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Pedepar/anoTamis:

1. BaratopiuHuil BOCBiM eKcIulyaTalii 3MillyBaJbHUX TEIJIOOOMiIHHUKIB TYpOiHHOTO Bii/lifIEHHS I1€PHUX
€HEepProyCTaHOBOK 3 peakropaMu BBEP 3acBifynB MOXK/IMBICTb BUHMKHEHHS B OKPEMUX PEXMMAX IiApPOAMHAMIYHUAX
yZapiB 10 BHYTPIIIHbOKOPIIYCHUX MIPUCTPOSIX, 1110 MOXKYTh CIIPUYMHSTH IIOPYLIEHHSI pOOOTH HACOCIB [10fadi BOAU
IIO0 [TapOreHepaTopiB, [OIIKOI)KEHHS €JIEeMEHTIB TeIJIOOOMIHHUKIB i MifiBUIIEHY Bibpaliilo 06aHaHHS Ta
Tpyb6onpoBoiB. OfHi€0 3 OCHOBHUX IPUYMH TaKUX SIBULY € TENJIOTiTPOAMHAMIYHA HECTINKICTh CUCTEM
3MilllyBaJIbHUX TEIJI00OMIHHIUKIB. MeTOI0 po60TH € PO3PaxXyHKOBa Ta eKCIIepUMeHTasIbHa KBastidikalis yMoB
TeIJIOTiAPOIUHAMIYHO]I CTIKOCTI 3MilllyBaIbHUX TEMJI0O0OMIHHUKIB TYPOIHHOTO Bifl[jisIeHHS sl pHOI
eHeproyctaHoBKY 3 BBEP y po6o4ux i nepexigHux pexxumax. st JOCSTHEHHSI META BUKOHAHO: aHali3 BilOMUX
IOCJIiIKeHb iMIyJIbCHOI, HU3bKOYACTOTHOI Ta BUCOKOYACTOTHOI TEIJIOTiApOAMHAMIYHOI HECTIKOCTI; pO3p06IeHO

IeTepMiHiCTChbKi MeTonu KBasidikalii yMOB rijpoauHaMivHUX yapiB y IUHAMIYHUX i piBHOBaXKHUX PEXXUMAX;



