,  NOONEHCAWUX — ONpedeneHuro 6  CheyuarbHol — ycmanoeke.  Ilpusedeno — onucawnue
8bICOKOMEMNEPAMYPHOU MAKOU YCMAHOBKU U 3HAYEHUs KOID@PUYUueHmos noiuHoma Kodgguyuenma menionpo8ooHOCmuU
HO8020 CNPOEKMUPOBAHHO20 BOTOKHUCIOZ0 MANEPUALA C YIYHULEHHBIMU XAPAKMEPUCTIUKAMU.

KJIIIOYEBBIE CJIOBA: ssicokoozneynopusie mamepuansi, Kodguyuenm menionpogooOHOCMU KAK HOJUHOM
memnepamypbl HAMOU CMeneHy, NPOeKmuposanue nevell ¢ y4emom OO0N208eYHOCMU MAMEPUALO8 NPU  bICOKUX
memMnepamypax, HenpepbieHoe YnpasieHue 8blCOKO MeMnepamypHuiMu newamil U azpezamamiu.
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ABSTRACT

A new material made of zirconium oxide fibers with silicon carbide powder as a thermal radiation absorber has been
proposed, providing a reduction in the heat transfer coefficient at high temperatures. The low weight and low thickness of the
thermal insulation layer allow the design of high temperature furnaces with reduced weight and external dimensions, which
reduces heat losses both during furnace warm-up and in steady-state mode. The low weight of the lined material significantly
reduces its cost while guaranteeing durability of continuous operation at furnace temperatures of 1800 °C for 500 days. A
method of calculating the furnace in the design of lining, taking into account the dependence of the coefficient of thermal
conductivity on temperature in the form of a polynomial of the fifth degree. The paper proposes a method of calculation of
high-temperature chamber furnaces, taking into account the dependence of heat transfer coefficients on temperature in the
form of a fifth-degree polynomial, which contains six unknown constants to be determined in a special installation. The de-
scription of high-temperature such installation and the values of the coefficients of the heat transfer coefficient polynomial of
a new designed fiber material with improved characteristics are given.

KEY WORDS: high-refractory materials, thermal conductivity coefficient as a temperature polynomial of the fifth degree,
furnace design taking into account the durability of materials at high temperatures, continuous control of high-temperature
furnaces and units.
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BBEJIEHUE

OCHOBHBIM TpeOOBaHNEM K KOMIIOHEHTaM OTHEYIIOPOB SIB-
JSIETCSl UX YCTOWYHMBOCTh K IUIABJICHUIO M Pa3lIOKEHHIO MPH
BO3/ICHCTBUM BBICOKMX TeMIlepaTyp. Brbicokass xmmmdeckas
YCTOWYHMBOCTh, KOPPO3MOHHAsI M 3PO3HMOHHAS CTOHKOCTH, a
TaKKe HU3Kas paCTBOPUMOCTD B PACILIAaBICHHOM KpEeMHE3EMe
W KHUIKUX METAUIaX [IUPKOHA M JUOKCHUA IIUPKOHHS TTO3BO-
JSFOT MCIIOIb30BaTh MX B OTHEYIIOPHBIX MaTepranax, pabora-
FOIIHX TIPH BBICOKKUX Temmeparypax [1].

B HaCTOAIIEC BpEMs 0O0JIBIIIOE BHUMAHUE YACTACTCA HE-
dhopMoBaHHBIM OrHeymnopam. J[Jisi moaydYeHus MOA0OHBIX Ma-
TepuasioB 3(PEKTUBHBIMH SBJSIFOTCS MaTepHalbl, 00Jaiaro-
IMe BsSDKYIIMMU CBOMCTBamH [2,3].

Jlnst mpou3BoaCcTBa PyTEPOBOYHBIX MaTEpPHAIOB Iedeil U
arperaTtoB CTPOMTEJIFHOTO Ha3HAYEHUs] TPEOYIOTCS BBICOKO
TEMIIEpaTypHBIE MEYH, /TSI KOTOPBIX 3HAYEHHE BBICOKO A(-
(heKTHBHBIX TETIIIOM3OJIALIMOHHBIX MaTE€PUaJIOB IOBBIIIACTCS,
TaK Kak TEIUIOBbIEC MOTEPH II€YH PacTyT KPAaTHO C TEMIEpary-
poit BHyTpH nieun. Ha coBpeMeHHOM ypoBHE Hanbolee Jere-
BBIMH U 3()()EKTHBHBIMU MaTepHaaMu SBIAIOTCS BOJIOKHH-
CTbIC MaTepHalbl U3 PA3IHMYHBIX OTHEYHOPHBIX MHHEPAJIOB.

