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BhITosiHEH aHATUTUYECKU 0030p HAYYHBIX MyOIUKALIUiA, COepXKaIIUX pe3ybTaThl (hU3NIECKOTO U YKC-
JICHHOTO MOIEJTMPOBAHUST BIUSHUS ITYJIbCUPYIOIIETO PeXXUMa TEUSHMST OXJIaXKIaloero Bo3ayxa Ha 3¢-
(beKTUBHOCTD TEIJIOBOIA 3aBECHI 1], NIABHBIM 00pa3oM, PO UIbHON YaCTH TypOMHHBIX JlonaTtok. Mcnbita-
HUSl, TPOBENEHHBIE B YCIOBUSIX, OJIM3KMX K HATYPHBIM, ITOKa3aju, YTO HaOJIIoAaeTCs KaK MOJIOXUTEIbHOE
U TIepeMeHHOe, TaK U OTPUIIATEILHOE BO3IEMCTBHE ITyJIbcalldil Ha MoKa3aTeb 3(hHeKTUBHOCTH TETIIIOBOM
3aBechl. [Toy4eHo, UTO MOJ0XKUTENIbHOE NIV OTPULIATESIbHOE BIUSHUE HAJTOXKEHHBIX HA BIyBaeMblii TOTOK
BO3/yXa IMyJibcalluii 00YCI0BIEHO MEXaHU3MaMU MTEPEeHOCa B CUCTEME TJIEHOYHOTO OXJIAXKACHUSI, Peain3y-
€MBIMU MPU OTCYTCTBUM ITyJibcaliuii. [Ipy 2ToM BeepHBbIe OTBEPCTHS AAIOT 60Jiee BBICOKYIO JIOKATBHYIO 3 -
(heKTUBHOCTH TETJIOBOI 3aBECHI MO CPABHEHUIO C KJIACCUUYECKUMMU LIUIUHIPUUECKUMU OTBEPCTUSIMU HE
TOJIBKO B CTAllMOHAPHOM, HO U B MYJIbCUPYIOIIEM PEeXUMeE BIyBa. B crallmoHapHOM peXXuMe 3TO MPOMCXO-
IIUT IIpU mapaMmeTpe BayBa m = 1.0, a B myibcupylomieMm pexume — npu m = 1.5 u 2.0. [1puunHa 3axkimoya-
eTcs B 60Jiee paBHOMEPHOM TOKPHITUHY TJIEHKO# ra30BO3AYIITHOM CMeCH OXJIaxkIaeMOii MOBEPXHOCTH 3 Ce-
YyeHUEeM ITyJIbcupytollero BayBa. [Ipuyem ripu m = 1.5 mist orBepcTurii 06eux popM MyJIbCUPYIOLIN TOTOK
oxJlamuTelIst 06ecIieurBaeT OoJIbIlIee 3HAUCHWE IMTOTIEPETHO OCPETHEHHOH 3((hEeKTUBHOCTH TETUIOBOIA 3aBe-
CBI T], UeM CTaIlMOHAPHBII BIyBaeMblIil TOTOK. PaccMoTpeHHBbIe B 0630pe METOIbI MPOrHO3UPOBAHUS BIIU-
SIHUS BIyBa B MYJIbCUPYIOLLIEM PeXUMe Ha 3HaYeHUE 1| TPEOYIOT TOJIbKO 3HAHUIA O CTallMOHAPHOM MOTOKE
1 TTO3BOJISTIOT OLICHNUTh, B KAaKWX CIIyJasiX IMyJIbCAllu OKa3bIBAIOT ITOJIOXUTEIBHOE, a B KAKUX OTPUIIATETb-
Hoe Bo3AeiicTBrE Ha 9¢h(EKTUBHOCTh TEILJIOBOM 3aBECHI.

Karoueesnie croea: nomnarka TypOuHbI, 3¢ OEKTUBHOCTh TEIUIOBOI 3aBEChI, MYIbCUPYIOIINI IIOTOK, IIMIMH-
IpUYecKHMe M BeepHbIe OTBEPCTUS BAyBa, TEIUIOOTIauya, apaMeTp BAyBa, PEXXUMHBIC U FTeOMeTpUYECKUe
rmapamMeTpbl
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The Effectiveness of Film Cooling with Injection of Pulsating Air Flow (Review)

A. V. Shchukin® *, A. V. I’inkov“, V. V. Takmovtsev® **, 1. A. Popov?,
A. L. Tukmakov®, and A. V. Starodumov®

¢ Tupolev Kazan National Research Technical University, Kazan, 420111 Russia
b Moscow Aviation Institute (National Research University), Moscow, 125993 Russia
*e-mail: a.v.shchukin@rambler.ru
**e-mail: vwt379@rambler.ru

Abstract—An analytical review is presented of scientific publications with the results of physical and numer-
ical simulation of the effect of the pulsating cooling air flow on the effectiveness of thermal cooling, specifi-
cally on the airfoil part of turbine blades. The tests carried out under nearly full-scale conditions have revealed
positive, variable, or negative effects of pulsations on the effectiveness of the film cooling. It has been found
that a positive or negative effect of pulsations superimposed on the injected air flow is determined by the
transport mechanisms in the film-cooling system, which are observed without pulsations. At the same time,
fan-shaped holes give a higher local effectiveness of the film cooling compared to classical cylindrical holes
not only in the steady-state case without changing the coolant flowrate but also in the case with pulsating flow
injection. In the steady-state case, this occurs at a blowing ratio of m = 1.0, and that with the pulsating flow
injection is at m = 1.5 and 2.0. This is caused by the more uniform coverage by the gas-air mixture of the
cooled surface downstream of the section with pulsating air flow injection. Moreover, at m = 1.5 for holes of
both shapes, the pulsating coolant flow with m = 1.5 offers a higher spanwise averaged effectiveness of film
cooling, M, than the injected steady flow does. The examined methods for predicting the effect of pulsating
flow injection on M require only knowledge of the steady flow behavior and enable us to assess when pulsing
would be beneficial or detrimental for the effectiveness of film cooling.

