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[GNBAT OT SyAsS ¢ 2tilefdz Fy3IASt&alAY

Conventional power units currently operating in the national energy sector witfiin @& Sy S NH &
YAEE FTNIFYS62N] AYyGSNIOG 6AGK NI LARE& FfdzOldzZ GAY
entails multiple shutdowns and restarts of conventional units, adversely affects the service life of the
equipment, particularly by causing damagectitical structural components. To counteract this and
YFEAYGlrAy GKS O2y@SydAz2ylf dzyAdaQ 2LISNI GA2yLFE AT
critical areas of boiler, turbine, and condenser structures so as to prevent excessive adénge
from accelerated and repeated thermal load changes.

The purpose of this doctoral dissertation is to develop a method for controlling a selected
ONRGAOLFEt O2YLRYSYyil 2F (GKS (dz2NDAYySQa &0 NHzO4dzNBX
LINBaadz2NE aSO0GA2yd ¢KS O2yGNRft UGSOKYyAIldzS LINBLRASIH
it employs steam injection to mitigate the thermal state, while information regarding the injection
method and technique is obtained via an advanced numerigallation approach, commonly
NEFSNNBER (G2 Ay G LIOGEGSNI Gdz2NE a4 adKSNYI §

¢KS RA&AASNIIGAZ2Y RSY2yaiaNlrGSa ¢Keée GKAA& LI NI
O2YLRYySyilé¢ 2F (GKS LRGGSNI dzyAidix LINRYyS G2 frOO0St SNJ
controlling the thermal state during expedited startups and shutdowns and presents the technical
feasibility of such control along with its economic rationale. The advanced control method for the
critical component developed in this dissertation hae additional feature that, once the analytical
constraints have been established according to the proposed algorithm, it can be readily
implemented in the BOTT diagnostic and control system.

In the dissertation, the thermdSl computational toolan intedisciplinary, advanced
methodology combining solilody thermomechanics (CSD) with workfhgd thermomechanics
(CFD) was expanded and validated. In the chapters addressing the selection of cooling/heating
steam injection, based on the established andified startup simulation method, a series of
simulations was conducted to determine the range of possible thestaé control. This control
ensures that permissible states are not exceeded and that the overall service life of the equipment is
not compromised.

In summary, the dissertation responds to the needs of the power sector, which is struggling
with rapidly fluctuating and unpredictable changes stemming from renewable energy sources. It
tackles a current issue in a practical manner, one that doesigaificantly increase operating costs
and does not allow for a drastic reduction in the service life of power units. From the scientific
standpoint adopted in the dissertation, the task cannot be solved using simplified methods; it
requires interdiscipfiary research tools. The problem in question is scientifically challenging because
it must address a full set of realistic conditions and does not allow simplifications in either reasoning
or calculations. Consequently, the greatest value of this dissertalies in its utility and its
applicability to facilities that are critical to the national power industry.
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Pomiar temperatur czesci WP
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Rys.32. Struktura BOTT WB4]
Pomiar temperatur czesci SP
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1.2. Ceki zakres rozprawy

hRy2al nd aiat R2 LINk o0& dzSercanaliydh izl hnédatywnéINI O &
2RRT AL U6 YAS h%9 6 LINFOe LRailly2é6Ai2y2 &ait &ai dzLd
GdzNDAye T LRY20N 12y GNPt 2/6k2yFSIIR2 26 GINBER | Hzo &JF BB § @
TFTLINR2S 1G261FYyS abSyikl 1 OxSROYFSR2BIEGADOA S LI2T | LINR ¢
OdzZf GNIF al @o01AS adGrkrNIe A 2RadGFéASYyAlrv | AOK yS3l
dllFydz GSYLISNF GdzZNE A RSTF2NXIFO2A 1T S60GNRB&ATASY LI NEB

W [79%81] R21 2yl y?2 Rodze YAl NRgS2 FyFfAT @ LIN
A 2RalGFéASYAlL T LRY20ND {2yiaNRf2g6lyS3aA2 HiUNRAT dz
w turbinie. t N2 gl RT 2yS |ylftAl & 2082Y26| OWP 18438®razi Ol 2y S
2INY 2682 Gdz2NDAye LINRgS2  g@yAlA FyFtAl LRGGA
LINIF &8 TFOK2g6lFyAdz LI2TA2Ydz YILINY3SYyAlF A 2R1alidl ol0Ss
poziomie.

W dwuwymiarowym modelu turbiny WP 18K38® { 2 y I y2 a1l SNB 3 dzLINR a1 Of ¢
LR YAYALt OAS al2LIWAlL LINRBYASYyA2¢S323
-THAGNLIASYAS ad2LlyA 1ASNRoyAOT & OK2 AN (oyAeNI/AAY] 2R FOIK{
ROdA P2 OROb2y e OK 02LJ GS1 an {NysdalsS yAaAd ¢ LINJ L) R
-zmianyg 20NY 0AS {1 2NlJzadz ¢6SgytaGNI ySaz2y gNroe LERR
uszczelnienia itp.

TYALY® 6 20NYoAS GANYALlIY 6NYoe LER LIEAAFRE 6A
pt2G TFRIye 2112 6t23 1 {NI6tRIAS
petz2d 1 OITtTOA 2t yI geaz21210A 11RO 6Ssyt adNI

-brakusDl St yASZZ
co zobrazowane jest nays.37.
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{1dzLAA I 2RO &aAt yI cadiZAy ALY LINR WA SHOs2a0y252 YA SN
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i pozaprojektowych.

38



t N} OS &1dz2LlA2yS yI NRITGANDI I yAdz 6S32 LINRBO6f SYdz
GRNROSYAL GF1AS3I2 NRBIGANT YAl @I LNENAG®FMWRER 6 1
2 Gey OSftdz ¢e12yly2 &LINI66RTSYyAS Y20tA621 OA 11
gSeyt GNI yS32 LERR 1nNGSY R2aG2a246tyAl 32 R2 12yadN
LI YAt GFIoX 0S8 Rfl y26832 NRRBARYVSyieraferyaiuiare
konstrukcyjnog LINJ SLIve g2 N e Y 021 OA2g6Se | dzg I AA yI (23
g 12yaiNHz 02t (Gdz2NDAyeé Y20S R2LINRSIFRIAG R2 | 61 NRA

2 LIASNBali S22 12tSay21 OA R212yly2 20SyriSMLINR S|

Y20t A621T OA AOK gel2ytyAl® tNISLINRBgIRI2y2 |ylf
a0 NHzZYASYAL LI NB OKU2RiInNOS2 LINI ST (1 FRUdzo 6Ss6yt
t NI SFEyFrfAT26Fy2 (Af1F Y20fAg@O0OK R2 geélizsyd yAlL

LINI SLIO@ose2ioNd @ YI 021 OA268 0K 6&@06Nly2 2SRy2 NRITGADI I
NRET 6ANRNT FYAlL 12yadNdzl OecyS32 c¢cop@iianyleyz vzl &SNB 3 & IOK!
A 2RAaAGIF6ASZ GdzNDAye LERR {1 NRGESY drzyot Ald2ll OAY AYOKLING
A 2R1ail GF0O0SyAl StSYSyilsg GdZNDAyed

%S gl Attt Rdz yI seaz21A LRITA2Y 10202y21 OA 11 3IF
ge@OAY1ll (FROUOdzmI ¢SsgytiNIyS3I2z OTtTOA 2t {(Gdz2NDAye 1

bl LRRaildl gAS R2ah kriadywehddgruchdwgiOil dangch akdpio&acyjnych
turbiny 18K390 przeprowadzono referencyjny rozruch i odstawiesmmalizowanej geometrii.