Heabr wam 3agaym ucciaeaoBanusi: VccnenoBars mytu
IIOBBIIICHUA TCIIJIOU30JIALIMOHHBIX CBOMCTB BOJIOKHUCTBIX MU-
HEPAJIbHBIX MAaTCPHUAJIOB IIPHU BBICOKUX TEMIICpATypax.

MaTepua.nbl U METOAbI UCCJICA0OBAHUA

HccnenoBanucy BOJOKHUCTBIE MUHEPAJIbHBIE MaTepHaIb
U3 OKCHAA LUPKOHUS KyOMYEeCKOW CHHIOHHMH, CTaOMIIM3UPO-
BAaHHOT'O UTTPUEM ITPH Pa3IMIHOH €€ TNIOTHOCTH U ¢ J0OaBIIe-
HUEM TOTJIO0TUTENS TEIUIOBOrO U3Iy4YEHUs pa3HOrO COCTaBa U
npoueHTHoro cojepxanus. Koadpunnent remmonpoBoaHo-
CTH M3MEPSUICS IIPU BBICOKHMX TEMIIEpaTypax Kak TeMIlepaTyp-
Hast QYHKIMS Ha CTIEHaIbHO U3TOTOBIEHHOMH ATl HCClIeI0Ba-
HUH ycraHoBke. llomydeHHBIE Ha YCTaHOBKE pPE3yNbTATHI
CPaBHMBAINCh C pPE3yJNbTaTaMU IOAOOHBIX HCCIEIOBaHMI
JpYTHMHU aBTOPAMHU.

Yacrtp 1. ®yHKIHUSA TeNJIONPOBOIHOCTH.

[Ipu BBICOKHX TeMmIeparypax KO3 PUITUEHT
TEIUIONPOBOIHOCTH CTaHOBUTCS (PyHKLMEW TeMmneparypbl U
JKCIIEPUMEHTAILHO HEBO3MOKHO HM3MEPUTH KOd((HUIIHEHT
TETUIONPOBOIHOCTH TPH 3aJaHHOM Temmeparype. Tak Kak
Jla’ke BHYTPH TOHKOTO CJIOSI HCITBITYEMOTO MaTepHaja 3a CyeT
neperazaa TeMIeparyp 3HAYCHUS ko3¢ dueHTa
TEIUIONPOBOIHOCTH TO cjosiM  pasHble. [losToMy MBI
U3MEpsieM HEKYI0 CPEIHIOI0 BENWYMHY ISl TeMIlepaTyp
MEXAy MaKCUMaJIbHON TeMIleparypoil M MHHUMAJIbHOU
TEMIIEpaTypoll Ha ITOBEPXHOCTH HCIBITYEMOTO MarepHala.
Tak 4TO, M3HAYaNbHO MBI JOJDKHBI U3MEPSTh HE YHCIOBOE
3HaYCHHE KOA(PQPHIMEHTa TEIUIONMPOBOAHOCTH, a (PYHKIIHIO
temneparypsl. Ipymnmnoi yuensix IJAI'M 6puta mpemioxeHa
TakKas yCTaHOBKa ISt orpezieIeHUsI byHKIIMN
TEIUIONPOBOHOCTH B BUIE IOJIMHOMA BTOPOH CTENEHHU OT
TeMmIeparypsl [4].

OCOOEHHOCTBIO YCTaHOBKH SIBIISICTCS aBTOMATHYECKHH
MOZOTPEB  OOKOBBIX ~ YYacTKOB IUIOCKOTO  KBaJpaTHOTO
UCTIBITYEMOTO MaTepHaa ¢ TeM, YTOOBI HCKIIOYUTh OOKOBOM
yXOI TeIula OT HEHTPaIbHOTO HarpeBarenss W 00ecreduTh
IJIOCKUI ONHOPOIHBIM MOTOK TEIJa Yepe3 HCIbITYEMBbIH
Marepuag IMpH HM3BECTHOH MOIIHOCTH  LEHTPAIbHOTO
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INTRODUCTION

The main requirement for refractory components is their
resistance to melting and decomposition when exposed to high
temperatures. High chemical stability, corrosion and erosion
resistance, and low solubility in molten silica and liquid metals
of zircon and zirconium dioxide allow their use in refractory
materials operating at high temperatures [1].

At present, much attention is paid to unmolded refracto-
ries. To obtain such materials, materials with binding proper-
ties are effective [2,3].

For the production of lining materials for furnaces and ag-
gregates for construction purposes, high-temperature furnaces
are required, for which the value of highly efficient thermal
insulation materials increases, since the furnace's heat losses
increase multiples with the temperature inside the furnace. At
the present level, the cheapest and most effective materials are
fibrous materials from various refractory minerals.

The purpose or objectives of the study: To investigate
ways to increase the thermal insulation properties of fibrous
mineral materials at high temperatures.