Keywords: turbine blade, film-cooling effectiveness, pulsating flow, cylindrical or fan-shaped injection holes,
heat transfer, blowing ratio, operating conditions, geometric parameters
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[Ipennaraercst pa3pabOTaHHBIN U SKCIIEPUMEHTAILHO alpoOMPOBaHHBIN Ha Kadeape 1mapoBbIX U ra30BbIX
TypouH HUY MBU mMeTon pacuera a3pogHAMUYECKUX CHUJI, TO3BOJISTIONINI 110 3HAYEHUIO a3pOaAMHAMM -
YeCKOU CUJIbI, UBMEPEHHOI B CTaTUYECKUX YCIOBUSIX, B TIEPBOM TPUOIMKEHUMN OBICTPO OLIEHUTh HEKOH-
CEepPBATMBHYIO COCTABJISIIONIYIO a3pOAMHAMUWYECKON CUJIbI B YIJIOTHEHUsIX 06€3 MPUMEeHEeHUs TPaIuIIiOH-
HBIX JOPOTOCTOSIIIIMX METOHOB ucciienoBaHuii. O6G0CHOBaHa BO3MOXHOCTh pacueTa HEKOHCEepBAaTUBHOM
COCTAaBJISIONIEH a3pOIUHAMMYECKOM CHIIBI TIPH JIFOO0i1 YacTOTe BpallleHUsT pOTOpa B CTATUYECKUX YCIIOBU-
six. [TosrydyeHHBIE ¢ UCTIOJIb30BAHUEM HOBOTO METOA 3HAUYEHUSI HEKOHCEPBATUBHOM COCTaBIISIIONIEi a3po-
MMHAMMWYECKOI CUJIBI B YILIOTHEHUM 10 pacYeTHOM 3aBUCUMOCTH, IIpemioxeHHoit A.I. KocTiokoM, ObL11
COIOCTABJICHBI C pe3yJIbTaTaMU U3MEPEHUIA 3TOM CUJIBI IS aHAJIOTUYHBIX MOJIe/Ieii YIIJIOTHEHU, IPOBe-
NMIEHHBIX paHee TPaIUIIMOHHBIMU CITIOCOOAMU — C TTIOMONIBIO TEH30METPUUECKUX BECOB U I10 TTOKA3aHUSIM B
JIpeHaXkax Kamep yruloTHeHUid. [lajiee HOBBII MeTO onpeieIeHUs] a9pOIMHAMUYECKUX CUJT ObUT IPUMEHEH
IIJIST OLIEHKW BEHIIOBBIX CHJI, 3aBUCSIIIMX OT HEPABHOMEPHOCTH MPOTEYKHU Yepe3 Hal0aHIaKHOE YIJTIOTHEe-
HHUE U ASHCTBYIOIINX Ha KOJIBIIEBYIO pabodyio TypOMHHYIO perieTKy P-26-17A. CpaBHeHUE MOTYYeHHBIX
3HAYECHMI ¢ JaHHBIMM MCCJIEIOBAHMI, BRIIIOJHEHHBIX Ha cTeHae OT-1 TpaaulimoOHHBIM CIIOCOOOM ITyTeM
TEH30METPUYECKUX U3MEPEHUI1, MoKa3aJlo UX xopoluee cornacue. [IpeaioxkeHHbI MeTO1 O3BOJISIET TTO-
JIyYUTh KAaU€CTBEHHO M KOJIMUYECTBEHHO BEPHBIC Pe3yIbTaThl U MOXKET OBITh MCTIOJIb30BaH ISl CPAaBHEHUS
VIUIOTHEHU A, UMEIOIIMX pa3Hble KOH(MUTYpaLIMK, TT0 3HAYCHUIO BO3HUKAIOIIIEH B HUX HEKOHCEPBAaTUBHOM
COCTaBJISIIONIEH CHIIBI, CIIOCOOHOI BBI3BIBAaTh aBTOKOJIEOAaHMS BaJIOIPOBOIOB TypOoMmaIiuH. [Jist orpadoT-
KM MeTOoAa MOTYT IIPUMEHSIThCS MOJIEJIM POTOPHBIX YacTeid, He TpeOyIoluX 6aJaHCUPOBKU U U3TOTOBJIEH-
HBIX U3 HEIOPOTUX MaTepUAJIOB.

Karuesvie cro6a: HeKOHCEpBaTUBHAsI COCTABJISIIONIAS] a9PONMHAMUYECKO# CWIbI, YIUIOTHEHME, paboyast
peleTKa, MI3MEPEHMSI, )KECTKOCTh CYITBI, CMEIIEHUE OCceil poTopa U cTaTopa, 9KCIEHTPUCUTET

DOI: 10.56304/S0040363623090035



A New Method for Determining the Aerodynamic Forces Arising in Turbine Seals
S. S. Dmitriev» *, B. N. Petrunin®, V. V. Naumov“, and I. A. Nikitin®

¢ National Research University Moscow Power Engineering Institute, Moscow, 111250 Russia
*e-mail: dmitriyevss@mpei.ru

Abstract—The article presents an aerodynamic force calculation method that was developed and tested at the
National Research University Moscow Power Engineering Institute’s (NRU MPEI) Department of Steam
and Gas Turbines. By using the proposed method, it is possible to quickly estimate, as a first approximation,
the nonconservative component of the aerodynamic force arising in turbine seals proceeding from the aero-
dynamic force value measured under steady-state conditions without resorting to conventional costly re-
search methods. The possibility to calculate the aerodynamic force nonconservative component at any rotor
rotation frequency under steady-state conditions is substantiated. The values of the aerodynamic force non-
conservative component in the seal obtained using the new method according to the calculation expression
proposed by A.G. Kostyuk were compared with the results of measuring this force for similar seal models car-
ried out previously using the conventional methods: by means of a strain-gauge balance and from the readings
in seal chamber drains. The new method for determining aerodynamic forces was then applied for estimating
the blade row forces, which depend on the leak uniformity through the shroud seal and act on the R-26-17A
annular turbine rotor cascade. The obtained values were compared with the data of studies carried out on the
IT-1 experimental setup using the conventional method by means of strain-gauge measurements, and the
comparison results have shown good agreement of the data. The proposed method makes it possible to obtain
qualitatively and quantitatively valid results and can be used for comparing the seals having different config-
urations with respect to the nonconservative force component arising in them that can give rise to self-vibra-
tion of turbine machinery shaft lines. For perfecting the method, it is possible to use the models of rotor parts
that do not need balancing and that are manufactured using inexpensive materials.

Keywords: acrodynamic force nonconservative component, seal, rotor blade cascade, measurements, force ri-
gidity, displacement of rotor and stator axes, eccentricity
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JIJ1s1 OUMCTKY TYPOMHHOTO Macjia CUCTeM MacCJIOCHA0XeHMsI OTeUYeCTBEHHBIX TypOOoarperaToB UCIOAb3YIOT
MHOTOCTYIIeHUYaThIe ceTdyaThle (pMIBTPhI, KOTOPBIE YCTAHABIMBAIOT B INIaBHOM MacissHoM Oake (I'MB).
ITpu 3KcrIyaTaluy dHeEPreTHYeCKoro 000pyaoBaHus 3arpsi3HEHUSI HEMTPEPHIBHO MOCTYIAIOT B TUAPABIIM-
YeCKYyI0 CHCTEMY M yHAJSIOTCsl uibTpaMu. B cTaThe MpoaHaIM3UPOBaHbl U3MEHEHUE KOo3(duimeHTa
npoItyckaHusi W, B mpoliecce MHOTOCTYIIEHYaTOro (OYJIBTPOBAHMS U €T0 BIMSHUE Ha YMCTOTY Macjia B pa-
6oTtamolieil cucteMme. DHHEKTUBHOCTD MOCIEA0BATEIbHO YCTAHOBJICHHBIX (OMIBTPOB ONMMCAaHA CTEMeH-
HOI PyHKIIMEH, B KOTOPOiA OCHOBaHUEM SIBJISIETCS KO (DUILMEHT IIPONYyCKaHUS YaCTUL OTIEIbHOM CTY-
niean W, (ipu yciosuu W), = const Uit Bcex cTyneHei puibTpoBaHus), a mokasaTtejieM — YUCIIO CTyTIe-
Hel puibTpoBaHusd n. [1pencraBiaeHbl pe3ybTaThl MOASpHU3aLMU QUILTPOB Macjo0aka Ha TypOoarperare
K-200-12.8 IM3 KOxHoypanbckoiit [PDC. BMecTo 1aTyHHBIX TKAHBIX CETOK ObLI yCTAaHOBJICH (QOUIIBTPYIO-
L1 MaTepurall U3 IIOJIMAMHUIHBIX MOHOHUTEH (ITOJMaMUIHBINA (GUIBTPYOIINi MaTepuai). Ilociae monep-
HU3aMu GUIBTPOB YUCTOTA Macjia B CUCTEME MAacJIOCHAOXEeHMS TIOBbICHIACH, KOJTMYECTBO TBEPIbIX Ua-
ctull pa3mepamu 6ojiee 10 MKM B HEM YMEHBIIMJIOCH B 68 pa3, KOJIMYECTBO BOAbI CHU3WIIOCH IIPUMEPHO B
3 pa3a; MpOMBIIIUIEHHAsT YMCTOTa cooTBeTcTBOBaja Kiaccy 8 (TOCT 17216-2001). PaccmoTpeHa pabota
GuIbTPOB rpy00ii 1 TOHKOM OYMCTKM ¢ OOHOM 1 AByMsI cTyneHssMu Ha FOxxHoypanbckoit [POC. Ilpu ne-
pexojie OT OHOCTYIIEHYATOro (pUIBTPOBAHUS K ABYXCTYIIEHUATOMY YMCTOTA Macjia CTaJia BhIIIIE, a KOJIMYe-
CTBO TBEPIBIX YACTUII pa3MepaMu 60jiee 5 MKM YMEHBIIWIIOCH B HEM B 3 pa3a, coaepkaHue BOJIbl B Maciie —
IpUOIM3UTEIBHO B 12 pa3. OTMeUeHO, 4TO YUCTOTa GMIBTpaTa CyIIeCTBEHHO ITOBBICIACH OJ1arogapsi yBe-
JIMYEHUIO YMCJIa CTyMeHel (hUIbTPOBaHMSI.