IIPOBENIEHO EKCIIEpUMEHTANIbHY Bepudikaliilo; copMOBaHO MPAKTUYHI peKOMeHALlii o010 3a6e3MeYeHHS
TEIIOTiAPOANHAMIYHOI CTIMKOCTI. HaykoBa HOBM3HA MOJISITA€ Y BCTAHOBJIEHHI aKTyaJIbHOCTI [IJ1 3MillyBaJIbHAX
TEIJI00OMIHHUKIB JJBOX OCHOBHUX MEXaHi3MiB HECTI!IKOCTi: HU3bKOYACTOTHOI KOJIUBAJIbHOI, 3yMOBJIEHO]
3aMi3HEeHHSIM 3aBepLIEHHS TEMJIOMacOOOMIHHUX IIPOIIECIB Mif] Yac KOHAEeHcallil Ta iHepLiiiHiCTIO HanipHO-
BUTPATHUX XapaKTEPUCTUK HACOCIB, 1 iMITyJIbCHOI, IOB$13aHOI 3 N€PETBOPEHHSIM KiHETUYHOI €HePrii IOTOKY y
BHYTPIIIHIO €HEeprilo TiApogHaMiYHOTrO yapy. 3allpolIOHOBAHO HOBI leTepMiHiCTChKi MeTonu KBastidikallii ymoB
BMHUKHEHHS TiJpoAMHAMIUYHUX yapiB 11 060X MexaHi3MiB. ¥ po3aisi 1 npoaHasnizoBaHo cydacHi migxoau 1o
MOJIE€JIIOBAHH TiAPOAVMHAMIYHUX YAAPIB i PI3HUX BUZIB TEIJIOTiLPOAMHAMIYHOI HECTIMIKOCTI B IapOTr€HEPYIOYNX,
KOHJIEHCYIOUUX, ABOPA3HUX CUCTEMAaX i KOHTypax NPUPOIHOI IUPKyJsILii. BcTaHOBIEHO BiACYTHICTD OCTATHBO
OOI'PYHTOBAaHUX METOJIIB /1711 CUCTEM 3MIlllyBaJIbHUX TEIJIOOOMIHHUKIB. Y po31ii 2 po3po6sIeHO e TePMiHiCTChbKUI
METOJI, MOJIEJIIOBAHHS TiIPOJMHAMIYHUX YIapiB y AMHAMIYHUX PEXKMMaxX 3MilllyBaJIbHUX TEIJIOOOMiHHUKIB
pereHepaTruBHOI cuCTeMU TYpPOiHU. YMOBOIO BUHMKHEHHS YIapy BU3HAYEHO iMITyJIbCHE 3HMDKEHHS MIBUIKOCTI
IIOTOKY 3 IIePETBOPEHHSIM MOro KiHeTU4YHOi eHeprii B eHeprito iMIysbcy TUCKY. OCHOBHUMU (PaKTOpPaMU HECTiMKOCTI
€ HEe3aBEPIIEHICTh POLECiB KOHAEHCAllii Ta iHepLilHICTh peaklii KOHAEHCAaTHOrO Hacoca. MakcuMasibHi BifHOCHI
aMILITy M KOJIMBAaHb BUTPATU KOHAEHCATy CTAHOBUIU 25 %, TUCKY - 50 %, piBHS KOHJeHcaTy - 99 %, MakcUMasibHa
yacrora - 0,1 ['n. MakcumanbHUM BiTHOCHUI iMITyJIbC TUCKY Iapu pocsras 400 %. [Iys 3arnobiraHHs HeCTiNKOCTi
3aIpOINIOHOBAHO PETYJIIOBaHHS BUTPATH I1apH i PiBHS KOHJIEHCATy Ta BCTAHOBJIEHHS JeMII(PyBaJbHUAX IPUCTPOIB Ha
TPYOOIIPOBO/i NOJaYi KOHJEHcaTy. Y po3[iii 3 MPOoBeEeHO €KCIIEPMMEHTaIbHY BepudiKallilo METOly Ha YCTaHOBKAX
«ligpoynap» i «kHacoc», mapameTpu SIKUX BiiNIOBiIal0Th KPUTEPISIM TEIJIOTiAPOAMHAMIYHOI TOAIGHOCTI HAaTYypHOI
crucTeMu. MakcuMasbHi BiTHOCHI aMIUIITy Iy iMIIyJIbCy TUCKY CTAaHOBUJIU BinnosigHo 1o 350 % i 950 %, a ammiitTygu
KOJIMBaHb TUCKY B 3aMKHYTOMY KOHTYPi ycTaHOBKU «Hacoc» — 1o 50 %. Po36DKHOCTI MK pO3paxyHKOBUMMU 1
€KCIIepUMEHTAJIbHUMU JJAHUMU TOSICHIOIOThCSI IPUMHITUMMU MPUIYIIEHHSIMU 010 i30T€PMIUHOCTI Triipoyaapy Ta
BiZICYTHOCTi HEOOOPOTHHUX TEIJIOTiAPOAMHAMIYHUX BTPaT. Y PO3Aisi 4 po3pob6sieHo AeTepMiHICTChbKUI METO]
kBastiikauii TenyorigpasaidyHoi CTIKOCT] 3MilllyBasIbHUX TEIJIOOOMIHHUKIB Y PiBHOBaKHOMY CTaHi, 3aCHOBaHUI Ha
aHali3i He3ale>XXHUX (PIIYKTyallii TUCKY Ta IIBUIKOCTI IOTOKY. Lle 03BOJINIIO BU3HAYUTU PO3PAXYHKOBY 00JIACTD
napaMeTpiB HeCTilKOCTi Ta cpopMyBaTH NPaKTUYHI peKoMeHalii mopo ii 3arnobiranHs. Pesynbratu po6oTu
MOXyTb 6yTu Bukopuctani HAEK «EneproaTom» 1jis nigBuiieHHs: e(peKTUBHOCTI Ta 6e3neku ekcryarauii AEC
YKpainmu.