Materials and methods of research

The fibrous mineral materials made of zirconium oxide of
cubic zirconium syngony stabilized by yttrium at different
densities and with the addition of thermal radiation absorber
of different composition and percentage were investigated.
The coefficient of thermal conductivity was measured at high
temperatures as a temperature function on an installation spe-
cially made for research. The results obtained at the installa-
tion were compared with the results of similar studies by other
authors.

Part 1. The function of thermal conductivity.

At high temperatures, the coefficient of thermal conductiv-
ity becomes a function of temperature and it is not experimen-
tally possible to measure the coefficient of thermal conductiv-
ity at a given temperature, since even inside a thin layer of the
test material, due to the temperature difference, the values of
the coefficient of thermal conductivity across the layers are
different and we will measure a certain average value for tem-
peratures between the maximum temperature and the mini-
mum temperature on the surface of the test material. So ini-
tially we should measure not the numerical value of the coef-
ficient of thermal conductivity, but the function of tempera-
ture. A group of TsAGI scientists proposed such an installa-
tion for determining the thermal conductivity function in the
form of a polynomial of the second degree of temperature [4].

A special feature of the installation is the automatic heating
of the side sections of the flat square test material in order to
eliminate the lateral escape of heat from the central heater and
ensure a flat homogeneous heat flow through the test material
at a known power of the central heater, which is completely
converted into a plane - parallel heat flow. The temperature
balance is controlled by 50 thermocouples that transmit sig-
nals to the computer controlling the heaters. During
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Harpesarellsi, KoTopas LEJIUKOM IpeBpalaeTcs B IUIOCKO -
mapajyleIbHBI  TOTOK — Temyia.  bamanc — Temmeparyp
KoHTponupytoT 50 TepMomap, IepelaloliUX CUTHAIbl B
YOPaBIAOLUN HarpeaTeIsIMU KoMnbrotep. [Ipu uzamepenusx
3ajaeTcs  psAA  3HAYEHUH  MOIIHOCTH  LIEHTPaIbHOTO
HarpeBaress, IPH KaXJI0M 3HaU€HUH MOLTHOCTH JOCTHIaeTCs
CTAllMOHAPHBIA  PEXHUM, TIPH  KOTOPOM  H3MEPSIOTCS
TEeMIlepaTypsl Ha  CTOPOHAaX  KBaJpaTHOW  IIIACTHHBI
ucneltyemoro Marepuana. Kaxxnoe usmepenue naet JIMHEHHOE
HEOIHOPOJHOE aNredpandeckoe ypaBHEHHE, a HECKOJIBKO

HU3MEPEHUH, IOKPBIBAIOLIMX HHTEPECYIOIUH  HHTEpPBa
TeMIeparyp, [AalT CUCTEMY HEOAHOPOIHBIX JIMHEHHBIX
ypaBHeHHﬁ OTHOCHUTEIBHO HCHU3BCCTHBIX TpeX

ko3¢ ¢urrenToB momuHomMa. OHAKO, KaK Mbl YOSIUIHCh Ha
OCHOBE COOCTBEHHBIX M3MEPEHHI, Takasi CUCTEMa OKazanach
He coBMecTHOH. [IpiurHa Ha Hal B3IV HE B ITOTPEIIHOCTSIX
MU3MEpEHUil, a B TOM, YTO KO3()(UIHMEHT TEerI0npOBOJHOCTH
SBJISIETCSI HE TIOIMHOMOM BTOPOHM CTENEHH TEMIIEpaTyphl, a
MIOJIMHOMOM IISITOH cTeneHu. JleJIo B TOM, 4TO HPH BBICOKHX
TEeMIlepaTypax OCHOBHBIM MEXaHM3MOM IIepellau TeIula
CTAaHOBUTCS TIiepefada W3IIyudeHHeM (Tepen3iIydcHueM),
KOTOpasi, CONIACHO 3aKkoHy boiblMaHa mponopruoHaIbHA
4yeTBEpTOM creneHu TeMmueparypel. Ho nomtoturensHas
CMOCOOHOCTh MaTEepPHalIOB, WUIpaIoIias BaXHYIO pOJb B
npoleccax MepensiyueHns, UMeeT sl pa3HbIX MaTepHajIoB
CBOM CIIEKTPAJIbHBIE XapaKTEPUCTUKH, & CHEKTP TEIIOBOTO
U3JIy4EHUsl 3aBUCUT OT TeMIlepaTypsl 10 3akoHy Ilnanka c
KO3 PUIUEHTOM CEPOCTH.

Hama  ycranoBka  aiust  u3MepeHus  QyHKIMH
KO3 PUIMEHTa TEMJIONPOBOJHOCTH HMeEET CHEPHUECKYIO
¢opMy s MHMHMMH3AIMH  «OOKOBOTO» yXozma Teria,
IIpe/ICTaBJIeHa Ha PUCYHKe 1.