Karoueswie cnosa: mapoBasi TypOuHa, TypOMHHOE MacJIo, MHOTOCTYIeHYAaThble ceTYaThie (DMIILTPEI Maciioba-
Ka, MacjiocHaOXeHue Typboarperara, padodasi XXKUIKOCTh, KO3(MMUIIMEHT MPOMyCKAHUS YaCTHILL

DOI: 10.56304/S0040363623080076



Efficiency of Multistage Filtration of Turbine Oil
in the Oil-Supply System of Turbo Units

K. V. Osintcev* *, N. A. Pshenisnov* %, and A. 1. Pshenisnov’
4 South Ural State University (National Research University), Chelyabinsk, 454080 Russia
b EnergoService Research and Production Association, Chelyabinsk, 454048 Russia
*e-mail: enserv@mail.ru

Abstract—The efficiency of multistage filters of the main oil tank (MOT) is analyzed. The efficiency of se-
quentially installed filters is determined by a power function in which the base is the stage skip factor W,
(assuming W, = const for all filtering stages) and the exponent is the number of filtering stages n. Under the
operating conditions of the hydraulic system, contaminants continuously enter the system and are removed
by the filter. How the change in the transmittance W in the process of multistage filtration affects the purity
of the oil in the operating system is analyzed. Oil tank filters were upgraded at the T-200-130 LMZ turbine
unit (station no. 9) at Yuzhnouralskaya GRES. Instead of brass woven meshes, a filter material made of poly-
amide monofilaments (polyamide filter material) was installed. After the modernization of the coarse and
fine filters, the oil became cleaner in the oil-supply system of the T-200-130 LMZ turbine unit (station no. 9),
the amount of solid particles in it (in samples from the clean compartment of the MOT) with sizes of more
than 10 microns decreased by 68 times, and the amount of water in the oil decreased by approximately three
times; industrial purity corresponds to the eighth class of GOST 17216-2001. In practice, the operation of
coarse and fine filters in one and two stages was also analyzed. When switching from single-stage to two-stage
filtration, the purity of the oil became higher, and the amount of solid particles in it with sizes of more than
5 microns decreased by three times, while the amount of water in the oil by approximately 12 times. Increasing
the number of filtration stages significantly increases the purity of the filtrate.

Keywords: steam turbine, turbine oil, oil tank filters, turbine unit oil supply, working fluid
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Ha TennoBbIX 2JIEKTPUYECKUX CTAHIIMSIX YCTAHOBKU, KOHTAKTUPYIOIIIME C BOAHBIM TEINIOHOCUTEJIEM, MO/ -
BEpraloTcsl OMOJOTMYECKOMY 3arpsi3HeHUI0. DTO OOYCIIOBIEHO psIoM (PaKTOpOB: MomepskaHueM 6J1aro-
MPUSTHBIX TEMIIEPATYPHBIX PEXKUMOB, 00pa30BaHUEM 3aCTOMHBIX 30H, TTIOCTOSIHHO ITogavyeil muTaTelib-
HBIX BEIIIECTB, HATMYKMEM OOJTBIINX IIJI0IIaIel TOBepXHOCTe 060pynoBaHUs (TPYyOOTIPOBOILI, pe3epBYaphl
IJIsl XpaHEHUsI BOAbI, TPyOHAasl MOBEPXHOCTh KOHIEHCATOpa), MPUCYTCTBUEM PAa3IMYHBIX MaTepUAIOB
(MOHOOOMEHHEBIE CMOJIBI, MeMOpaHbl), MI3MEHEHEM KIMMaTUIYeCKUX ycioBuili. boprba ¢ oOpa3zoBaHUEM
TaKUX 3arpsI3HEHUI TETJIO9HEPTreTUYECKOro 000pyIOBaHUS HA CETOIHSIIHUI IeHb BECbMa aKTyajbHa, XO-
TSI MpakTU4IecKu Ha BceX TOC mpoBOAUTCS THIATeIbHAS TTOATOTOBKA TOOABOYHOM M MUTATEITHLHONM BOMIBI.
Crenyer OTMETUTD, UTO KOHTPOJIb KOHIIEHTPpALIM OpraHM4YeCKUX MpUMeceil B KUJIKOM 1 IapoBoii (a3zax,
a TaKKe BeJeHHUE TTOCTOSTHHOTO MOHUTOPUHTA SIBJISIIOTCS TOBOJIBHO TPYAOEMKHMMU TIporieccaMu. OpraHu-
YeCKUe OTJOXEHUS U HaJIMuue OMOIJIEHOK Ha TEXHOJIOTMYECKOM OOOpYyIOBAaHUM CHUCTEM OOOPOTHOIO
oxiraxaeHus: (COQO), BomormoaroToBuTeNbHBIX ycTaHOBKax (BITY), pesepByapax xpaHeHUsS XUMWYECKU
OYMILICHHOM BOJIbI MPUBOJST K PA3IMYHBIM MPOU3BOICTBEHHBIM COOSIM, aBapUIHBIM CUTYalIUsSIM U O0I1Ie-
MY CHMXXEeHUIO 3(hGEKTUBHOCTU BEIPAOOTKY TETUIOBOI M 3JIEKTPpUUECKON aHepruu. B HacTosIeit padbore
BBITTOJTHEH 0030p 3apyOeXKHBIX M OTEYECTBEHHBIX UCCIEI0BAHUI, TTOCBSIIIEHHBIX 0COOEHHOCTSIM 00pa30-
BaHMS M pa3BUTHS OMOIIIEHOK. PacCMOTpeHBI akTyaJlbHbIe METObI OOHAPYKEHMS M OILIEHKH OMOJIOTHYE-
CKOTO 3arpsiI3HeHMUSI, ONTMCAHbl TPATUIIMOHHBIE XMMUYECKHE, (DUNIECKUE, DTEKTPOXUMUYECKUE, aKyCTH-
YeCKHue, JIEKTPOMarHUTHBIE M MHbIE METOABI OOPHOBI ¢ MUKPOOPraHU3MaMu 1 6akTepusiMu. [TlokazaHo,
YTO pOCT GaKTepuii 3HAYNTEJbHO YCJIOXKHSIET ITPOLIEAYPhl OYMCTKU 000PYIOBAHUS U YCKOPSIET MPOLIeCC Ha-
kurieoopazoBanus. st abpekTuBHOTO pemeHust ImpoodieM OMOJIOTUIECKIX 3arpsI3HeHUI pa3paboTKy Me-
TOIOB AMArHOCTUKU Y KOHTPOJISI 00pa3oBaHUsl OaKTepUalbHbBIX OTJIOKEHUIA, TOATOTOBKY 100aBOYHOM BOIBI
U BeleHWEe BOTHO-XMMMYECKOTO pEeXMMa HEOOXOAMMO OCYIIECTBISATh UM depeHIIMPOBaHHO HA OCHOBE
UIEeHTU(UKALIMYA KOJIOHUIT MUKPOOPTaHU3MOB C TTOMOIIIBIO TecT-cucTeM. OTMeUeHbI penblaylne padoThl
KOJIJIEKTMBA aBTOPOB, Kacarolrecsl BOTIPOCOB 3arpsi3HEHUS TETUIOHOCUTEIISI CUCTEM 000POTHOTO OXJTaKIe-
HUS ¥ BOAOIIOATOTOBUTEIBHBIX ycTaHOBOK Ha TOC Pecnybnmmku Tatapctan B nepuon ¢ 2009 o 2022 1.