2 RIFfalSe 12tSay2l OA LINI SLINBgIl Ri 2y 2 LINJ &l LIASaAT 2\
2X szybszy.

Weelu2z { NBT €t SYAl 61 NI2T OA OAT yASyAl R2RIG126S832
FylFrfAlT @ LINJI SLIWeg26S:T ylI LRRadGlFIsgAS (Gds NBEOK ge&oNT
g alzadzy1dz R2 LINEB ToAS0S2d bl aidt LyyrdwadzenGgla al v 1
T Y2Re8FA126FyS2 3IS2YSGNRA 1T (12yGNRf2d6lyey o0iNEaj
g NI2T OAG dzNYRBRB 11 26S2 LI NB OKU2RI NOS2 dzol 3ft RyA

lyFtAT @ R2ail NDI eve A ykizgwfdziORdwei ydstawiedowej i 2 LIG &
G SYLISNI {dzNEB LJ- NB OKU2RIi NOS2 LRROTI & LINI SLINR & |
NEFSNByOeaysS3az2 211 A LINJeTLAaSalizyS3azo

vy2f Sayey Aadz2idyeéy |aLls1iSy 2S8aid LINeLRI&aodel
wprowadzanych zmian konstrukcyjnych.2 aG2a2 6l yAS &d@aidiSYdz yI Rl 2Nz
LI NI YSGNF 6 GSNXYAOTyeOK R2 y2e0K 61 Ndzy1s6 SilalL
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dlLJ2a20dz2 YAS2a0l A 12yaidNdHz O2A manéd N &d dmian | 6& 1
12yaidNHz Oe2yeOK ¢ 3IS2YSGNRA 1FROdoF>Y alLlRaz2odz
20t A01 SyAaz2gSe 1TFHLISsgyAlIa2nO0Se geYl3aryn R210FRy21

<, o

2 NPT RITAFES ¢ (idGsNe =2Said T1rFralrRyadiey Rt
LINE2S102620K TYAlLY 200ANdSYyAS OASLIyS3a2 GF1 loe
R2 -HBB®I Ayeod t NI SFYFEAT 261 y2 NbEOoYyS Y20ftAg21 OA &
GSYLISNI Gdz2NBEd !'yIfAT 261 y2 LINRBOf & YCFO) ljakkigsfighy 2 R &
geiNJ eyYlrov21 OA26S2 o6/ {50d {1dzLIA2y2 &At VyI -12Y0NEP

LINEYASYA26S32d ! gl 3ftt RYA2y2 T10202yNn a&ildzd Oat 2
przedstawiono algorytm wykorzystania uzyskanych przgisies R2 2LINI O24 1 YAl Iy
R2Y1{yAtd RElF TlFlaglyazelyS32 . hee

t NI} Ot 12Z01 N 6yA2&81AZ LINI SRAGI 6A 2 ¢dzydi. NBT RT A |

1.4. Osadzenie problemu w dziedzinie naukowe]

bAyAS2all NEBIT LINI 6 AyreSd ntedhanicznd & LIR® HLOBWAE A &M B
A StTaLx z2rdl oet 0.t Royprawa WyOAGINTFh&pizéciy | potez€bs&m energetyki
02NEB{1lI2ndSa aat 1T &l e&o121 YASYyyeYA A YASLINI SoAReS

temat aktualny- ¢ & LJ2 &% 0a 1R20/I1 A R2 NRI GANTIFYALFY YyAS LI2RYy2a
' yAS LRTglrtlrandeé yI NrRellfyS a1NbsOSyAS odeg2iy;:
GART SyAl LadGlgArizyS3z2 ¢ NRBILNISAS TFRIFEYAS yAS
potril SoyS &an ldz AyiSNRealOeLX AyINYyS yINItRIAlF oFRIg

1.5. Metody badawcze

w2T LINI 61 ge12NJ eaiddeesS y26201SayS {{INIt REABNA:
AYiSNRealOeLXt Ayl NyeyYy LRONDOTSYyASYy 26t A01SyazgsSa
z oblicz¢ A2l YSOKFYATN OAFD adGlrveOK odGdz 12yaidNdz O
ThermalC{ L o6t RNO 2NBIAYylfyey LRONDOI SyASY /C5 A [{5
412201 2y8 0K oO0LRtAKSRNYIfyeodkKoxz F 1 Tt S
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w2l gANT @4l ye LINRBOEfSY yldzl26e 2Sai0 2NRBIAYIf ye
g OTnai126e0K LER2YAINIOK A RIyeOK S1aLISNEBYSY(lty

40



w
Q)¢
—_

a FRFYASY T 0202ye@Yx gevYl 3lyarnaRyz i DS OpZFR2001yS
NI DRT A ®

2
y

w2l gANT @4 yaRSAUNRYOItdEY2 62 (G NUzRye LRYASSHIDd YdzaA
NEFfAaGeOl yeaOK 4 N¥zy1s56 A yAS R2LIzaT OT ' dzLINR a1 C
y6E2gAt 1ain 6FNIG21 OAN LASBRaziEHALYRE2IN®T AN & (2 8
kluczowych dla energetyki krajowe;j.
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2. Model matematyczny dedykowangtartom i odstawieniom
dzNJ NRT SZ SySNHSG& Ol yé OK
21. hastyS 1 &4FSRe ¢ KSNXI €

LYGSNI Oliazy o6C{

Metoda obliczeniowa Flui&tructure Interaction (Fluief AR
O &N oy ApBilcdlddtizgajedz 1 S

2
2T 61 tF2n0ON dzl It t RYAd 2RRIA
RRT A I[85,86p | Z
1 MassFSl:
{LINT t dSyAS LI2LINI ST N& dwilieyfuAkBwa Wynda@azmas) imedzyp 2 SR
/

f
LJ I
2
LIweySYy | OALFOSY aidloveye 52080l & LINJ SRBodall e &
wykorzystania dwikierunkowego mas€ { L Y 2zdiskczemi@ Konstrukcji komaospalania turbiny
JrT 2682 11 LRY20N YSOKI yA éndbde] LEZORRXONZgSE 1l 2 NBS @/l
wysokotemperaturowej dyfuzji, T A S y A S{1 (5 NB LINNRBRI2BE ySLIatn yLaNd S
komory spalanig87].

T MomentumFSI:

{LINI t 0SyAS LI2LINI ST NB\g yRgy/dk]SA SINUB dz2da iniedaf@ Ay A & FR
LIweySY | OAlFIOSY aidl veyod al othidBriergetyée] bdN&Haic® 1 I &
itp.. Dwukierunkowe momenturdFSI, znajde zastosowanie w zagadnieniagh 1 (5 NBE OK RS T2 NJ
d0NHzl GdzNB 6@ 620 yS LINJ SinapielBliSede gdzR2 LA & RH BID
a1 NI RSO Rl ¥eIO26 &Y LIAAD TS NHRSWNEY Ardrbdydsy Giaesynia LINI S
INBA2Y2T yS AlL®

1 ThermalFSl:
{LINI tdSyAS LIRLNJI ST N dwikieyirkdva Byyhi@ndBrieryicciephkje t A 2
YASRI @ LI0eySY |  RidrunkbBeYTherinal€C O Y @ S & {» do spotyRdn@ O t

w zagadnieniach maszyNJ SLJ0@ 6268 OKX ¢ 6@ YASYYyAll OK OASLIOI 7
t NI @1 OF R2 andlizydp0kiz&ny jesi mys39.
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% AEG T ws gy FyAs 110K2gs| (2.2
-F]n'7 ANEY & 7 A0
o | AFOSome ws syl yAs 1F0K2s| (22
AE® "H
Do AEGoq”
O AE Nl N ws g Y lzathoBania energii (2.3)
AE®T 17 Y
LI ws gyl yAS Sg2ft dzO2A
=" © AEG0 AE® Y energiik (2.4)
_;:—Flé" - AED- AEDH Y ws gyl yYAS Sg2ft dzO2A| (25
T
h . ) - -
ﬁj" AEQ 1 ws gy FyAS 1| OK2g| (26)
h . TV . . . A ¢ = .
?()”’I AEAG s AEO "H wsgylFyAS | | OK2g| (27
%“ Q AEOD AEOT 1T "ty ws sylLFyAS T O0OK261l (298
%""}-r' AECHS T Y ws gylyAS 41 Y20yASyl (29
';:_F]O AEOS T Y ws gYRYWRR&T GF OOSYy ALl (210
% i AEON AE® Y ws gy FYAS 61 Y20yAS| (21))

Rys.39. Ideowy schemaednostronnegad LINJ t 0 Sy FS[88E{KISMIYVtTF & Sy A S y I adt LdzS 1|
temperatury.