PUCYHOK 1

YCTAHOBKA JJIsI MW3MEPEHUSI @®YHKIHUU
KO3®PULNMUEHTA TEILIONPOBOAHOCTHU
BOJIOKHUCTBIX OTHEYIIOPOB

Figure 1

An installation for measuring the function of the thermal
conductivity coefficient of fibrous refractories

‘YcTaHOBKA COCTOHT U3 KEPAMUIECKOTO MIAPOBOTO CIIOS U3
BBICOKO OTHEYIIOPHOW OKCHIHOW KEpaMHKH C BHYTPEHHUM
nuametpoM 200MM u BHemHHUM guameTpoMm 230mm. OnH
YCTaHOBJICH HAa KePaMHUYCCKUX TPYOKaX, BHYTPH KOTOPBIX
MMpOXoAAT MEIHBIC MPOBOAA, MOABOAANINE TOK K JUCHUIIUIIUIL
MOJIOICHOBOMY HArpeBaTelio, PACIOIOKEHHOMY BHYTPH
cheppr. IloBepx KkepaMuUYeckoil cdepbl  PacHONOKEH
METAJUTMYCCKUN KOXKYX M3 TOHKOW YKECTH, CKPOCHHOH Kak
nenectku laycca. Koxyx npuwkuMmMaeT BOJOKHHUCTBIN
Marepuan K KOPYHIOBOH cdepe W B MPUKATOM COCTOSHHH
uMeer auamerp 250MM Tak, YTO TOJIIWHA HCHBITYEMOTO
BOJIOKHHCTOTO Marepmaia cocraBmsier 10 mm. TpyOuareie
nepxarenu cepbl 3aKperUIeHBl B KapKac U3 METaJLTMIeCKOTo
npodwra. HampspkeHne Ha HarpeBaTelIH IONAeTCs depes
aBTOTPaHC(POPMATOp M U3MEPHUTEIbHBIN KoMmIuieke K-50, mpu

measurements, a number of power values of the central heater
are set, with each power value a stationary mode is achieved,
in which temperatures are measured on the sides of the square
plate of the test material. Each measurement yields a linear
nonuniform algebraic equation, and several measurements
covering the temperature range of interest yield a system of
nonuniform linear equations with respect to the unknown three
coefficients of the polynomial. However, as we have seen on
the basis of our own measurements, such a system turned out
to be not a joint one. In our opinion, the reason is not meas-
urement errors, but the fact that the coefficient of thermal con-
ductivity is not a polynomial of the second degree of temper-
ature, but a polynomial of the fifth degree. The fact is that at
high temperatures, the main mechanism of heat transfer is ra-
diation transmission (re-radiation), which, according to Boltz-
mann's law, is proportional to the fourth degree of tempera-
ture. However, the absorption capacity of materials, which
plays an important role in the processes of re-emission, has its
own spectral characteristics for different materials, and the
spectrum of thermal radiation depends on temperature accord-
ing to Planck's law with a gray coefficient.

Our installation for measuring the thermal conductivity co-
efficient function has a spherical shape to minimize the "lat-
eral" escape of heat, shown in Figure 1.

The installation consists of a ceramic spherical layer of
highly refractory oxide ceramics with an inner diameter of
200mm and an outer diameter of 230mm. It is mounted on ce-
ramic tubes, inside of which are copper wires that supply cur-
rent to a molybdenum disilicide heater located inside the
sphere. On top of the ceramic sphere is a metal casing made of
thin tin, cut like Gauss petals. The casing presses the fibrous
material against the corundum sphere and, when pressed, has
a diameter of 250 mm so that the thickness of the test fibrous
material is 10 mm. The tubular holders of the sphere are fixed
in a metal profile frame. The voltage to the heaters is supplied
through an autotransformer and a K-50 measuring system,
which measures the electric power of the heater and monitors
current and voltage. To avoid convective heat loss, we plug
the upper tube with a mixture of alumina and orthophosphoric
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MIOMOIIIM KOTOPOTO HW3MEpPSIeTCsl 3JIEKTpUYecKas: MOIIHOCTh
Harpesaresisi U KOHTPOJUpYETCS TOK M Hampspkenue. [ls
WCKJIIOUEHNS] KOHBEKTHBHOTO YHOCA TEIlIa BEPXHIOI TPYOKY
3aTBIKAEM CMECBIO IIIMHO3eMa C OpTO(hOoCHOPHOI KHCIOTOM.
Yxon Temia yepe3 TPyOKH CTaHOBUTCS HE3HAYMTEIBHBIM U B
pacdeTax OJEKTPHYECKYI0 MOIIHOCTh NpPUHHMAaeM 3a
MOIIIHOCTB TEIJIOBOTO ITOTOKA Yepe3 chepy, UMEIOLIETro TaK JKe
chepruecKyro cUMMeTpuio. [Ipu 9STHX yClOBHAX A
ompeneneHus Ko3pPuIneHToB PyHKINN TETIIONPOBOAHOCTH