Katouegole caoea: TemioBble 2J€KTPUYECKUE CTAHIIUM, BOIOIMOATOTOBUTEIbHbBIE YCTAHOBKU, OUOJOTUYE-
CKO€ 3arpsi3HeHHe, OMOIUIEHKa, KOHASHCAaTOp MapoBOil TYpOMHBI, MOHOOOMEHHBIE CMOJIbI, MEMOpaHHbIE
TexHojoruu, Y®-obiryueHne, 030HUPOBaHUE

DOI: 10.56304/50040363623090023



Biological Pollution of Technological Equipment and the Chemically Desalting Water
Treatment Plant at a TPP (Review)

N. D. Chichirova®, A. A. Filimonova“, S. M. Vlasov4, and O. E. Babikov* *
¢ Kazan State Power Engineering University (KSUE), Kazan, 420066 Russia
*e-mail: Olegsey 1998@yandex.ru

Abstract—At thermal power plants, installations in contact with the water coolant are subject to biological
contamination. This is due to a number of factors: the maintenance of favorable temperature regimes, the for-
mation of stagnant zones, the constant supply of nutrients, the presence of large areas of equipment surfaces
(pipelines, water storage tanks, the pipe surface of the condenser), the presence of various materials (ion-
exchange resins, membranes), and changing climatic conditions. The fight against the formation of such pol-
lution of thermal power equipment is very relevant today, although almost all TPPs carry out thorough prepa-
ration of additional and feed water. It should be noted that the control of the concentration of organic impu-
rities in the liquid and vapor phases, as well as continuous monitoring, are rather laborious processes. Organic
deposits and the presence of biofilms on the process equipment of circulating cooling systems (CCS), water
treatment plants (WTP), and chemically treated water storage tanks lead to various production failures, emer-
gencies, and a general decrease in the efficiency of heat and electricity generation. In this paper, foreign and
domestic studies on the features of the formation and development of biofilms were reviewed. Current meth-
ods for detecting and assessing biological pollution are considered and traditional chemical, physical, elec-
trochemical, acoustic, electromagnetic, and other methods of combating microorganisms and bacteria are
described. It has been shown that the growth of bacteria significantly complicates the equipment-cleaning
procedures and accelerates the process of scale formation. To effectively solve the problems of biological de-
posits, the development of methods for diagnosing and controlling the formation of bacterial deposits, the
preparation of additional water, and the maintenance of a water-chemical regime must be carried out differ-
entially based on the identification of colonies of microorganisms using test systems. The previous works of
the team of authors concerning the issues of pollution of the coolant of circulating cooling systems and water
treatment plants at TPPs of the Republic of Tatarstan in the period from 2009 to 2022 are noted.

Keywords: thermal power plants, water treatment plants, biological pollution, biofilm, steam turbine con-
denser, ion-exchange resins, membrane technologies, UV irradiation, ozonation
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Llenp paGoOTEI — BEIOOP METOMMKM YUCISHHOIO MOASINPOBAHMS 1 PACUET IIPOLIECCOB CMEIIEHUS IPUPOI -
HOTO ra3za ¢ Tak Ha3bIBaeMbIMU “OTAYBKaMM~’~ HEDTEXUMUUECKUX ITPOU3BOACTB, COAEPKAILIMMU METaH, BO-
IIopox 1 a30T, B Tpybax T-obpa3Horo coenHeHus (TpOMHMKE) I UCIIOIL30BAaHMSI TTOJIyYeHHOM CMECU B
Ka4eCcTBEe TOIUIMBA Ha TEIUIOBBIX 3JIeKTpOCTaHIMsIX. OCOOEHHOCTSIMU CMEIICHUS TOIUIMBHBIX Ta30B SIBJISI-
0TCST BBICOKHE YMciia PeifHombIca MOIenpyeMbIX TOTOKOB, JoCTUraoLune 3HadeHnit Re = (5—10) x 10°.
[IpencraBiieH aHaIN3 HEKOTOPBIX IKCIIEPUMEHTAIBHBIX U COBPEMEHHBIX PACYETHBIX UCCIIeNOBaHUI MTPO-
LIECCOB CMEIICHUS IOTOKOB B TPyOaX 1 TPOMHUKOBBIX coennHeHMsIX. [lomuepKkuBaeTcs, 94To IIpu IIpOBeae-
HUY YMCJIEHHOIO MOJEJIMPOBAHUS C MTOMOIIBIO OCpeAHEHHBIX o PeiiHonbaCy ypaBHEHMIA COXpaHEHMS
MPUMEHEHUEe Pa3HOOOPa3HbBIX MOIYJISIPHBIX MOJEJIel ISl TYpOYJIEHTHOM BSI3KOCTU WJIM PEMHOIBICOBBIX
HamnpsKeHW He MO3BOJISIET MOJYYMTh YIOBJIETBOPUTEILHOIO COOTBETCTBUS 3KCIIEPUMEHTAIBHBIM JaH-
HBIM O CMEIIEHUHU ITOTOKOB B T-00pa3zHoM cMecuTesie 6€3 HE0O0CHOBAHHOTO YMEHbILIEHUS TYPOYJIEeHTHOTO
yucia [munra (ITpanaris) no 3HayeHus 0.1 WM yBeIWYeHUS] U3BECTHOM KOHCTAHTHI MOJeseil TypOy-
nertHoct C, B 9 pas. CriesaH BBIBOJ O HELIEIECOOOPa3HOCTH BEIOOPA BUXPEPA3PELIAIOLINX METONOB IS
I/ICCHCZLOBaHl/IH MPOILIECCOB CMEIIEHUS B COEAMHEHMUSIX TOIUIMBHBIX TPYOOIIPOBOAOB BBUIY BHICOKUX YMCET
PeiiHonblca U 3HAYUTENBHBIX JJIMH OCHOBHOI TpyObl. AHAJIU3 BHITIOJJHEHHBIX PACUETOB ITO3BOJIMJI OOHA-
PYXUTB CyllIeCTBEHHBIE KOJIeOaHMsI TJOKAIIbHOTO OTHOIIIEHNSI CKOPOCTH ITOPOXKISHUSI KWHETUIECKOI 3HEep-
TUM TYpOYJIEHTHBIX MyJIbCAllMii K CKOPOCTH €€ IMCCUMNAMU U Pe3KOE YMEHbIIEHUE €TI0 CPeIHEro 3HaueHUsI
10 CEYEeHMIO TPYObl Ha PACCTOSIHUSIX B HECKOJIBKO IMaMEeTPOB OT Havalia CMEIIeHUsI, HE CBOMCTBEHHOE HU
TEYCHUSIM B TpyOax, HU CJIOSIM CMEIIeHMs Wi cTpysM. [lpenrpuHsITa IMOIbITKA YIYYIIMTh IIpeacKa3aTelb-
HbIE CITOCOOHOCTHU CTAaHAAPTHOI k—E-MOIeJIN IJIsl pa3BUTOI TYypOYJIEHTHOCTH, OCTaBasiCh B paMKax 000C-
HOBaHHBIX 3Ha4eHMiT TypOysieHTHOTO Yncna Imuara Sc, n koHcranTsl Cy. [peiokeHb! sMIMpuiecKast
dopmyia g Sc, 1 MogudUKaLMa CTAHIAPTHON k—€-MOIeH, y‘{I/ITbIBaIOH_ICI/I nepeMeHHOCTb C, COMIACHO
3aBucuMocTy Poou, TiiatenbHO BepUpULIMPOBAHHOI Ha JAHHBIX O PAa3HOOOPAa3HBIX CBOOOIHBIX TEYECHUSIX.
[TpoBeneHbl 3KCIEpUMEHTaIbHbBIE UCCIIeIOBaHUSI M30TEpPMUYECKOTo cMellieHUsT B T-o0pa3HOM cMecuTesie
IIOTOKOB BO3/yXa, OMMH M3 KOTOPBIX COAEPKAJI TpacCePhl B BUIIE MUKPOKAIEIb KMIKOCTH Ha OCHOBE TN -
HepuHa. Ilpodunu ruapoaMHAMUYECKUX XapaKTePUCTUK TeUEeHUST 3a TPOMHMKOM HU3MEPSUIMCh ILIaHap-
HBIM onTdecKuM MeTonoM SIV Ha nuctanuum 5.5D oT ocu niepecedyeHus Tpyo. B 1eirsix Bepudukammim Mo-
IUGUIIPOBAHHON K—E&-MOJIEIN BBHIIIOJIHEHO YMCICHHOE MOIEIMPOBaHME IIPOLECCOB CMEIIEHUS Ta30B U
Xunkocteil B T-o6pa3zHOM cMecuTesie U IMPOBEASHO CpaBHEHME PACUETHBIX M 3KCIIePUMEHTAJIbHBIX TaH-
HbIX. [IpencraBieHbl pe3yibTaThl PAaCUeTOB ITPOLIECCOB CMEIIEHUS] IIPUPOIHOTO ra3a ¢ METaHOBOAOPOIHOM
dpaknueil HePTEXNMUIECKIX IPOU3BOICTB B T-00pa3sHOM cMecHUTeIe.