WEAGSNF GdzZNT S Y20yl &Lk G1-FH89RIGYT 2NPRR/I212ASS N1 (24
A R@gdzZl ASNHzy1 260D C{LO® wRESH goki® w fednokierankoBych2FBI, p62 Y Sy |
20t AOT SyAl OK [/ C5 X iN&npegatulebtleksgoowdni dolsolvé@ad CSP A maZch
LR2RadGlIsAS gl ylLOllyS &an yFILINIYOSyAl A B8 SYasSa
OKUO2RI SyAS fdzo aANIIyAS LWeydz LINI ST OAlLv2 &aidl OS
Neumanna.

W przypadkuwwukierunkowej analizy Therm@{ LX 206l Y2RStS 6/ C5 A [/ {
a2o0nN LIRROT LA OFvSe aevdzZ FO02A LRLINISI NssylyAS
ALINI tdSyAS (2 YI YAS2a0S yI galkltySe Lkldad SNI OKy
przebywamy z kluczowym warunkiem brzegowym?) [92]:

T 1 Jdg T 1 dy M. 212
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hot AOT SyAl C{L YlIan gAStS TIf{Si 6 LRNbsoY!Il yAdz
Yyl Ay3aSNByoOat ¢ adNHA GdzNY |yl AT 26FyS32 St SySy
FyFEAT 2610 sLINRBY NS 6y EOKadNUzZl OecyeOK St SySyildz yt

Y2t Sayey awLsS1aGad8Sy 28aid O1Traz 6 211AY Y20fAs
LI NI YSGNF 6 yI &GNHZA GdzNY A T2FéAaall 11 O0OK2RTNOS ¢4
stanowiska badawczego zwi2 &1 6 SYASY R2 gel2yesgl yA FyFfAT @ 51
aleo12 A GFyAz2 gel2ylo 10202yS ylFtAl @& LINI SLIVeg?2

2} RND Y2RSfdz 2Said G2z oS 2S5ad 2y RSGSNXAy241
Y2RSt24FyAlF® ¢ NI RoylA DLIGEAASIRA IS T2RE2A2S T T+ { NBadz v
aidlros3az 2N I T1HtSoy2i OA YAtRI & VYAYAZI | 06& 2Ré
YI2R210FIRyAS2al So HaRBGOF202 e NPBOAZ 68 PYDOK 211
Y I g @y A pdpbawiedRigharodeli turbulencii itp.

t2yFRG2Y ylL2gAt1alnNn R210FRy21 6 dd @&aidzeS aat
32 LINJ & dz-e{Oh dzi ¢ §SNXIZIOdz N2T &1 SNI F2nd |yl tAale [/
g 1UsNBY Y20yl TYASYAFO® LI NI YS{GNERO®

WLINIF O gel12Njeailly2 2SRy@flkl NBy YOSt a4 NI tNBT yE ASS/
LINE g RT SYAlF NBIT NUzOKdz A 2Rail gASYyAl yI 41 NIi2T OA
A OATYASYAlI S1aLRNI2¢lyS an R2 az2d wSthjonar@e) | OF &
analizy CSD.

bl tSdoe ToNbOAO dzogl It yI GSNNAYy2f23At LINI & LIA &¢
C{L® {LINItoSyArSsS 2S5 Rsfietq doJedifciupkévizgo piRefidsiehia pald t
SYLISNI GidzNE Akfdzo OATYASYAlF R2 a2t @SN} OALFOF ad
2f SN} LIeydzz Ge2ad yrfAl e /C53% geailtlldzS LINI Sg:
GFOSA20RRYILBORIY 2D I yS LI2f I (GSYLISNI GdzNBE 2Ry 2ain &a
2YeglyS3a2 LINI ST Lwey tfS NyogyASd R2 GSYLISNI GdzNE
I TIRFEye@YA 60Lay2T OALFLYA YIFGOGSNRLF U2 glewWal yot a@W SN |
YFGSNRAF O2680K 6&1dziS1 T YAlLye GSYLISNIGdaNED® t 20Ke&
2LINk O ReaiNBilell O2Aar LIveydz ge12y+o6 NbEosYyASOdO ReaiN
OAl OF adGrouvs3z yI LINRESEHGe®HSHd tIN] SI1Aa& dz Ryldz] O NIy
gealtlldzS ¢ 20NIYoAS az2t gSNI LIeydzz 2SRyl @2SRy?
YAt RI & az2o0n a2t @SN»g6 / C5 A [/ {50

LalyAraSaS Y20tA621 06 AYLRNIZ26! yAdzw. intériee)Sridl G dzNJ 1
AOK LRRadGlIoAS gelyl Ol SyAS NRI 1Ol Rdz LJMsbiverdeS Y LIS NI
/{50 02 &aildly26ArA020é& 6 NHzyS1 oONJ S32 4 fednakizdlmg RI £ a1 &
G§Sy ddyly2 1T+ YyiaASa2 R210FRye& A yAS gl Atz 32 LIRFK

OLJA& [F3IANry3I26a1A A 2LA& 9dzf SNRgalA (G2 Rgl
atz2az2elyS ¢ Ff3A2NRGYIOK YSOKFYALTA 12yi0Aydzdzyd h
ge 12Nl e8aidzeS 3A0syvyA&Ea | OEFRRONE(aY eI Rl 3Nt A O{CBBjA 26 |

N

Q¢ Qx

g1 2NJ eaddzzS 3UsowskigdS YH fORENBGT VS 09 &fAINIL A 206f AOI Sy
OTnad1nNn YFIGSNRI Odz LRROT A NHZOKdz ¢ Ft32NBGYF OK
46202RY@0K LRGASNI OKYA A AyliSNWFScaBg2yY3t REKRY N} O
ITtSRTA0 RdoeOK TyAaS{alidlodSzd % RNUzZAAS2 &ddNRyeés
12y 0Aydzdzy LR2NHzATF aiAt 61 3ttRSY &aAlFd1AZ | RdS |1
OFdg2r tS ASyOniegySc | {REFASYORMNBAY(ISNFS2adz A N
[20].

W Thermak FSI kntakt termiczny ndrzeguB (patrzrys. 40) | f So & yA S (ef12 2R
LN §LI08 6dz SYSNEAA OASLIYySes Ff8 (F108 2RRARRYE v
G§SYLISNI GdzNY —RRERSGNISAKYK At yn T Sy GNIyaLRZNI LRg
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NET &l SNI&s 1t aedfdsa 193 NirebprdziejdaBeBsbwasy. Dodatkowo
NET 6l d0edYe 41 NEGSIRys406 NN A OWH A&ar@s8i aAt LR2ROI I A
T  TAYYy@YA OAFOFYA &Gl veYA 2LMAaéslyl LINI ST OASy]
mechanizmy. Pienveym z nich jest termiczny skok Smoluchowskiego, opisany przez termiczny skok
ROdATIGARI Al OF2ndeé 2RLISASRYAZ2Z 2R aAGNRyé& LIDéydz
0N yALR NI SYSNEHAA OASLIYySe ¢ YI{NRAl2LRgEY anaa
LINI ST 23sftyS g4l 00] Yy YAl A sRNDS 62 RBPENSI V2R &dzd OB
Y20yl TFLNRLRY26106 T FFglyazseltyS 61 NHzy1A oNI S$325
6 OASYy 1AS2 61 NBGSGAS GSNXYAOI ySR13[M, 205t nOS2 3I2NNOe
1T "O— AEOG o —&7 AEO COAA ¥ Y —
¥ Y — | Y Y Y Y+ (2.13)
Ho Ho 1§Iw 1¥d, ™