A = C0+C1T+ C2T2+ C3T3+ C4T4+ C5T5

[OJIy4aeM ypaBHEHHUE JUIs KXKIOr0 U3MEPEHHS ¢ HOMEPOM k

co(Ty = T (T2 = T2) 2 (T = 1°) 2 (T = T2 (1° - T°) 2 (1~ 1) =

[Ipu KaXAOM 3HAYCHHHM MOIIHOCTH, HAYMHAS C MAaJbIX,
JOXKHUIACMCS YCTAHOBJICHUS CTAI[IOHAPHOTO PEXUMa, TPU
KOTOpPOM TEMIIEpaTypbl BHYTPEHHETO M BHEIIHEro CIIOs
UCTBITYEMOTO  BOJOKHHCTOTO  Marepuaia  OCTAaroTCs
HEM3MCHHBIMHU, M WX 3HAYCHUS 3aHOCHM B TaOIHIly JaHHBIX
WCTIBITAaHUN. 3HAYCHUS MOIIHOCTH TMOAOMpaeM TakK, YTOOBI
BHYTPCHHHE TEMIIEPaTypbl, H3MepseMbIe TepMOoIapamu,
MOIKITIOYaeMBIMU K MUKPOAMIIEpMETpy, HOPMHPOBaHHOMY Ha
rpagychl Llenbcusi MO ATAJIOHHOW TepMoIrape, TOKPHIBAIH
CBOMMH 3HAYCHUSMH BECh HHTEPECYIOIINH HAc HHTEpBal
temneparyp. Ho He meHee miectu usmepenuil. B pesynsrare
ypaBHeHHE (2) 1acT HaM HEOTHOPOAHYIO CUCTEMY JIMHEHHBIX
anreOpanyecKux YpaBHEHUI c HEH3BECTHBIMHU
ko3 GUICHTaMK, KOTOPYH)  pemiaeM MpH  [TOMOIIH
MareMaTudeckoi cucremsr Maplel3.

Yacts 2. [IpoekTHpOBaHME BBICOKO TeMIIEPATYPHOM
TmeYyn.

Hambonee »ddexTuBHBIM 171 (GYTEPOBKH  BBICOKO
TeMIIepaTypHBIX Tedel ¢ paboueit Temmepatypoii o 18000C
SBJISIETCSI BOJIOKHUCTBIM MaTepuay U3 KyOMYecKOTo OKCHAa
IIUPKOHUS, CTaOMIM3HPOBAHHOTO 4% UTTPHUEM,
npousBoguMoro B OombiioM oboseme B KHP. Jlns 3ammthr
BOJIOKHHCTOTO Marepuajia OT BBICOKMX TeMIeparyp u
MEXaHUYCCKUX HOBpe)KZ[eHPIﬁ, Kak U [1JA O6CCHC‘ICHI/ISI
MEXaHUYECKOU IMPOYHOCTHU B OTHOILIIEHUHU 3aKJIaJIKu,
TpeOyeTcst BHYTPEHHSIs1 000JI04Ka B BHJIE My(]eJIst MM KaMephbl
U3 TJIOTHOTO OKCHJ IMPKOHMEBOH KepaMHKH. [lopomox n
BOJIOKHHCTBI Marepuajl M3 OKCHAa LUPKOHHUS HMEET
COM3MEPHMYIO CTOMMOCTh 3a OJHWH KHJIOTpaMM Beca, HO
pa3HyIo IIOTHOCTh. ONTHUMAaJIbHAS IUIOTHOCTH BOJIOKHHCTOTO
Marepuana, Ipu KOTOPOH MepeHOC TeTIa KOHBEKINEH B mopax
MHHHMAJICH, COCTaBIICT 110 JaHHBIM mcciaemoBanui 1TATU
160 Xr/M>, a IIIOTHBIN YEPENOK M3 OKCHAA IUPKOHHSI UMEET
wioTHOCTH 2300 kr/M — BhIIIE B 15 pas [4].

Jaxxe HeOOMBIION TOMMWHBI My(Qeab COCTaBISAET
6ONBIITYI0 YaCTh CTOMMOCTH I1e4d. BOIOKHHUCTHIN MaTepHal,
UMEIOLIMH Majioe 3HaueHHWe (YHKIUH TerIONpPOBOAHOCTH
JlaKke TIpU BBICOKMX TEMIeparypax, I03BOJISIET JeNnaTh
(yTepoBKy Ieur MaybIX IUIOINAJEH W C MalbiM BECOM, IO
CPaBHEHHIO C APYTMMH OTHEYNOPHBIMH MaTepHalaMH, a 3TO
JlaeT NpPEeUMYIIEeCTBA MeYdM B OKOHOMHUYHOCTH, TaK Kak
MEHBIINH TETIOBOM MOTOK OyAET yXOOWUTh C KOXKyXa Ie4H, U
MEHBIIIee BpeMsI pa30rpeBa, 4To Tak ke noseiraer KI1/] neun.
OnHako, KaKk CKa3aHO BBIIIE, MPU BBICOKMX TEMIIEpaTypax
BOXHYIO pOJb B YMEHBIUIEHHH TEIUIOBOTO ITOTOKA HMEIOT
MOIIOTUTENN TEMJIOBOTO M3IydeHus. Tak Hamu momoOpaH
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acid. The heat loss through the tubes becomes insignificant,
and in calculations, electrical power is taken as the power of
the heat flow through the sphere, which also has spherical
symmetry. Under these conditions, to determine the coeffi-
cients of the thermal conductivity function