Knroueswvie crosa: T-o0pa3Hblil CMECUTENb, CMEIIIEHUE TOTIJIMBHBIX Fa30B, YUCJIIEHHOE MOJICJIMPOBaHNE, BEpU-
dukaiys Moaeau TypOyJIeHTHOCTH, SKCIEPUMEHT, MeTon SIV
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Simulation of Mixing of Single-Phase Fluids in T-Junctions
F. V. Tuponosov4, V. 1. Artemov, G. G. Yan’kov“, N. S. Dushin®, O. A. Dushina’, and A. V. Dedov* % *
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Abstract—The purpose of this study is to sample a procedure for numerical simulation and calculation of the
processes of mixing in pipes of a T-junction (tee) of natural gas with the so-called “stripped” components,
such as methane, hydrogen, and nitrogen, to obtain a mixture that can be used as a fuel at thermal power
plants. The specific of fuel gas mixing is high Reynolds numbers of the simulated flows, which can be as high
as Re = (5—10) x 10°. An analysis is presented of some experimental and modern computational studies of
the processes of flow mixing in pipes and T-junctions. It is pointed out that the application of various well-
accepted models for eddy viscosity or Reynolds stresses in the numerical simulation on the basis of Reynolds-
averaged conservation equations yields a satisfactory agreement with experimental data on mixing flows in a
T-mixer only with an unjustified decrease of the turbulent Schmidt (Prandtl) number to the value 0.1 or an
increase of the known constant of turbulence models Cu by a factor of 9. It can be concluded that eddy-re-
solving methods are unsuitable for the investigation of mixing processes in fuel pipeline joints due to high
Reynolds numbers and a great length of the main pipe. An analysis of the predictions has revealed large fluc-
tuations in the local ratio of the generation rate of the turbulent kinetic energy to the rate of its dissipation and
a sharp decrease in its value averaged over the pipe cross section at a distance of several diameters from the
starting point of mixing, which is not characteristic of pipe flows, mixing layers, or jets. An attempt was made
to improve the predictive capabilities of the standard k—e model for developed turbulence, while keeping the
turbulent Schmidt number Sc, and the constant C, within the substantiated limits. An empirical formula for
Sc, and a modification of the standard k—& model, which takes into account the variability of C,, according
to the Rodi dependence carefully verified against data on various free flows, are proposed. Experimental in-
vestigations of isothermal mixing of air flows in a tee mixer, one of which contained tracers in the form of
glycerin-based liquid microdroplets, were carried out. The profiles of hydrodynamic characteristics of the
flow downstream of the tee were measured by the planar optical SIV method at a distance of 5.5D from the
axis of the pipes' intersection. To verify the modified k—e model, numerical simulation was performed of the
mixing of gases and liquids in a tee mixer, and the predictions were compared with the experiment. The results
are presented of the calculation of natural gas mixing in a tee mixer with a methane-hydrogen fraction from
petrochemical facilities.

Keywords: tee mixer, fuel gas mixing, numerical simulation, turbulence model verification, experiment,
SIV method
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IIpencraBieHbl pe3yIbTaThl KOMIUIEKCHOTO UCCIeNOBaHMS TTpoliecca ¢hparMeHTalluM BOIIbI, CUJIBHO TIepe-
IPEeTOM OTHOCUTENIFHO TeMITepaTyphl HACBIIICHUS, TIPU €€ UCTCUCHUH Yyepe3 (OPCYHKHU Pa3IMIHOTO THIIA.
Pa3paboraHa 11 oTyiaXkeHa cUCTeMa ONTTUYECKMX U3MEPEeHUM NNCITEPCUOHHOM CTPYKTYPHI (haKesia paciblia,
KoTOopast 6a3upyeTcsl Ha U3MEPEeHUM WHIMKATPUCHI pacCesHUsT 30HIUPYIOIIETO JIa3epHOTO M3IyYeHUs B
LIMPOKOM Auaria3oHe yrioB (£45°) u peleHMM 0OpaTHOI 3agayM paccessHUs ¢ IMOMOLLIbIO Teopuru Mu.
IpuBeneHbl pe3yabTaThl MACIITAOHOTO KCIIEPUMEHTATBHOTO MCCIISIOBAHUS TUCIIEPCUOHHBIX CTPYKTYP
¢axkeJIoB pacnbuia COIIAMU Pa3HOIO TUIIA IIPU TeMIlepaType paciblisgseMoii Bonbl 140—260°C u gaBieHUU
3a cpe3om corut 0.1 MITa 1 moka3zaHa BO3MOXXHOCTh TOHKOTO pacIiblIa XKMIKOCTH (KarleIb BOABI TMaMETPOM
5 MKM U MeHee, BIUIOTb 10 CyOMUKPOHHBIX) TIPY BEICOKUX TeMITepaTypax. YCTaHOBJIEHO, YTO CTPYKTypa da-
KeJla paciiblia HOCUT SIBHO BBIPaXKeHHBIN OMMOIATbHBIN XapaKTep: Kalld TMaMeTPOM 5—8 MKM codeTaloTcst
¢ cyOMUKpoHHOI Momoii. C pOCTOM TeMITepaTyphl PacITbUISIEMOI BOIBI TOJIST CyOMUKPOHHOI MOJIBI BO3pac-
Taet, gocturast 60—65% (o macce) rpu Temmepatype 240—260°C mist mumuHapudeckux corut u 80—90% mist
KOoH(py30pHO-1UdPy30pHBIX corul. [1pu BIpbICKe BOOBI B KOMIIpeccop razorypomuHoit ycraHosku (I'TY) ¢
IpoMbIIUIeHHOM TypouHoM TB3-117 mpoaeMoHCcTprpoBaHa BO3MOXHOCTD JOIIOJIHUTEIIBHOTO PEeryIMpoBa-
HUS TUKOBOM MomtHOCTH. OHa coctaBisieT 4—8 % Ha Kaxibiit 1 % pacxoma Boabl (ITO OTHOIIIEHUIO K pacXomy
Bo3myxa). KagecTBo peryimpoBaHus MOIITHOCTH OTBedaeT TpeboBaHMsIM ceTeBhIx craHmapToB EC Poccun.
TexHoOTHS pacmblia eperpeToii BOIbI HAXOAUT Bee 6oJiee MMPOKOe MMPUMEHEHNE B TTPAKTHKE TTOKapo-
TYIIEHUST HA 00BbeKTaX SHEPTETUKH, B 3aMKHYTHIX IIOMEIIEHUSIX, TIPH TTPOJIMBE He(DTEIIPOIYKTOB, Orepa-
IIUSX C CKUKEHHBIM Ta30M U IPYTUX CUTYaIIHSIX.