2 LRgedaley, NHeylIymdz2i 6 Yl agd A LRa2SYYRI 6 OAS
G2 LINY R12T06 ¢ NARGEE GSNNAOT yS2z Ris-MlaLk O] EFy X P
LINI Sg2Ry 2T OA OASLIX wS2a7w i MA (aghe (8 S NIaAD PpYB@Ry A 1 A
{ Y2t dzOK26a41AS32 2RLRGASRYA2Y 2R & WNR 8o ptzESRoK dz A O
Smoluchowskiego pola temperatury;’Y Y i “Y Y to klasyczne temperatury pochodne
0N} YyAFSNYz YAtRI ¥ OQAEBRANMOLIBEFY D aSOKFYyAOTyS 1
L2 6 ASNI OKyAz2gS2 2Said 2LAalyS LINI ST axot LIRgASN
g N gV L1gAldasycany warunek termiczny F$ﬁ§vH 139+ T opisuje normalny
LINI SBIp8EBHEAA OASL yS2x 3IARTAS OFLU126A0GS a0G§NHzZYASyA
transportem dyfuzyjnym (Fouriera), transportem turbulentnym, radiacyjnym, dyfuzyjnym
GNF YAaLR2NISY YlFaezr GNIyaLRIMBBY yASaLINY¥oeadey A Gt

TH T T R e Y fuid), (2.14)

PH Ty 130T g HH LT T agsolid). (2.15)

2 LJ2gedal @ 0R1HNBA4Y hajdrdzi€) fodstawowy jest nadal fourierowski
tryb transportu2 LJA & y& 1t aellyn tAYyA24M06)Fdzy1 02N 3INI RASY

T4 1 COANRl-, 1 COANA (2.16)
bl Soe TlLdzwldedss S 6 |£HASE éQésy sicyym lidayR &1 OA dz
alINT eo0f ADSYASY LIASNBaliS3I2 NItRdZIZ yAS geaidt Lidz
G§SYLISNI GdzNB LIédydz A OAILOF adGlos3z2y. 81 A NREZKRA S| @ B
LR2YAYASYE GNIyaLR2NI LRsASNI OKyAaz2ge SySNHAA OA
| | m, otrzymamy: 1 §I  1¥Fy @ WSRyl 1l 6 LINJeLl Ridz /{52
GSYLISNI GdzNF LIeydz 28ai Aty ¥ Y N3, I v, Adwrdtien 0 NB R ¢
g LINJ 8LJ R{dz / C5%X 3Reé T 10OFRI aAatsz dS13rBokwas NI G dzNJ
aAt | Re Y '|JiL:ivH ® . ST gYAINRGS i638aB OOV YWHBATHA f A G S
2RLI26ASRYA2 212 tA0iToe {Gryd2ylt A . A2GF®d bl f S¢
NE gy 23S 264G ol NRT 2 (GNHRYS® 52RI{G12622 6 OKSAfL A
YAS YI Y20tAg2] Oh yVidzYQSBYEFSIADANRY FAzDISWENAAA 6
12yidlr1iG26S2 womcE mMT8d tASNBaliey (S32 LRe2RSY 28
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412201 2ye0OK 2NIT YSi2Re 2oc2tiz2l Ox aj
przygotowywane tylko w celu jgti2 O1 Say $32 NRET 6ANRT I YyAL

Jlog = ~

6 ylait Ldzenose 1§ty a1 yrfle 19,2250 | OA Y

Rys40. Graficzne zilustrowanie metody TherngdfStb { LINJ t 0 Sy A S y I & (& N8 A 82 LWNE S ILIO
9 [16, 17].

2.2. Model CFD

W zachowawczymd 9 dzf SNRB ga 1 AYO &aF2NNdZO26 YAdz Bl &l Re
rozpatrujemy dowolnie wybral umiejscowioy A SNHzOK2Y2 ¢ LINI Sadml SyA 2«
ograniczona powierzchfil m} Zasada zachowaA I ( NJ 1 G dz2S 2 zrriiaand'anejo S OlI¢t
GASE PR 106y NG NI 2062t Q21T OA 12y 0NRB¢E yS e priedrzeg Nk gyl
Feo s YT 86k ySe &dNHZYASY A SRISY a1 4 dafHeRaRiaferean «k R S & i N.
[93¢95].

T sy
%o edQyY  Ye 2.17)

gdzie:

- dSjest powierzchniowym elementem z wektorem normalnym

-%2Sal 6ASt121 OAN R26B(VRRNBYEYy &sFDit ENBYRIYNRBE
-Fca U NHzfest®dbowiednio wektorem lub tensorem.

{ OGNSRy LR2RIASEADS YIY

SOT 106 12é@s 1%y NT I yn TGN yaLJzNstY RIySe oASt
YE{NR&{2LRge Lieydz T LINY R127 AN

0T t1 06 RERINSENBIT SydidzeS YI{NRa|{2LRge STS{d GNrya
OKIF2Ge Ol y& NHzOK OTnaidsjy

0T t1T 06 ErmicbsAa0DNDE Yyl T RSTF2NXI 020D a0 NHzl G dzZNE & LINY o
221ws gyl yAS T 1 OK2g6l yAl Yl ae

5fF LJOeydz SRy Fhaihdhid Sad@w Eelowskiej formie przyjmuje zapis
(2.18):
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I , p s T e
—. %@ n aQYyn 2.18)

T o
L GN}1iddesS 2 dédyz 88 TYALYL YlLag ¢ OTlaArsSz 4SS sy
Nk gyl YIFaAaAsS LINI ST NI Olko@ralr@jS2 oNJ S3 RIEySe 262t (21 C
222ws Y lFYAS TFOK2¢l yAl Lt Rdz
BYALF Yl LIt Rdz 262t G271 OA LIWéydz LIR2g2R246F Yyl 2Sai
Rt dzyAS2aldz2éori2yS2 yASNH2OK2Y2 ¢ LINJ SaidNISyax 2062
Yy20Syvye T ILAAISYARY&2 LAt 68 o6yt GNIidz 202t (21 OA

LINI S{ NI OTF2n0S32 2S2 oNI S3ax 2Sai Nyxgyl arxovzy RI;
L2 6ASNI OKyAz2geyY 2NIT Ylazgey o6&yt aNI yayosd /2 Y

! pn T T T T "
s ham Aain dey  ThIQY  hm 2.19)

Gdzie:

-HcaAove Yl az2eSs R2 10sNRBOK TFHtAadies Yzoyl aiaot 13
ST LR2T NBRYAZ2
St SYySyiddz L&
S 21 OA X

-HtaA0e LRoASNI OKyA26S> RIAFOF2nOS 6
OAT yIuISydzegd nO0S32 62150 NRIT LI GNEBGI yS3I2
aiel0l yeOK LRsaill ODePKy $ KR LRH A & X 006

Woong (2.20)

gdzieE2 Said (GSyaz2NBY 2SRy2ai] 2 ¢RIYNRINWEAES 325 aNT t R3Izza 3/
lepkich

223ws Yl YAS TFOK26lyAl SYySNHAA
12 OFO126AGHD T YALYyt SYSNBAA 6SsytiNIySe |
zoatpzywmmﬂ V5 krBiata ASY SNBA A ¢ Sikohtioly Sie 2 B enedily A | y t
L2 LN ST GNF yaLR NI | [padyusayd ten ik, 8ddatk@ 8 2 dzmhidnE 8 d . A 2
LINI SRAGF6ASYAS OASLIOI gejaka@E2nDA L yS3a2 LINI ST St SyYSyi
LI org g QY
1o
CONAQY "R Oy "R QY 2.21)
o IRe RO 'e Fory
Gdzie:
-ip T CLOANERE Fdz e2ye aiNHzYREZE DABIPE ZNBY | UININEK2 Ry 2

- -1 Nk RO OASLIOF NBLINBT SyiddzendS NI RALFOeda2yn geYAl
reakcji chemicznych
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2.2.4.Model turbulerz;ji

Ny

2 LINJ Oe LJZaUdZOZy'Z ap ISST(\SEeErSJfNSS\é au dENNG- dftag e aNaino (1
L2 ONOT SYAS 6 ¥AIY BNI B ﬂh{Jﬁl.RBtRzISYA R2RIFG126S532
VI RLINR Rdz] 02t SySNHAA (1AySieodOiySe A Gdz2NbdzZ SyO2AiA 5
Model turbulencji KR { { ¢ (G2 LJ¥LJzZ I Ny& Y2RSt dodeéslye R
LINg SLivEp da&rasf yl LIR&adl 6 Ny gyl z (832 Y2RStdz 6 1 LA