(1
we get the equation for each dimension with the number k
P .1 1
G5 @

At each power value, starting from low, we wait for the
establishment of a stationary mode in which the temperatures
of the inner and outer layers of the tested fibrous material re-
main unchanged, and their values are entered in the test data
table. We select the power values so that the internal tempera-
tures measured by the thermocouples connected to the micro-
ammeter, normalized to degrees Celsius according to the ref-
erence thermocouple, cover the entire temperature range of in-
terest with their values. But not less than six dimensions. As a
result, equation (2) will give us an inhomogeneous system of
linear algebraic equations with unknown coefficients, which
we solve using the mathematical system Maplel3.

Part 2. Designing a high temperature furnace.

The most effective lining for high temperature furnaces
with operating temperatures up to 18000C is a fibrous material
made of cubic zirconia stabilized with 4% yttrium, produced
in large quantities in China. To protect the fibrous material
from high temperatures and mechanical damage, as well as to
ensure mechanical strength in relation to the bookmark, an in-
ner shell in the form of a muffle or chamber made of dense
zirconium oxide ceramics is required. Both the powder and the
fibrous zirconium oxide material have a commensurate cost
per kilogram of weight, but different densities. The optimal
density of the fibrous material, at which heat transfer by con-
vection in the pores is minimal, is 160 kg/m*® according to
TsAGI research, and a dense zirconium oxide shard has a den-
sity of 2300 kg/m — 15 times higher [4].

Even a small muffle thickness accounts for most of the cost
of the furnace. The fibrous material, which has a low value of
the thermal conductivity function even at high temperatures,
allows the lining of the furnace to be small and light in weight
compared to other refractory materials, and this gives the fur-
nace advantages in economy, since less heat flow will leave
the furnace casing and shorter heating time, which also in-
creases the efficiency of the furnace. However, as mentioned
above, heat sinks play an important role in reducing heat flow
at high temperatures. This is how we selected the powder as a
high temperature absorber, which mainly consists of silicon
carbide. As measurements have shown, the addition of 5%
powder by weight to a zirconium oxide fiber insulator reduces
the values of the thermal conductivity coefficient at high tem-
peratures.
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MOPOIIOK B KaY€CTBE BBHICOKO TEMIIEPATypHOTO MOIJIOTUTE,
KOTOPHIH B OCHOBHOM COCTOMT W3 KapOuna kpemuwus. Kax
MOKa3aIn M3MepeHus: jaodapieHue 5% MOpoIlKa 1Mo Becy B
BOJIOKHHMCTBI ~ TEMJIOU3OIATOP U3 OKCHJ IMPKOHUEBOTO
BOJIOKHA CHIKAET 3HAuUEHUs koaddurrenTa
TETUIONPOBOTHOCTH TP BBICOKHX TeMIleparypax (puc.2).

Takke COBEpIIEHHO HOBBHIM B IPOEKTHPOBAHWU BBICOKO
TEMIIEPaTypHBIX I€UeH SBISETCS y4YeT JOJITOBEYHOCTH
MaTepHajgoB MpPH TEMIIEpaTypax B CI0sSX (yTEpOBKH. YHUeT
JIONTOBEYHOCTH OCHOBAH Ha TOYHBIX pacdeTax mo (opmynam
JONTOBEYHOCTH, CKOPOCTH PEKPUCTAIUIU3ALUU U Pa3MEpPOB
3epeH B 3EpPHUCTON CTPYKType Marepuansa C y4eToM €ro
MOPUCTOCTH, MTOJTyYeHHBIE HaMHU u JPYTHMHA
uccnenosaressivu [2 - 11].

[To namum pacueram [3] cpok cirykObl Mydens U3 TaKux
MaTepuajoB B 3aBUCHUMOCTH OT TEeMIeparypbl Ieud
omnpezensiercst npu temreparypax T = 1800 °C cpok ciry>kObl
OKCH/T TUPKOHUEBOH KEpPaMHUKH CTaOMIM3UPOBAaHHON OKCHIOM
utTpus Y»03. 4% coctaBa cocrasiser 1800 cyrok nnun 43300
4acoB HENpephIBHOW paboThl. JoaroBeyHOCTh Mydens wu3
KOPYH/IOBOM  IUIOTHOM  CIEYEHHOM  KEpaMHMKH, IpH
temneparype T=1800 °C cocrasmser 500 cytok mmm 12000
4acoB HEMPEPhIBHON PabOTHI.