Knroueswie croea: pactibll XUIKOCTH, TIeperpeTast BoAa, TUCIiepCHast CTpyKTypa (akesa pacmnblia, GUMO-
IaJibHOE paclipeesieHre Karelb 1o AuaMeTpy, BIIPhICK BOAbl B KoMIipeccop I'TY, B3pbIBHOE BCKUITaAHUE,
oGpaTHas 3amaya paccesTHUs
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An Integrated Study of Superheated Water Atomization
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Abstract—The article presents the results obtained from an integrated study of heavily superheated water at-
omization during its flowing out through various types of atomizers. A system for optic measurements of the
spray cone dispersion structure has been developed and adjusted. The developed measurement system is
based on measuring the scattering indicatrix of a probing laser emission in a wide range of angles (+45°) and
solving the inverse scattering problem using the Mie theory. The results from a wide-scale experimental study
of the spray cone dispersion structures produced by various types of nozzles with a sprayed water temperature
of 140—260°C and pressure at the nozzle exit equal to 0.1 MPa are presented, and the possibility of liquid at-
omization (to water droplets with a diameter of 5 um or smaller down to submicrometer size) at high tempera-
tures is shown. It has been found that the spray cone structure has a pronounced bimodal pattern: droplets
5—8 um in diameter combine with a submicrometer mode. With a growth of atomized water temperature, the
fraction of submicrometer mode increases, reaching 60—65 wt % at a temperature of 240—260°C for cylindri-
cal nozzles and 80—90 wt % for convergent-divergent nozzles. For the case of water injection into the com-
pressor of a gas turbine unit equipped with the TV-117 industrial grade turbine, the possibility of additionally
controlling the peak power output has been demonstrated. It makes 4—8% per water flowrate percent (with
respect to the air flowrate). The power output control quality is in compliance with the requirements of the
UES of Russia network standards. Superheated water is finding an increasingly growing use for firefighting
at power industry facilities, in closed premises, in spills of petroleum products, in performing operations with
liquefied gas, and in other situations.

Keywords: liquid atomization, superheated water, spray cone dispersed structure, bimodal distribution of
droplet diameters, water injection into the GTU compressor, flashing, inverse scattering problem
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IlpencraBiaeHbl JTaHHBIE O pECYypPCHOI reoTepMaibHOM 6a3e Mciannuu: 25 BHICOKOTEMIIEpATYPHBIX (TEMIIE-
patypoii creime 200°C B 3a60¢) u 250 HuskotemnepaTtypHbix (150°C) mecropoxneHuii. OTMeUeHO CXOI-
CTBO T'€0JIOTUYECKMX YCIOBUM 1 OCHOBHBIX XapaKTePUCTUK TepMoBoao3abopoB Mcinanauu nu KamyaTtckoro
Kkpast Poccun. T1poBeneH aHau3 MpaBoBOTO 00ecIIeueHUsI FeoTepMalibHOM aHepreTuku Mcianoum, a Tak-
K€ IesTebHOCTH rocymapcTBeHHoOro yupexiaeHus: Orkustofnun o JMIeH3MpOBaHUIO, UCCIETOBAaHUSIM
reoTepMaJIbHBIX MECTOPOXKICHUI U CO3TaHMIO KPYITHENIIIei B MUpe OMOIMOTEKH re0TepMaJIbHOM JTUTEepa-
Typhl. OnucaH 1npoliecc peanusanus rocuporpammbel IDDP no GypeHuio 1 nccienoBaHUIO CKBaXXUH y
nogHoxwus ByiakaHa Krafla mpu cBepxkpurudeckux napamerpax (CKIIT) datonnos. [IpuBeneHBI OCHOB-
HbI€ XapaKTepUCTUKU BOCbMU reoTepMaibHbIX 3jieKTpocTaHluii (I'eoDC) ob1iieit MmomHocThIo 753 MBT
¢ BeIpaboTKOM ayekTposHepruu B 2021 1. 6208 I'BT - 4, onMcaHbl TEILUIOBBIE CXEMBI U LIUKJILI. YKa3aHO,
yto caMmast MoiiHas B Mcnannuu ['eo®C — Hellisheidi (303 MBT), reorepmalibHbIil TEIIOHOCUTEb KO-
TOPOIi TTofaeTcs B T. PEKbSIBUK, pacIiOJIOXKEHHbBIN Ha pacCTOSTHUM 19.5 KM OT Hee. DTa cTaHIIMS OCHAIlleHa
YCTaHOBJIEHHOI CUCTEMOI YTUIM3aIIMU YIJIEKHUCIIOTO ra3a B KapOOHaTHBIE MoA3eMHble Toponbl. Ha nByx
T'eo®C mocTpoeHbl 3Heprob1oku ¢ OmHapHbIMU HMuKiIaMu: Husavik (2 MBT) no nukny Kanuner, Svartsergi
(7 x 1.2 MBT) ¢ opranu4eckum TerioHocureneM. OTMedeHo, uto Micnanaus obiagaeT KpynHeunIieii B Mu-
pe reorepMmaibHOl TeruioreHepamueit [2373 MBT, 9340 I'Bt - u (2021 r.)] ¢ npeobianaHueM OTOTUICHUS
[1650 MBT; 6840 I'Bt - u (2021 1.)]. OniucaHa camast MOII[HAsI B CTPaHe M B MUPE CUCTEMA TEIJIOCHAOXKEHMS
I. PexpsiBuK: ee MomHOCTE cocTanisieT 1150 M BT, mpoTsokeHHOCTE — 2230 kM. [IpencraBieHbl TaHHBIE O
HEOHEePreTUYECKOM MCITOIb30BaHUU Te0TepMaJIbHOM BOIBI: HA PHIOHBIX (hepMax, B IIaBaTebHBIX Oacceii-
Hax, TeIInIaX, yCTaHOBKAX 10 YTUIU3alK yIyIeKuciaoro raza. ChaenaH BBIBOI, YTO ONBIT MclaHanu oco-
OEHHO 3HAYMM TSl Pa3BUTHsI re0TepMalibHOM dHepreTuku Poccun.