Nk 6yFyAS So2tdOer R2ak@@RNOS SySNBAA (dNbdf Sydyse
1ot e 1

3 ‘ T s Zy
To 1o Ta L (2.22)
Nk 6yl yAS Sg2 tlydsgpach enBrgiili(@281 NOS
(N B B o)
T o Tw
! T T @
— L, = 0, (2.23)
o I Toce ol o
T Zy _I '?’Q
Gdzie:
- k ¢ kinetyczna energia turbulenciji,
-1 ¢ specyficzna energia dyssypacyjna energii
- ¢t SLAN 21T 6 G dzND dz éyﬁyl-
- ¢t SLJN 2106 ReylYAOI ylI
-0 [S prpciukcja kinetycznej energii turbulencji
-, h Afh‘cadl oS Y2RSft dz
- "0 ¢ funkcja modelu
ldzi2NJ T RFr2S a20AS éLJNJ- gt 1 Y20ft A g2ipO¥, jedrda 2 NJ @ a (
2
I

oRy2a7 N0 art Rz R210FRy21TO0A aeévddlOer A Ollad 2o
geRlI 28 &aAtf o088 dd | &
52RIG1262 6 6AStdz

~ .

z eksperymentem m.if96¢100F O2 a i

I RyA2ye o
RT A SOUIRG@HO N 1 ag daiss2d lyyzd ONR R St
ily26A 2 &0dzaly21 OA 680N} yS3;

2.3. Model CSD

2 LINJ 8LJ Rldz FyrfAlT & /{5 NRIsANI &gtyS o0e0& ylLaidtL

231 ws gyl yAS T1FOK2glyAl Yl ae
ws gyl yAS T OK2glyAl YlIae RFryS 2Said 61 2NBY O6HOHNO
T—‘ AEQ n (2.24)
T o

Gdzie 12 It 4027 0¥ WBINRT BUD I Y G SNA L Odz
232.ws gyl yAS T1O0OK2g6lyAl L)X Rdz

ws gy LFyAS TFOK2g6FyAl QRH:Rdz RFyS 2Said 61 2NBY



S I PR
T'I'_b AEQa’l AEO"H (2.25)

Gdzie (2 G(S8Sy&a2N yvI LNKGI@SAt/aid e @302 1186yt (NI ye OK

2.33. w35 gy I YA SnideheK 2

ws gy lyAS T1OKz2glkyAl SYSNHAA REy$S 28aid 61 2NBY onud
T 70 o i
— AEGd AEOGT "TIOH (2.26)

Gdzie:

-Ed2 3t ad216 SYSNHAA ¢SgytiNIySe Teganityl 1T RST21

- G2 GSyaz2NIyFLINYdSZ /I dzOKeQS32 2LAadz2nde NI Ok
G2 At AaG2706 YFEAGSNRLE Odz

-vi2 LINYR127T 06 YIFGSNRIF Odz

-fli2 3t aidz2106 arAo 1Sgyt iGN ye oK

2.3.4.Hipoteza Hubera Misesa Henckyego

2aLRYyA_Yes 0SS 16SaidAl y6IE2t SIImA S& Yk ILINE O 258
A TRST2N¥2s6lyeyYy OAStES adGrovey 28ad T FRFEYASY yI dAf ;
i1 TeétyS32 bLRRS2TIOAlI SySNEHSGeOl yS3zho t 2RS2T (
LING ST wWoe 20 al EgStftl o angy B ddIPE | ['N%WIZUZ)QSSHJQAb@faéé
LR2TA2Y SySNBayA8SoyDONT y§8, LINKOS 12 Ry IaLINGV &SEBSA/IA |

SEGUNT YA TEHLINRBLRY26F0 6LINRgFRISYyAS {(NeiGeoOlyS3az
maksymalnieY2 0f Age A yAS Y208 T2aidt06 LINIS{NRBOI2yex |
ag22nN KALRGSTt uR2H0 A MNONSWRENRAWI ®Rda el t DO 2 RIf &T &
odpowiedniego dla ram "Therm&@{ Lh= VyI f $8& 61 ANG LlzZdmowadia I3t 2 N
LINI SRaGlF A2y N & (Q2N-R84[B1z2n0Oe &aLJ2as0

i1 Beltrami (1885):

B, - B, AY B-hH 0 (2.27)
1 Huber (1904):
B B B 0O and B 0 (2.28)
1 Mises (1914), Hencky (1924):
B 0 (2.29)
1 Schleicher (1926)
B B '° B 7 0 (2.30)
 .dzNJ ez&aA OM®MPHY U
B -B B 0, - 1 1M (2.31)
1 Zawadzki (1956)
B B B -8B 0 (2.32)
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T tt OKSNA]A OHAMMO
B -B -B 0 - p | p Q (2.33)
1 Huang (2016)

(2.34)

W literaturze, energia krytyczid2 Sa & Nb 0 Y A S R Sefjasydetermihoyidna b | 2 OT t

przezgrg A Ot LI | & LaNGBToyAST O A2 SNaNA 2& ka2l oySAT 2
0 ¢OQ ; Mrp U T T [MIMm=MPa]
bl LINJd& {D | Rt MPa, O ¢® GPa, otrzymujemy 0 1@ oMJ/nr.

2 L2gedal Sea btAYAA NRI dzY2 ¢ ¥ AdstbkrokdoakioRul 6 Sy &
Y2ReTFA1 26y LINI STLINNERY Y& RK 2150 AINK#LF A D yAa It 22171 (
2R1alT GF OOSYyAL 6{950 LY 1 2nO&@mI GA O B BINEA D
L2 6ASNI OKyA26S32 T FLINRBLRY26 $N5 BBINBGEBST a DNNF Y a8 KR ©
51 OYRI R2 gSeyt NI ySe 3Itadazl OA SYSNHAA Oy LID  ;
L1256 ASNJ OKyA2gS203h Ih- 68N BIGE BINYAJAYADb R2 2RLIR26ASH
(patrz: [102,103).

W ramach ThermaC{ L NRT gA 2l yl 28aid 12y PI@RI {1 bsBIt 0
2LIASNI &aAt yI 2NRBIAYIfyeOK RIyeéOK SlasBNesy Sy il f y

to swegoNRP RT I 2dz NRBT &1 SNI SyAS KALRGST @ . daNJezaias3az
temperatur.
2 Mdpno NRB{dz | dzo SN &OGTLYNR LRNVIZMI Oy ISWEINESYIA T S 6
28aid 21NBTt2yS T LRY20N GB3BFWBAA 2R1alT GF OOSyAl &
P Qv , - Quk , - QU (2.35)
QU QwQwQaq (2.36)
2 T I NBaASJ237) LINY DSy Al
P o P .
IJ Q U - O ” ” Q Uk A ” Q U 237
B c < O (2.37)

Pierwotniea S32 Nl gyl yAS yI It ad2106 SYSNHAA 0802 geé
Y I LINI2B8) Z

P,
_O _ _
p R (2.38)
cO- - _ - B B
gdzie'O Ofcp ¢ , 0O Ofcp ' an 6alls 00T &8y yAllYA | SEYK2tGT |
2 0yS 2Saix 0S SYySNHAI Y20S 0é06 LBRIBAStE 2y VI
ARTAS SYSNHEHALF 1T OAy23®NOF 21 NBit2yl 28ad 2 12
p
5 o 2.39
Py L. O, P (239)
cO ¢0' 10 00"
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Tutajkluczowy A ST YASY YA yI LINY dSyAk4Qi2 2l 6Al &At L2 |

ol -101 ;R ¢o UIDI ;t -0 =UTDI
&dzie
" "0E (2.4}0)
2S8ai 2ROKeftSYASYIBSNLIKNHDE BA L dzNR LI 2 & ORSRY R BB & ¥dy

dzg | 3t yI NBtl 028 :Yiod Ricd iy AUST2¥a234):y A 1 I YA

o 2y By B (2.41)
C C (0)