PUCYHOK 2

I'PAOUKH ®YHKIIUN KODPPUITUMEHTA
TEINJIOMPOBOJAHOCTH AJISI BOJTIOKHUCTBIX
MATEPHAJIOB

CIIVIOIIHBIE JIMHUM BE3 NOITIOTUTEJISI U3JTYUEHUS],
IIYHKTUPHAS JIMHUSA TP JOBABJIIEHUH 5% KAPBUJ
KPEMHHUEBOI'O IIOPOLIKA.

Figure 2

Graphs of the thermal conductivity coefficient function for fibrous
materials.

SOLID LINES WITHOUT A RADIATION ABSORBER,
DOTTED LINE WITH THE ADDITION OF 5% SILICON
CARBIDE POWDER.

3akiouenue

1. IpenmoxeH HOBBIM MaTepuan W3 OKCHI IIMPKOHUEBBIX
BOJIOKOH C TIOPOIIKOM U3 KapOuaa KpPeMHHUS B KadeCTBE
MOTJIOTUTENSI TEIUIOBOTO W3IYYCHHs, OO0CCICUUBAIOIIECTO
CHIDKEHHE KOA((GUIIMEHTA TEIUIOMPOBOIHOCTH MPH BBICOKUX
Temmneparypax. Manblii  Bec W Majas  TOJIIMHA
TCIUIOM3O0JSIIIMOHHOTO  CJIOSI  TO3BOJIIOT — MPOCKTUPOBAThH
BBICOKO TCMIICPATYPHBIC T[I€YM YyMEHBIICHHOTO Beca W
BHCIIIHUX Pa3MepoB, YTO CHUKAET TCILIOBHIC MOTEPH KaK MPH
pa3orpese Mevr, TaK U B CTAIIMOHAPHOM pekuMe. Maisiil Bec
(hyTepoBaHHOTO Marepuana 3HAYUTEIBHO CHUXKAeT €ro
CTOMMOCTh TIPU TapaHTHUU JOJTOBEYHOCTH HEMPEPHIBHON
pabothI ipu Temmeparypax meun 1800 °C 500 cyTok.

2. JI7s KOMIOBIOTEPHOTO YIPABICHHUS TEXHOJIOTUYCCKHM
MPOLIECCOM  HEOOXOAMMO  MOCTPOUTh  MaTeMaTHUYECKYIO
MOJIEeNIb  YIIPaBJIIEMOro Ipolecca, KOTopas C JO0CTaTOYHO
BBICOKOM CTEMCHBIO TOYHOCTH OTBeUaia Obl peajbHBIM
napamerpaMm. [IpuMeHseMbIe METOIBI pacyera IMe4eH, Kak
MIPaBUIIO OCHOBBIBAIOTCS Ha TeMIIepaTypHBIX

COMMPOTUBJICHUAX C  HE3aBUCUMBIMHU OT TEMICPATYypPhI

Also, completely new in the design of high temperature
furnaces is the consideration of the durability of materials at
temperatures in the lining layers. Durability accounting is
based on accurate calculations based on durability formulas,
recrystallization rate, and grain sizes in the granular structure
of the material, taking into account its porosity, obtained by us
and other researchers [2-11].

According to our calculations [3], the service life of a muf-
fle made of such materials, depending on the furnace temper-
ature, is determined at temperatures T = 1800 °C. The service
life of zirconium oxide ceramics stabilized with yttrium oxide
Y,0s. 4% of the composition is 1800 days or 43300 hours of
continuous operation. The durability of the muffle made of
dense sintered corundum ceramics at a temperature of T =
1800 °C is 500 days or 12000 hours of continuous operation.
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Conclusions

1. A new material made of zirconium oxide fibers with sil-
icon carbide powder as a thermal radiation absorber is pro-
posed, providing a reduction in the heat transfer coefficient at
high temperatures. The low weight and low thickness of the
thermal insulation layer allow the design of high temperature
furnaces with reduced weight and external dimensions, which
reduces heat losses both during furnace warm-up and in
steady-state mode. The low weight of the lined material sig-
nificantly reduces its cost while guaranteeing durability of
continuous operation at furnace temperatures of 1800 °C for
500 days.