Knrrouesvie cnosa: reoTepMalibHble MECTOPOXKICHMSI, CKBAaXKUHBI, CBEPXKPUTUUECKUE MMapaMeTphbl, PeUH-
KeKIUs, aniekTporeHepaius, [eoDC, TormmBHO-9HepreTuUecKuii banaHe, mapoBble TYPOUHBI, cerapalus
napa, OMHapHbIC SHEPTroOJIOKHU, YTUIIM3ALIUs YIJIEKUCIIOThI, TETJIOTeHepaliusl, reoTepMabHbIE TEXHOJIOTUMN
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Experience of the Development of Geothermal Energy on the Example of Iceland

V. A. Butuzov*

Trubilin Kuban State Agrarian University, Krasnodar, 350044 Russia
*e-mail: ets@nextmail.ru

Abstract—Data on the geothermal resource base of Iceland are presented: 25 high-temperature (temperature
over 200°C at the bottom) and 250 low-temperature (150°C) deposits. The similarity of the geological con-
ditions and the main characteristics of thermal water intakes in Iceland and Kamchatka krai of Russia is not-
ed. The analysis of the legal support of geothermal energy in Iceland, as well as the activities of the state in-
stitution Orkustofnun for licensing, research of geothermal deposits, and the creation of the world’s largest
library of geothermal literature, was carried out. The process of implementation of the IDDP state program
for drilling and testing wells at the foot of the Krafla volcano at supercritical parameters (SCP) of fluids is
described. The main characteristics of eight geothermal power plants (GeoPP) with a total capacity of
753 MW with electricity generation in 2021 of 6208 GW h are given and thermal schemes and cycles are de-
scribed. It is indicated that the most powerful GeoPP in Iceland is Hellisheidi (330 MW), the geothermal
coolant of which is supplied to Reykjavik, located at a distance of 27 km from it. This station is equipped with
an installed system for the utilization of carbon dioxide into carbonate underground rocks. Power units with
binary cycles were built at two GeoPPs: Husavik (2 MW) in the Kalina cycle and Svartsergi (7 X 1.2 MW) with
organic coolant. It is noted that Iceland has the world’s largest geothermal heat generation (2373 MW,
9340 GW h (2021)), with heating predominating (1650 MW; 6840 GW h (2021)). The most powerful heat-
supply system in the country and in the world, in Reykjavik, is described: its capacity is 1150 MW and the
length is 2230 km. Data are presented on the nonenergy use of geothermal water in fish farms, swimming
pools, greenhouses, and carbon dioxide utilization plants. It is concluded that the experience of Iceland is es-
pecially significant for the development of geothermal energy in Russia.

Keywords: geothermal fields, wells, supercritical parameters, reinjection, power generation, GeoPP, fuel and
energy balance, steam turbines, steam separation, binary power units, carbon dioxide utilization, heat gener-
ation, geothermal technologies



TEIIVIOPHEPTETHKA, 2023, Ne 9, c. 88—96

ITAPOBBIE KOTJIbl, DHEPTETUYECKOE TOILJINBO,

T'OPEJIOYHBIE YCTPOIMCTBA
N BCIIOMOTATEJIBHOE OBOPYJTOBAHUME KOTJIOB

NCCIEJOBAHME BJIMAHNUA TEMIIEPATYPbI HA ObPASOBAHUE
OKCHNIOB A30TA ITPU CTYIIEHYATOM CXKUTAHUN
HNU3KOPEAKIIMOHHOI'O YIJIA C NUCITIOJIb30OBAHUEM
IMMPAMOTOYHBIX TOPEJIOK!

© 2023 r. B. b. IIpoxopos* *, C. JI. Yepnos“, B. C. Kupuukos’, B. /I. Anapos*

¢ HayuonanwHolii uccaedosamenvckuil yuugepcumem “Mockosckuii sHepeemuueckuil uncmumym”,
Kpacuoxazapmennas ya., 0. 14, Mockea, 111250 Poccus
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Yronb octraeTcsi OMHUMM U3 [MIaBHBIX BUJOB MUHEPAJIBHOTO ToIIMBa B Poccun, ocobeHHo B CubupckoM u
JambHEeBOCTOYHOM (heliepabHBIX OKpyraxX. [1py 3ToM TpebGoBaHUS K COKPAIIeHUIO BELIOPOCOB BPETHBIX Be-
LIECTB B aTMOocdepy, B TOM uucie okcuaos azora NO,, yxectoyarorces Kak B Poccun, Tak v Bo BceM Mupe.
B aT0if CBSI3M MTepCIeKTUBHO MTPUMEHEHNE BUXPEBOTO CITOCO0a CXXUTAHUSI YIJIST C TIOMOIIIBIO IIEJIEBBIX TO-
PEeJIOK U COTLT KOJIJIEKTMBHOTO AeHCTBUS TTPU CTYIEeHYATO! Mmogavye Bo3mayxa Ha ropeHre. OmHako Mpu CKU-
raHWM HU3KOPEaKIIMOHHOTO YTJIsi BOBHUKAET HEOOXOMMMOCTh TOOUTHCS BBICOKOM TTOJTHOTHI €0 CTOpaHUs,
KOTOPYIO MOXKHO 00€CIIeYUTh TOJILKO MPU MPaBUIbHOI OpraHU3aluy a3pOIUHAMUKN TOTIKU, BKJIIOYal0-
et B ce6s1 pacTmooXXeHe TOPEIoK U COTLI, a TAKXKE TTPU OTITUMAJTbBHOM pacipeaeIeHUU T0JIei TIepBUI-
HOTO, BTOPUYHOTO Y TPETUYHOTO Bo3ayxa. Ha mpuMepe BUXpEeBOTO CKMTaHUS TOIIETO KYy3HEIKOTO yIJis
C MCITOJIb30BaHUEM MPSIMOTOYHBIX TOPEJIOK U COTLT pacCMaTPUBAETCSI BOBMOXHOCTh CHUKEHUS BBIOPO-
COB OKCHUJIOB a30Ta MpPU CTYNEeHYaTOM CXUTAaHUM TOIJIMBa. B KauecTBe 00beKTa UCCAeNOBAHUS MPUHST
KOTeJI MapoMpoOU3BOIUTEILHOCTBIO 500 T/4 ¢ TBepABIM IIJIaKoynajdeHueM. JIBe cXeMbl CXKUTaHUS YIS
OBbLIM BHIOpaHBI paHee C TOMOIIbIO YMCIEHHOTo 1 (hu3ndeckoro MoaearupoBaHus. CorjaacHoO IMpoBeaeH-
HBIM pacueTaM o0e cXeMbl 00eCITeYnBaIOT HU3KME TETUIOBBIE TIOTEPH ¢ MEXaHUIECKUM HEIOKOTOM — Ha
ypoBHe 0.7—1.9%. UucneHHoe MoaeJupoBaHUE MpoIlecca BUXPEBOTO TOPEHUs MOKa3ajao, YTO BBICOKHE
MaKCUMaJIbHBIe TeMIIEpaTyphbl B 30HE 3a’KUTaHUS TOTUIMBA MTPU HU3KUX M30BITKAX BO3MyXa HEe CITOCO0-
CTBYIOT 00pa30BaHMIO OKCUIOB a30Ta, a, HA0OOPOT, CONEMCTBYIOT MX MOJAABIEHUIO O1aroaaps MOBBIILIEH -
HOI KOHIIEHTpAIlMW MPOAYKTOB IMTUPOJIN3a B OCHOBHOIT 30He TopeHUs. TeMIiepaTypa Ha Ha4aJbHOM dTa-
e TOpeHus ToKHA cocTaBiIATh mpuMepHo 2000 K, 1 3TOT mmokasaTesb siBjsieTcst 60J1ee BaXKHBIM B CpaB-
HEHUU ¢ yMEHbIIIeHUEeM U30BITKOB IepBUYHOTO Bo3myxa ¢ 0.3 no meHee 0.1.