—_— P
” ” ou — ” ” ” ” ” ” 242
= (2.42)

s p

Y — 2.43
n G oG (2.43)
T T E L’) E ” ” ” ” ” ” (2-44)

(0} (6)

blT e GeOK yYASIYASYYAlss (2 2RLERSGASRYAZ2Y b
Pragera", "niezmiennik oktaedryczny".

bl LINY Sy Al T NBRisetal 81 ¢ & D GraSonuRR(R.455

p U
” (Dlo ” ” ” ” ” ”

(2.45)

gdzie,

" -liczba Poisson'a

OY2RdZO L 2dzy3Ul

, B R -F30s6yS yILNYOSYAL

Warunek bezpiecznego stanlOK | yA O1 yS32 1LAMB:é 2Ydz2S TFdzy 1 Oat 6

P ot t (2.46)
c
%S g1 It tRdz yI 1T0282y121 b dz¢T BAT By ACKY/SANSYY f KA LI2
I RSO&R2gly2 ait yI gg&lylOI SYyAS LRI A2Ydz yILINY S
hipotezy HuberaVlisesaHenckyego (HM-H). Autor zdaje 260 A S & LINI & t ) Y20fAg2)
oF NRT AS2 R2]10FRye&OK geyAailse 11 L2 Y20Nn KALRGST ¢
doktorskiej hipoteza HA-| esSai & 1 dzZLISTy 21 OA g
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3. Weryfikacja modeluThermalg FSI

31. t NI S3t DR f A (S NahalizgZNBrdnalFSB SNE FA{ | O2A

Metoda Thermak C{ L NRBIT gA 2l yl 2Sai 2R ¢AStdz tFd | yA
w pracach[108¢111].

W pracy[108] T 6 I RI y2 g LI0& 6 | pDiRtiraugrehole2(RTEHR nabigrocé s
fdzi2glyAl Frt2S32® . I RFYAS 2LIASNI U2 &At Yyl G e
i konstrukcyjnyckh { G g2NJ 2y2 Y2RStS o5 t¢l A LIWedlA RNH

LINI SLINR g RT Sy Al HyFINYASIZe2 LRI T Sil30aréedy S13I2LIAE dziidz 6co{ Yy
Tratzazely2 a2t @SNJ C[! 9b¢x gel12Nleaddz2nd GSOKyA
otv!i{ LRA0dDOD0 R2 21NBTESYAl YyFELINYOSZ @2y aiif
fdzi26l yOIISYyAtS2 @B f A O1 SZ 20dz a2t SNy g T 2aiGlk 02 1T NE
aly / LY 10GsNB dzv20f AgAl g&YAlLyYyt RIFEIyeOK g Ol aixs N
t NI SFEyFrtAT 261 y2 al ST 6 Nk 0 YBAK naxidgeravdzys s@®S f1dxE2R]
2LI0eYFfySa2 LINBFTALf dYAFANMNEORASY2A yIFLINY OSZ G SNIYVAC
zweryfikowane eksperymentalnie. Profil roztopionego lutu dla stosulK® = 0,2 uzyskany
g aévdzZ I O2Aa 1T2ail0 LR2Nbsylye 1T LINRBFAESY NI SOOI &

I ONWBA Ol ¢ 202t (21 OA fdzidz YAt RI & aevydzZ !l 0an | S
L2 G6ASNRI A2 RdND R21{0OFRy21 06 YSG2Re A&aLINItOSYyAl
LINEOfSYsg C{L 6 LINROSaAAS fdziz26FyAl @

t 2Radzy26dz2N0O3X o6 RFYyAS @Q=0J2 jesh @plymangn wyhoem,dzy S {1 1
LR2YASGlLd TFHLISGYAlL NI oY2YASNYS 6eLISOYASYAS 2062 N]
NET @12 6@aldNLIASYAl RSTS{ldsgd 28yAlA S1TALISNERYSY
L2 RT NBT £ A NE 3 2nRtgkniodelowahia 12 a2 61 y& OK

W pracy [109] 4 NI YIF OK FylFftAT & ¢KSNXI c{L T1o6FRIY

i strukturalne dyszy serpentynowej w silnikach turbowentylatorowych. W badaniach zastosowano
RodzZaGNRYYN fdAdy2 aLINItoz2yn YSi2R2DIAUEND i €caDOT NON
6t . lv!i{0od ¢ ]t 12Y0AYyl 02t dzY20ft A A Ol 2SRy201 S35
a0 NHzl GdzNJ f y@OKXZ dzol 3t t RyAlF2nNn0O Ay iSNI {1028 LRYAtRI
solverami
g OT1aArAsS NI SOTesgaraieyeaINEIVI2MI /Ay 2a LU/ I/ LLI2 Y20 11L.J22 LN
2Re1T 2NRGIFYAS YSOKFYAT Ydz A&LINIt dSyAl LRYAtRI & OATYy
t NI SLINRPG I RT 2y 2 1 01 S3as5026N yFtATt gLIVE@Gdz | f
LINEOSa C{LXZ GF1AQmWI Sl ORBRApZDAaME VS ¢ 8IEH (7 DYiHA Ipd
23YyAlA dzy2dft AgA0e gea2ll yASyAS YSOKIFIyATlYsg 2R{1al
OKI N} {1 GSNEaGEe1A LINJ SLWwegdz 6S6ynNiNTI Realeo

a
J

23 yAlA adeévydzZ I 02Ax T2aidlve LR &OYPRYS T SREEEVYAI

1N e8RSO !I'I3FNR nnpdcz 02 LRGHSASNRI AD2 LRLNI gy ?2
t 2N gy yAl 5aLl 00T @y yAqll OAT YASYAL 2 NI 1 LINY R
A S1TaLISNEBYSY(llIfyAS gl EDE S8 R21I241 D2 RYFBFIT V) §

2 zeavdzZ 02 OK TlLaidz2az2eély2 Y2RSt (dz2NDBdz SyO2A
LINBOéi eayS32 2Re1 2NRéF YAl LINJ SLIWWegss 1 RdDEYA =
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Gdszdztéyc‘m)\ i OASYY &&
8 4

@ RIRSILRLBY 69852 | K2 OSy A |
geaidt LJMzznNnOeOK ¢ Re 8

e aSNlLXSyGeyz2sS2o

t 2Ra8dz2Y26dz2NOX LINJ SLINR Sl RT 2yS o6l RIYyAl Rz2aidl NO
gLIV@Gdz AS2YSONAA REBENB| YdzZNAY (CANI YHE B optpalv@ii o o8& | 2
12yadNdz 02A A LRLINIge 2S2 SF¥S{desyz2i OxAo

W pracy[110]g & { 2NJ e adl y2 Y2RSt & LINIstuatgryGaRLI@2RRA G{ 1O
Thermal)
wSsytiNI yeOK YlaleylIOK 1¢to IueOK 69Dalv®d az2zRSt
GSNXY2StFadediyn 2NII S'-FS“[ GSNX¥2Stlai2KeéRNRR
A 12YLRYSyildlFIOK aidl veoOKs: I‘[}\OK 21 120F 1TtoeldS A

a2 RSt 2LIASNIYEF §¥AY OKY I wONebye? £ R& U | 6RE I LIO & y dz0 3
LINI Sg2RT SyAl OASLIOIEOL 2NI}T NbsoylyAl OK Nl gy26l IA
202t 121 OA 412201 2ye@0K o06C+xal0 R2 Rea|INBlell O2A Nk g

2 O0Sft dz R21 Ul RyhaIgeomediR inferejsilP gnharowania wykorzystano
FRIFILIWIF OéayS o5 Y2RSt246FyAS aral 1268 (GsNB dzy2of
AGSNI O2A aLINItoz2yS32 Y2RSft dzo

a2RSt 128010 1T 6SNEFTA1261ye S1TALISNRBYSY®ItYAS
A LER2YAIFINbs g INHz22T OA FAf Ydz aYlFNHz2nOS3a2 ¢ NI SOT egA
aAt Yyl Y24l G2NR1AS2 YSG2RTIAS LRI NBRYASI2 LRYAL
L22SYy21 OA268 OK®