2. For computer control of the technological process it is
necessary to build a mathematical model of the controlled pro-
cess, which would meet the real parameters with a high
enough degree of accuracy. The applied methods of furnace
calculation are usually based on temperature resistances with
temperature-independent coefficients. Such methods give
large errors for high-temperature regimes, because they do not
take into account the dependence of the heat transfer
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kodpdurmenramu.  Takue  Meromsl  JarOT  OoJbIINE
MOTPENTHOCTH ISl BBICOKO TEMIIEPATyPHBIX PEKUMOB, TaK KaK
HE YYUTBHIBAIOT 3aBUCUMOCTD ko3 durmenta
TETUIONPOBOJHOCTH ~ MarepuanoB  (yTEepOBKM MEYH  OT
TEMIIEpaTyphl, 3HAYEHNE KOTOPOTO BO3PACTAET NMPH BBICOKUX
Temneparypax 6omee geM B 50 pas.

3. IlpenmoxeH MeTo pacdeTa BBICOKOTEMIIEPATYPHBIX
KaMEepHBIX IeYell ¢ y4eTOM 3aBUCHUMOCTH KO3()(HUIIMEHTOB
TETUIONPOBOIHOCTH OT TEMIIEPATYPHI B BUAE ITOJMHOMA MISITOH
CTENCHM, KOTOPBIH  CONEP)KUT  IIECTh  HEM3BECTHBIX
MOCTOSIHHBIX, IMOMJIEKAIINX OIPEACICHUIO B CIEIHAIBHON
YCTaHOBKE.

4. OmmcaHa BBICOKOTEMIIEpaTypHas
3Ha4eHUs  KOI()(UIMEHTOB  TONHHOMA
TETUIONPOBOIHOCTH HOBOTO CIPOEKTHPOBAHHOTO
BOJIOKHHCTOTO Marepuaina c Gomnee Ty YIIIMA
XapaKTepUCTUKAMH  TI0  CPaBHEHHWIO C  IOXOOHBIMH
MarepuagaMy, TPEIVIOKEHHBIMH | HCCICIOBaHHBIMH B
AT .

5. Paccunrana meus KyOmdeckoil hOpMBI C IBYXCIOHHOMN
(hyTepoBKoii Ha 27 TUTPOB C YYETOM JIOJTOBEYHOCTH CIIOEB
npu temneparypax 1o 1800 °C. Ha ocHoBe moirydeHHOI
MaTeMaTHIEeCKON MOJIENH MPEITIOKEH METOJl KOMITBIOTEPHOTO
YIOpPaBJIEHUSl TEMIIEPaTypoil B AKTUBHOM 30HE II€Yd B
HETIPEPHIBHOM PEXMME Ha OCHOBE HETIPEPHIBHOTO U IIJIABHOTO
YIpaBICHUS] MOIIHOCTBIO HArpeBaTelbHBIX CIHpaJeH IpH
TIOMOIIY PEryJIMPOBAHUS 3a30pa B MArHUTHOH MY IPOCCEs,
OTPaHWYMBAIOIIETO  BEIMYMHY TOKAa B  JIUCHIIMIUI
MonnbaeHoBOM Harpesatene. [Ipy TakoM MeTone ynpaBlieHHs
TEMIIEPaTypoOll B AaKTUBHOM 30HE IM€4YM MCKIIIOYAETCS
WMITYJIbCHBIN HarpeB, KOTOPBIH BO3HUKAET IPH NPUMEHEHNH
THPHUCTOPHBIX (CEMHCTOPOHHUX) PETYIATOPOB, a 3a CYET
YacThIX IIEPEKIIOYCHUH, TPHUBOIIIIMX K TEPMHUCCKHM

YCTaHOBKH U
ko3¢ durmenta

OUKIaM, 3HAYUTEIBHO  COKpPAMIAeTCs CPOK  CIYXKOBI
HarpeBaTeleu.
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coefficient of the furnace lining materials on temperature, the
value of which increases at high temperatures by more than 50
times.

3. The method of calculation of high-temperature chamber
furnaces taking into account the dependence of thermal con-
ductivity coefficients on temperature in the form of a fifth de-
gree polynomial is proposed, which contains six unknown
constants to be determined in a special installation.

4. The high-temperature setup and values of the coeffi-
cients of the heat transfer coefficient polynomial of the newly
designed fiber material with better performance compared to
similar materials proposed and investigated in TsAGI are de-
scribed.

5. A cube-shaped furnace with a two-layer lining for 27
liters has been calculated, taking into account the durability of
the layers at temperatures up to 1800 °C. On the basis of the
obtained mathematical model, a method of computer control
of the temperature in the furnace core in continuous mode is
proposed on the basis of continuous and smooth control of the
power of heating spirals by adjusting the gap in the magnetic
circuit of the choke, limiting the current in the disilicide mo-
lybdenum heater. This method of controlling the temperature
in the active zone of the furnace eliminates impulse heating,
which occurs when thyristor (seven-sided) regulators are used,
and due to frequent switching, leading to thermal cycles, the
service life of heaters is significantly reduced.
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