Karouesole crosa: IIbUICYTOJIBHBIC TOIIKM, CTYIICHYATOC CCKUTaHUE, BUXPEBOC TOPEHUEC, ITPAMOTOYHBIC TOPCIIKHN
" CcoIlia, MpsaMo€ BAyBaHUEC, HpOMe)KyTO‘{HLIﬁ 6yHKep TIbIJIN, YUCJIICHHOC MOACIIMPOBAHUC, ITPOAYKTHI ITUPO-
JIn3a, TCIUIOBLIC ITOTCPU, MEXaHUYECKUI HEOO02KOI', OKCHIbI a30Ta
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Investigation into the Influence of Temperature on the Formation
of Nitrogen Oxides during the Staged Combustion of Low-Reactive Coal
with the Use of Direct-Flow Burners

V. B. Prokhorov® *, S. L. Chernov“, V. S. Kirichkov“, and V. D. Aparov*

¢ National Research University Moscow Energy Institute, Moscow, 111250 Russia
*e-mail: ProkhorovVB@mail.ru

Abstract—Coal remains one of the main types of mineral fuel in Russia, especially in the Siberian and Far
Eastern federal districts. At the same time, the requirements for reducing emissions of harmful substances in-
to the atmosphere, including nitrogen NO,, are becoming tougher both in Russia and around the world. In
this regard, it is promising to use the vortex method of coal combustion using slot burners and collective
action nozzles with a stepped air supply for combustion. However, when burning low-reactivity coal, it be-
comes necessary to achieve high combustion efficiency, which can only be ensured with the correct organi-
zation of the furnace aecrodynamics, including the location of burners and nozzles, as well as with the optimal
distribution of the shares of primary, secondary, and tertiary air. Using the example of vortex combustion of
lean Kuznetsk coal using direct-flow burners and nozzles, the possibility of reducing nitrogen oxide emis-
sions during staged fuel combustion is considered. A boiler with a steam capacity of 500 t/h with solid ash re-
moval was taken as an object. Two schemes of coal combustion were chosen earlier with the help of numerical
and physical modeling. According to the calculations, both schemes provide low heat losses with mechanical
underburning, at the level of 0.7—1.9%. Numerical modeling of the vortex combustion process showed that
high maximum temperatures in the fuel ignition zone at low air excesses do not contribute to the formation
of nitrogen oxides, but, on the contrary, contribute to their suppression due to the increased concentration of
pyrolysis products in the main combustion zone. The temperature at the initial stage of combustion should
be approximately 2000 K, and this figure is more important than reducing the excess of primary air from 0.3
to less than 0.1.

Keywords: pulverized coal furnaces, staged combustion, vortex combustion, direct-flow burners and nozzles,
dust injection, intermediate dust bin, numerical simulation, pyrolysis products, heat losses, mechanical un-
derburning, nitrogen oxides
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IPOTHO3UPOBAHUE TEILJIOBOI HATPY3KU
JISI CUCTEM LIEHTPAJIN30BAHHOI'O TEIUIOCHABXKEHUA
C ITIOMOIIBIO MOJEJIEN TCN u CatBoost

© 2023 r. C. Han*, M. Gong* *, J. Sun’, Y. Zhao*, L. Jing*, C. Dong?, Z. Zhao¢

“Tianjin Key Laboratory of Film Electronic and Communication Devices,

School of Integrated Circuit Science and Engineering, Tianjin University of Technology Tianjin, 300384 China
bSchool of Computer Science and Engineering, Tianjin University of Technology, Tianjin, 300384 China
¢School of Social Sciences, Waseda University, Tokyo, Japan
*e-mail: gmj790@163.com
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st mpou3BoOACTBa TEMJia U YIYYIIeHUS yIpaBJIeHUsS CUCTEMaMU LIEHTPaJIM30BaHHOTO TErIocHabXe-
Hust (CLT) TpeGyercsi TOUHOE MPOTHO3MPOBAHUE TEIUIOBOI Harpy3ku. CocTaBUTh 00Jiee JOCTOBEPHbIM
TMIPOTHO3 MOXHO C MOMOIIBIO HanboJiee epeoBbIX TEXHOIOTUI. B HacTos1Iel cTaThe Il MOIy4eHu s TTPOo-
THO3HBIX JaHHBIX O TeruioBoit Harpy3ke CLIT npemioskeHO NCMOJIb30BaTh COBPEMEHHBIE MOIEIN MALLIMHHO -
ro o0y4YeHHsI: BpeMEHHYIO CBEpPTOUHYIO ceTh (temporal convolutional network — TCN) u KaTeroprabHOE I10-
BBIIIEHME rpanuenTa (categorical boosting — CatBoost). [1J1st mpoBepKu 1 cpaBHEeHMsI pabOThI MOJIeJIeil mpo-
rHo3upoBaHus TeruioBoit Harpy3ku TCN u CatBoost 66111 BEIOpaHbI IBE TOIOJIHUTEIbHBIC ITOKA3aTeIbHEIC
MoJIeJIU — IepeBO PellIeHUit 1 MHOXECTBEHHas IMHelHast perpeccusi. B kauecTBe oOy4aroliero keiica st
MozeIe NCIOIb30BaIUCh maHHbIe 0 TeruioBoit Harpy3ke CLIT B Tanpuzune (Kutaii). B kKauecTBe BXOTHBIX
napaMeTpoB ISl MOJieJIeii BBIOMPAIUCh IBE CTATUCTUYECKUE pabouyre XapaKTepUCTUKHU (CyTOYHAsT U 4aco-
Bas TeruioBbie Harpy3ku) CLIT u yeTsipe MeTeoposioruueckue (TemriepaTypa i OTHOCUTEIbHAS BIaXKHOCTh
Hapy>XHOTO BO3/lyXa, CKOPOCTb BETpa U MHAECKC KayecTBa Bo3nyxa). [IpeacraBieHbl U MpoaHaIU3UPOBaHbI
pe3yabTaThl MPOTHO3a MO KaXKI01 U3 00ydeHHbIX Mofesei. UToru pacyeTHBIX 9KCIIEPUMEHTOB TTOKA3aIIH,
YTO MPOTrHO3, oy4eHHbI ¢ momolibio TCN u CatBoost, oka3zascst 60jiee TOUHBIM, YeM C UCTTIOJIb30BaAHM -
€M KJIaCCUYECKUX Mojieieit, Tipu ToM uTo MmoaenupoBaHue ¢ CatBoost siBnisiercst 6oee mpoctsiM. CiienoBa-
tesibHO, MeToabl TCN 1 CatBoost mpuMeHUMBI IJTsl TIPOTHO3UpoBaHu TerioBoii Harpy3ku CLIT.

Karouegwie cro6a: NporHo3MpoBaHUe TEII0BOI HArpy3KHU, CUCTEMA LIEHTPAJIM30BAHHOTO TEIMJIOCHA0XEHUS,
CatBoost, TCN, nepeBo pemieHMii, IMHEHas perpeccusi, IyooKoe oOydeHre, MAIlIMHHOe O0yJYeHHNE, MO~
JleJTb TPOTHO3a BPEMEHHOTO psiia
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Heat Load Prediction for District Heating Systems
with Temporal Convolutional Network and CatBoost

C. Han“, M. Gong* *, J. Sun’, Y. Zhao?, L. Jing?, C. Dong?, and Z. Zhao*

¢ Tianjin Key Laboratory of Film Electronic and Communication Devices, School of Integrated Circuit Science and Engineering,
Tianjin University of Technology, Tianjin, 300384 China

b School of Computer Science and Engineering, Tianjin University of Technology, Tianjin, 300384 China
¢ School of Social Sciences, Waseda University, Tokyo, Janpanese
*e-mail: gmj790@163.com

Abstract—Accurate heat load prediction is essential for heat production and refined management of district
heating systems (DHSs). More advanced technology can often achieve more accurate forecasts. This paper
suggests using temporal convolutional network (TCN) and categorical boosting (CatBoost) for heat load pre-
diction. To test the performance of TCN and CatBoost in heat load prediction missions, two additional bench-
mark models, the decision tree model (DT) and the statistically based multiple linear regression (MLR), are
built for comparison. A DHS in Tianjin, China, is used as the study case. Two historical operational charac-
ters (day-ahead heat load and hour-ahead heat load) and four meteorological characters (outdoor tempera-
ture, relative humidity, wind scale, and air quality index) are selected as input features for the models. The
prediction results of every model on the test set are displayed and discussed. The experimental findings indi-
cate that the prediction results of TCN and CatBoost are more accurate than the traditional prediction mod-
els, while the modeling process of CatBoost is simpler. Overall, TCN and CatBoost are potential heat load
prediction methods.

Keywords: heat load prediction, district heating system, CatBoost, TCN, decision tree, linear regression,
deep learning, machine learning, time series, prediction model
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