28yAlA S1aLISNRYSY(lIfyS #fydDevYidAzOE2YSE 1ARR I I«
2121 OA268YA Aft21 OA2geY 6 LINJI S6AResyAdz INHzo 21 C
2 yA&a1AS2 3ANHz2T OA FAfYdzd {1 O1 S3aAstyAS R20NB R2L
61 Ndzy 156 OAIT yASYyA2MEOKSE @K2y0MS WA /AS 1 AS] 16l Be LISs

2 geavdzZ I 02l OK Y2RSt LINJ SgAResl U R210FRyAS2
g NI21 OA LINJ SLI0eés6 LINI SOAS{ {56 6 61 Ndzy {1 OK GAt {3
T STFSTOFYA ¢ NS O2dA tOASSILE yYRSHEAINT @ ge0al @ OK LINY Rl 21

W pracy doktorskiej M.Froissartd11] walidacja metody Thermal FSI przeprowadzona

12801015 ¢ RosOK (fdzOT1 2620K SilLIOK® tASNBaie 1 .y
komory spalania Rols2 & 0SS ¢l &z | Yyl adtLyAS LE2NbgsylyAdz gy
powietrzazdanymb { & LISNBYSy Gl fye@YAd ! yIfATF LINI SLI0egdz 6
geYyAlFYA STa&LSNEYSYyldltyeYA ¢ 1F{1NBAAS LINRPFALA

gt ARFO2A 2082Y261 0 Y2RSt246FyAS O2LF (1A 1 ASNER
przeprowt RT 2y 2 LR N oYlFYyAS NRI]1OFRsg GSYLISNI GdzNJ A O3
AT dzd bla2gAt1alnNn R210FRy21 06 dad &{a{l¢y 2120 sANE2 aldZ2ND0L |
zastosowany w dalszych analizach Thermal FSI.

23 yAlA dZd @& llyS daSNN2YZ2 OM{ LYSdi@RIeT I v& LINJ S :
NET RTAStyeYA FylFLtftATFYA [/ C5 ORe&ylFYALLl LJUéysrz’Jt') A
L2 RS2T OAS dzY20ft AgA02 dzol 3t t RYASYAS &ALINItOSyAl
LINI S2Y246F yAl OXOIUWYIAO GISNKAION GRHA A Yéomy;\myew\

bl LINJ@]1O0FIRI LE2NbssgylyAS NRBIT{OIFIRsg GSYLISNI Gdz
YSG2RIYA / C5 A ¢CKSN¥YIFf C{L dz2légyArAds2 Aald2dyS N»OY
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2 1 FHQii2dEr O¢SKSNXIFf C{L dzol 3ttt RYAlFI &LINItoSyAaAS (
OAlLOF adlovsS3z2ed 971aLISNRBYSYyllFtyS LRYAFINE 6alLls o0l
g o6 NHzy 1 OK fF062NIG2NRa2yeOK Ll20gASMBItMyaAR g3 O4al
280102 dzl 3ttt RyA2yS 6 Y2RStI OK ydzYSNE Ol yeée OK®

2 317101835t y21 0Ax Tlratzaz2s6l yASdzI{R2IBWNR 2T & & G N
12YLRYySyilseég LRI 62t A02 ylI ARSydGeFfalloOoat 20al | Nk g
LIO2 Y®SYAI@OK YAS2a0l OK 6alls 001 e yyA 1 d2 RANNRSi|yNaT GI Al
g NI2T6 m3x 02 gailbidzeS ybr Y2d0tAg2i06 t21FfyeOK LI
LINEG208LI2sS32 &an Aradz2dyS Rt RS NRITIS2n  2R.AI 8w Ry
zastosowanej metody.

2 f ARIF O2l YSi2Re ¢ KSN)YI § c{L 2 NJ 1 L322 Nk 6y
I ydzySNEOI yeYA R2gA2R0U@I 0SS LIRRS2TOAS TAyiSaNBgI
TFOK2glyAl GSN¥Y2YSOKI yA Oingh #@ oddzigingtdzayalizyOFB ¥CSH. LJ2 N.
2@yAlA O0FRIZ gaLIASNIen STtz S YSiG2RI ¢KSNXNIFE
geaz12 200ANd2ye 0K GSNXYAOI yAS StSYSyilsgs Gl 1AOK
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4. Walidacja modelThermal; FSha podstawie rzeczywistej awarii
stopnia promieniowa: osiowego

2 LN O 21 G 2NIa°[)\SBZ 212 oI tARIFO2t Y2RSfdz T
il-aﬂzazmyz FyFfATt LINJ @LJ R{dz NI S®Iadatopiceiyéhe | g |
LI N} YSGNI OK 2L N} Oe2y@OKd t2YAY?2 ONJI {dz Y20fAGd
GSNEFATIFO2A 6 61 NHzyl1+FOK fl1 02Nl i2NEa2ye OKdaneg & | 2 NJ ¢
R20G&01 NOS LINJodd pafetylzi damel Ihefaturone 02 dzY20f AgA 02 &l
2R61 2NR g6 YyAS AS2YSGNRA 2NIT 41 NHzy{1s56 LINIT O& (dzNDA

t NI SLINRPSI RT 2yS 26t A01 SyAal  ydzySNeOT yS -1 T+
LINI SLI0e gRan®C LW LR1T g2t A08 yI ARSyGeFAall Oat Y ¢
uszkodzenia,] 32 Ry &8 OK 1 NI SOTegAradey LINJeLI R{ASY gl
TFTLNRLRY2¢6lye Y2RSH O2LI G1A 2Sad ¢ adarkryAS 2Rg
LINE g RT A& R2 LX TYAtOAlL O2LI G1A ¢ NI SOTesgraidzl O

2 T gAani1dz T Geyvyz NI SIOH&IAG (1892 (LONT 1802 sR-Sy1e | bk INSA
gt ARl O2l Y2RSt dzd % Nkgy2 132Ry2106 f21FtAll 02,
LINE gl RT DO@OK R2 gl NRARA LRUIGGASNRI I 2N LRLINIgy210
obliczeniowej. Taka forma walidacDK2 6 YASGeLR Gl = dzY20ft AgAl 20SyH
g 2L NOAdz 2 RFyS 1T NISOiTesgrailiedK 4+ NHzyl1s96 S1aLx 2

2t ARFO2 Y2RStdz 2Sai yASTotRylF A (ftdzOi 261l
FyFrEAl adlyseg L321 | ingNR&L Sotisindie S@idacliJNKalibéacji inddelbd na

LINT @1 OFRTAS NISOiegAratey Y20fA6S o002 LINISLINRGIF
za wiarygodne.

2812yFYyAS 20t A01 SZ &aLINT gRIT I 2 NDORYOKI yR2S3 (Y Nfl B &
g & a @nlaarii na stopniu promieniowgosiowym podczas normalnej pracy turbiny. Ten aspekt
2Sai 1fdzOi2¢e ¢ 20fA01dz OKt OA GLINRBGI RT SyAl LRTIL
4.1. Geometria poddana analizie

LyFEAT 26y 3IS2YSGNRLE 20S5S2Ydz2 NI B e @A yISa 2 S|RIe R dzadt

LINEYASYA26ND 2NIT 230101 12n0Nn R2YSyn LIVeydzd %l aiz2s3
geyYyAll i OKt OA 23N yAOT SyAl 124l (s 5 20f AOT S\
NELINBT Syildesgy2T OA Y2RSt dzbf? e g3 NITHNIABEEY BgzA & dzNB
aAlLG1AZ 02 &a1NXOIF O1la 206ftA01S82Zx I 2SRy201SiyaSs

gLIOEGdz LI NI YSGUNs 6 &AL G1A yI LINJ SoAS3I aévdzZ I O2Ad
2 ol RIYAIOK a12yOSyiNRgly2 &At yYMWP)|a/tie AT AS

