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Kurzfassung

Der integrierte solare Kombikreislauf (ISKK) kombiniert die Vorteile erneuerbarer, sauberer
Energie mit Gasund Dampfturbinenkraftwerken (GuRraftwerk). GuD Kraftwerke sind dank

ihrer hohen Effizienz, schneller Startfahigkeit und relativ geringer Umweltbelastung weltweit
anerkannte thermische Kraftwerke. Zusatzlich unterstttzt ihr flexibler blockbasierter Redispatch
den Anteil an erneuerbarer Energie, was zeddlierung des Kohlenstoffausstof3es beitragt. Die
ISKK-Kraftwerke kombinieren ein Solarfeld mit einem G#kaftwerk, um den Effizienzgrad

von Solarkraftwerken zu erhéhen und gleichzeitig die-E@issionen von GubKraftwerken zu
senken. In dieser Arbeit wurden experimentelle und numerische Untersuchungen des ISKK fir ein
bestehendes ISKKraftwerk in Kuraymat, Agypten, durchgefiihrt. Hierbei wurde zum einen eine
numerische Untersuchung durch FEger und Exergieanalyse und eine dynamische
Prozesssimulation durchgefihrt. Zusétzlich wurden diese Betrachtungen durch experimentelle
Untersuchungen von zweiphasigen dynamische Instabilitdten im Abhitzedampferzeuger (AHDE)
erganzt.

In der Energie und Eergieanalyse wurden der thermische Gesamtwirkungsgrad und der
exergetische Wirkungsgrad jeder Komponente im 1S&tiftwerk fur unterschiedliche solare
Warmeeintrage und Umgebungstemperaturen berechnet. Die Analyse ergab, dass der exergetische
Wirkungsgradder Anlagenkomponenten seinen niedrigsten Wert im Solarfeld hat, gefolgt von der
Brennkammer. Weiterhin nehmen der thermische Wirkungsgrad und der exergetische
Wirkungsgrad des ISKKKraftwerks insgesamt mit steigender Umgebungstemperatur ab und
erreichenhre hochsten Werte im kombinierten Betriebsmodus. Aufgrund dieser Ergebnisse wurde
eine Untersuchung zu den Quellen der Exergievernichtung im Solarfeld durchgefuhrt. Um die
Grenzen und Mdglichkeiten von ISKKraftwerken und deren Regelungsstrukturen zudrtam,

wurde anschlieBend ein anspruchsvolles dynamisches Prozessmodell der Anlage mit der Software
APROS entwickelt. Das Modell beschreibt die Anlage mit einem hohen Detaillierungsgrad,
einschlielBlich des Solarfelds, des Abhitzedampferzeugers und detluigsgtrukturen. Das
entwickelte Modell wurde unter Verwendung der betrieblichen Auslegungsdaten abgestimmt und
anhand tatsachlicher Messungen validiert. Es wurde eine dynamische Analyse von vier
verschiedenen Tagen durchgefuhrt. AnschlieRend wurden whieléBionsergebnisse prasentiert

und mit den realen Messungen verglichen. Der Vergleich zeigte, dass der Verlauf der realen
Messungen mit hoher Genauigkeit vorhergesagt werden konnte. Folglich kann das validierte
Modell das dynamische Verhalten des ISKkaftwerks mit einem hohen Grad an Genauigkeit
simulieren und bei zukinftigen Planungsentscheidungen berlcksichtigt werden.

Schlie3lich wurden die dynamischen Instabilitdten der Zweiphasenstromung im AHDE untersucht,
indem Experimer mit demineralisiertem Wasser in einem Zweiphasenstromungsprifstand mit
einem horizontalen Verdampferrohr durchgefiihrt wurden. Die experimentellen Ergebnisse fur die
drei Haupttypen der dynamischen Instabilitaten (Dichtewellenschwingung,
Druckabfallschwigung und thermische Schwingung) wurden vorgestellt und im Zeid
Frequenzbereich verglichen. Die Vergleichsstudie zeigte, dass die Dichtewellenschwingungen
einen hoheren Frequenzbereich haben, von etwa 0,04 bis 0,1 Hz, verglichen mit den
Druckabfallschwngungen, die einen Frequenzbereich von etwa 0,012 bis 0,024 Hz haben. Die
Druckabfallschwingungen haben mit ihren niedrigeren Frequenzen im Vergleich zu den
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Dichtewellenschwingungen einen starkeren Einfluss auf die thermischen Schwingungen und
erhohen dieWahrscheinlichkeit des Auftretens eines Rohrbrands, da die Amplitude der

Oberflachentemperaturschwingungen entlang des Verdampferrohrs, die mit der
Druckabfallschwingungen verbunden sind, bis zu 60 °C erreichte.



Abstract

The Integrated Solar Combined Cg¢lSCC) features the advantages of renewable clean energy
with combined cycle. Theombined cycle gas turbine (CCGT) power plaats the most
recognized thermal power plants for their high efficiency, fast-sfacapability and relatively

low environmatal impact. Moreover, their flexible unit dispatch supports the share of renewable
energy, which contributes to carbon mitigatibhe ISCCpower plants integte a solar field with

a CCGT power planto increases the efficiency of solar power plants /kigécreasing the GO
emissions ofCCGT power plantdn thisthesis experimental and numerical investigasafi the
ISCCwere performed for an existinf§CC power plant in Kuraymat, Egy@n one handenergy

and exergy analyses well agdynamic proces simulatiols werecarried outOn the other hand

an experimental investigation wgserformedfor two-phase dynamic instabilities in the Heat
Recovery Steam Generator (HRSG).