2. Long-term operating experience with direct-contact heat exchangers in the turbine systems of nuclear power
plants equipped with VVER reactors has demonstrated that, under certain operating conditions, hydrodynamic
impacts on internal components may occur. Such impacts can disturb the operation of pumps supplying water to
steam generators, damage heat-exchanger internals, and increase vibration of turbine-system equipment and
pipelines. One of the main causes of these phenomena is thermohydrodynamic instability in direct-contact heat-
exchanger systems. The aim of this study is the computational and experimental qualification of
thermohydrodynamic stability conditions in direct-contact heat exchangers of the turbine system of a VVER
nuclear power plant under steady-state and transient operating conditions. To achieve this aim, previous studies
of impulse, low-frequency, and high-frequency thermohydrodynamic instability were analyzed; deterministic
methods for qualifying hydrodynamic impact conditions under dynamic and equilibrium regimes were developed;
experimental verification was performed; and practical recommendations for ensuring thermohydrodynamic
stability were formulated. The scientific novelty of the work consists in identifying two principal instability
mechanisms relevant to direct-contact heat exchangers: low-frequency oscillatory instability caused by delayed
completion of heat- and mass-transfer processes during condensation and by the inertia of pump head-flow
characteristics; and impulse instability associated with conversion of the kinetic energy of the flow into the
internal energy of a hydrodynamic impact. New deterministic methods for qualifying hydrodynamic impact
conditions for both mechanisms are proposed. Chapter 1 reviews current approaches to modeling hydrodynamic
impacts and different types of thermohydrodynamic instability in steam-generating, condensing, two-phase, and
natural-circulation systems. It is shown that sufficiently substantiated methods for direct-contact heat-exchanger
systems are currently lacking. Chapter 2 presents a deterministic method for modeling hydrodynamic impacts



under dynamic conditions of direct-contact heat exchangers in the turbine regenerative system. The impact
condition is defined as an impulse decrease in flow velocity accompanied by conversion of flow kinetic energy into
pressure-pulse energy. The principal instability factors are incomplete condensation processes and the inertial
response of the condensate pump. The maximum relative amplitudes of condensate-flow, pressure, and
condensate-level oscillations were 25%, 50%, and 99%, respectively, while the maximum oscillation frequency was
0.1 Hz. The maximum relative steam-pressure pulse reached 400%. To prevent instability, control of steam flow
and condensate level and the installation of damping devices in the condensate supply pipeline are proposed.
Chapter 3 presents experimental verification of the developed method using the “Hydraulic Impact” and “Pump”
test facilities, whose parameters satisfy the thermohydrodynamic similarity criteria of the full-scale system. The
maximum relative pressure-pulse amplitudes did not exceed 350% and 950%, respectively, while pressure
oscillations in the closed loop of the “Pump” facility did not exceed 50%. Differences between calculated and
experimental data are explained by the adopted assumptions of an isothermal hydraulic-impact process and the
absence of irreversible thermohydrodynamic losses. Chapter 4 develops a deterministic method for qualifying the
thermohydraulic stability of direct-contact heat exchangers under equilibrium conditions, based on analysis of
independent fluctuations in pressure and flow velocity. This approach made it possible to determine the calculated
instability-parameter domain and formulate practical recommendations for preventing instability and its
consequences. The results may be used by NNEGC Energoatom to improve the efficiency and safety of Ukrainian
nuclear power plant operation.
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