I NBRYA2LINYdyS2 o{tod 5S850elal G gse&yAall T FI1d
FyFEAT 261 yST Yoay[9,112Nd S GRAYNMta G{ dNFJy a2 S a geail
R232801T nNOedOK gLI0&6dz 3IAS2YSONARA (I ROdz | éééyt’ﬁl\l”
geaz 12LINYdySad 2 TgANT1dz T Gevys yAyasSaall Fyltal

bl LRRAGLIEBE RAIGBNI GdzZNB g1 2yly2 GNb 268 YAl NP
&1 0 Rl &AtY

-OT 106 12Nlddzadz 6Séyt NI yS32 2t Gdz2NDAyés
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28Ryl U2LI Gl LNRYASYA24t =
“R2YSyl LIDBY dzo

Y2NLJzda ¢Syt idaNIye OTtT OA 2t NRITLIGNBSIYyE 6 |
Ot LINRPYASYA246NDTI M O2LF Gt 1TASNBSYAOI N 2NI1T o
GEYAINb S T NBRyAOe 4 O3z aRHYORGK v 2 A &S 1R & dzNP2d 8 GikS
stopnia promieniowog 2 aA 2 ¢S32 Yyl cc® bl GS2 LRRadGlIgAS LRAT
gSeyt NI yS3az2o

W przypadkuO2 LI 61 A Tké yI oNI1 RIgSgRe X (ySle LIS
NE & dzy¥ publikacji67] oraz patentu[66]X ¢ (G35 NBY 2LINk O 1afl Gl oddz aa
geailtlldzsS NrxsyASd 1aldlod LNRFAfdz LASNI 0O2LF (]
NI SOT egAraitsSao 21ddzRINOITIF & Ad RRAVIANE RY2adn015dz 4RTF  NB & dak
patentowychi rzeczywistej geometrii.

QX

Lt2T06 02LIGS]1 & ﬂ)\SZOdzizéGIUI gelylL Ol 2yl VyI
GeYAlI NBY 2?3/)\3&)\3;/ L y F 2 NXpracy £38]. V\X/kol@jnymbltﬂoRYAOé g
R2LJ 426l y2 R2 A NY A 1|- 1FRUOdzo 6N T 1T éNXYol YA L
gelyl O1l SyaSs INJSRYA 24FRI SyAl LIfAalRe LJNEY)\S

LI fA&FRt yI NbogyS ()itl()}\cb

52RIF0G1262 alvY2 X2 @56 g/NrSo WKLl |1 | ietndoafieS 6Soy
2R0AS3AIF 2R NI SOT @gAaiS3ap7PLINg BRI GRY dApS t @F VW2 OY &
gAR201yS3a2 fdd dz 2aA2¢6S32 Rfl ylF2RIfali 32 1T noll
A0NRBYye OBZRIGIRZS2Do NIi21 OA fddsg yAS T 2adl 08 LR2F

NRT LN g& gelyl Ol eov 41 NI21T0OA fdd 56 TINJ;Q’J)[Q 2aA
2Re1T 2NRGF YAl NIidzisg 3IS2YSONRA T R2a0t LIWEBUYA & NI
oow2R2ge Tkg yI FylFrtAlt 2SRyS2 0O2LI G1A 12aGF0 LRY

bl 6FTAS R2a0GtLIWYeOK 2LINI O2¢1 23X Lzt A1l O2A A
NET RTAIFIOFOKOIEZ 2Rg1I 2NRgIy2 02 LIdRaA 21NERA SYNE-2l g 3 S5
1FROdzol 6SéyeiNIyWwS3IA2a RIASRFAS 0O2LF G1A LINRYASYAZ2S

widnieje naRys41.

X, ﬁ

L'_T_T_I_

/ d-d-d-d-d-

Rys4l® 2 AR21 yI 2a&l RI Swii Bimikogel dtopnjaiprorhighBwibsoyeya® 1 RUdz0 A S
gSeytiNIyey 6 9tS]TUNRBoYA . SOOKI (s g
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»S g1 3Aftt Rdz Yyl ONI | Sy TdNMHUGaAR 6 12RYAHK Yy AR Y X td
LINEYASYA260D || 6NYoO6SY 6 LINBRBEZARD A6 RRWIACNIAVRYYS 1
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05 mm

Rys42d 2 | NIi21 OA fusiizeinieniand®] YYANLBIEEES Y S SHVD S W FRIY GA@BNDAYE My )

Napodstanea T { AOs5 6 ge |2yl y2 3S2 Y&@afidthgirzedStawietié & (G OS 3
domenyOA | OF & (i \witirfe® aRys43LIG & Y dz
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A 1,3mm

\%\7 B 0,1mm
‘ C0,1mm
By
D 1mm S i |

Rys44d 52 6 5 NJ fulehjsydh nq ppdstawile odwzorowania grafilRys 42

W przypadkuluzu LJ2 YA t RT & mbconariastdpki 02 LIdii {82 R&A G g& | & NI
6 1 ROdAzoAS ZSHYt NNy EAES 20SyiNAL AaAt kBSaazdapR &da7]
zabiegwykonanyg 1 ¢ A Klkoinaasdektami:
-AYTF2NXEO2N 2R OAYO@YASNI NH2OK26S32 1 9ftS10ONRS
promieniowoc osiowym2 Ry 21 yAS fdzd 59 aitz2az2é¢lyeOK LINJe& (S2 1:
-zﬁéiszélyAéY I3S2YSGNRAA T NBRIdAS 52 R2I&A (1t Led IOKE
geailtLldznde ¢ Gey YAS2aldz 2Said LRYA2FHEYAS YIOeo
-R2LIJ 4261 yASY aiat Y2024l yAl aG2LI A R2 6NYodz o
eksploatacji.
/| KONO 21 NBITftAD yl2ol NRIAS 1 6f A0 XRY SFRR2 ONRILS @il ¢
R2YSyl Llvéydz 206S8S2Ydz2S O1It1 6 UELJIu‘[)\ L2 LINI SRT I 2n

tFANI DO LR ({NGSY yILIWesgdz LI NE yI O2LIG1t LINRY)
LIV 212t A0T yeOK T YAlLY LN SROR Gzl ¥RIDs2R261 y& ar

4.2. Dyskretyzacja

52YSyl Lweéeydz A OAlLOF adGrkovsS3az2z R2 FylFtAaTe | C
gASt21 OASyySed wadz2azglty2 Fdzi2YFG&aolyn | RFELII
St SYSyilis g diény 2apokazano ¥iarjsunku 8. Waii g @ 3INI yAOT yS an {2y
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4.4. Warunki brzegowe do analizy CFD
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Rys47. Krzywa rozruchu i odstawienia analizowanej jednostki

%S g1 3ft Rdz yI ONI 1 AYyF2NXIO2A fAGSNI GdzNR geé OK
dzaGFt2y2 2SS yI LRRAINI S$ABe 5§ H2RFS Y @ALINGRSIAY IS I (1A Y
LINI SLI0e g b 8AY21 06 aGNHzZYASYAl YI aB21T YRSYyYgI2066Yy OF |
OAT YASZ LIRYAt RI &geonfiediih Syl 2N G eR2 (iBxalLlRi e02A GSYLISN
wlocie zdefinid  y2 OAT YyASYAS geft2026S 1 3IS2YSONAAZI LINJ
I NI SOilegratey LN SLIwegSYo

W przypadku analizy CFD jako krok czasowy symulacji zadano 5 sekund. W takim przypadku
dla analizy rozrualotrzymano :
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4.5. Warunki brzegowe do analizy CSD
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Rys48. Utwierdzenie geometrii do analizy CS[z, ddebranie punktu swobody w kierunku osi OZ%, 2
odebranie punktu swobody w kierunku osi OX, &lebranie punktu swobody w kierunku osi OY.
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4.6. Wyniki D
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Wyniki analizy CFD przedstawionoRs 49 - Rys 55.
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Static Temperature
[K]
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560.30
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Static Temperature
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4.7. Wyniki CSD
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rozruchu i odstawienia turbiny.
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----- Rm-rozcigganie
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4.8. Podsumowanie analizy TherngFSI odwzorowania numerycznego
awarii stopnia promieniowe osiowego
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