In the energy and exergy dysis, theoverall thermal efficiency and the exergetic efficiency of
each component in thiSCC power plant were calculated for different solaat inputsand
ambient temperature¥he analysis indicated that the exergetic efficiency of the plant components
has is lowest value in the solar fiefdllowed by the combustion chambéiurther, the thermal
efficiency and the exergetic efficiency of ts8CCpower plant as a whole decrease with increasing
ambient temperature and have their highest values in the comtyinledregime of operation.
Owing to these results, an investigatamthe sources of exergy destruction in the solar field was
conductedThen, b evaluate the limitations and capabilities of ISCC power plants and their control
structuresa sophisticate dynamic process model dfeplant has been developed using APROS
software. The model describes the plant with a high level of detail including the solar field, the
HRSG and the control structure¥he developedmodel wasinitialized using the operatiai
design datand validated usingctual measurements. Dynamic analysis of different four days was
performed then the simulation results were presented and compared with actual measurements.
The comparison showed that the course of the actual measuremeadtbe predicted with high
accuracy anthe developed modehn be considered in future planning decisions.

Finally, the dynamic instabilities of the twahase flow in the HRSG were investigated by
performing experimentgsing demineralized water antwo-phase flow test rigvith a horizontal
evaporator tuberhe experimental results for theain three types afynamic instabilitiegdensity
wave oscillation, pressudrop oscillation, and thermal oscillatiomjere presented and compared
in time and frequency domainslhe comparison study showed that the density wave
oscillatiors (DWOs) have a higher frequenciesange, ofabout 0.04 to 0.1 Hx,ompared with the
pressura&lroposcillatiors (PDOs), which have afrequencies range of about 0.012 to 0.024 Hz. The
PDGs, with their lower frequencies compared to DWOSs, have a more significant effect on thermal
oscillations and increase the likelihood of tube burnout occurBige the amplitude of the
surface temperature oscillations along the evaporator tube, assoititettie PDOs, reached
60 °C.






Xi

Table of Contents

e 1] = T =PSRRI I
EPKIAIUNG . .ottt eeeea bbb e e e e e et e e e enen e v
(174 1= 1] o T TSP PPPPPPPPP Vil
Y 011 7= V! RSP IX
TabIe Of CONIENLS.....eueiie ettt e e e enan s Xi
IS A0 = 1 =P XV
LIST OF FIQUIES.....eeiiiiiieieee ettt ettt et e e e e e e e e e e e XVii
I\ 1T T F= L =SSR XXi
SYMDIOIS. .. e e e e e e e e e e aens XXI
GrEEK SYMDOIS. ...eiiiiiiiiiiiiiee e XXii
YU 1S ] ) =P XXii
Abbreviations and ACIONYMIS ... ...iiiii i eeeeeee e rmme e XXiii
(@ gF=T ¢ L= g 8 [ 1 0 o [FTox 1o ISR 1
1.1 Background and MOtIVatIQN...........cceiiiiiieeee e ceeeiicce e eeeeeeee e e e e e e 1.
1.2 ReSearch ODJECHIVES........cccoc et 4
1.3 StateOf the Al ..o e e e e e e e e e e e mnne e e e e e e 6
1.3.1 Energy and EXergy ANAIYSES........ccouvuiiruiiiiiimreeeeeeise e eeemrn s 6
1.3.2 Dynamic Process SimuUlation...............uuuuuuiiiiiccreeeieiiiiese s eeeemrne e 8
1.3.3 Two-phase Flow Dynamic Instabilities.................coovvriiimemee e 10

1.4  Outling Of the TRESIS........oii i ereer e e e e e e e e e e eemees 11
ST U1 o] [ Tox= 11 o] o KU PPPPPPRPRR 12
1.5.1 Publications in International Pesrviewed Journals:............ccccovvvvvvvvieeneeeenn. 12
1.5.2 Manuscripts for Publication in International Peeviewed Journals................ 12
1.5.3 Publications in Pearviewed Conference Proceedings:............cccccuvvrvvieennnnns 12
Chapter 2Energy and Exergfinalyses Of ISCC.........ccooiviiiiiiiiiiiiieeeee e 15
/2205 N |01 0o [T 1 [0 o PRSP 15
2.2 Plant DESCIIPLION . .....cii it eeee e e e e bbb e e e e e s aeereeeeee e 15
2.2.1  SOIArFIEIA....ceeeiieiiiieeeee e 17
2.2.2 CombBDINEd CYCIE... oo i ettt 21

2.3 ThermodynNamiC ANAIYSIS. ... ... it eeeeiee e e ettt rrne e e e e e e e e e e eeeeerennanne 22

2.3.1 ENErgy BalanCe.......c.oooeiiiiiiiiiiiceee e 23



Xii Table of Conterst

2.3.2  EXErgy ANAIYSIS....ccccii i i e e ittt 28
2.3.1 The Measurement Devices in the Kuraymat Power Rlant....................ccc.... 30
2.4  ReSUltS and DiSCUSSIQMN.........ceeiiiiiiiiiiieeee e e et eneess bbb e e e e eeeeeeesenans 31
2.4.1  Solar Field MOGEL........uuiiiiiiiiiii e 31
2.4.2 Solar Conversion EffiCIENCY......cccceiiiiiiiiiiieeeeee e 36
2.4.3  EXergy FIOW Diagram.............ceiiiiiiie e e ceeeiiiiiie e e e e e e e e e e e e e eeeaeeea e e e e e e e e aaeeeeeannnnnns 37
2.4.4  Overall Thermal Efficiency of the ISCC Power Plant............cccoovvviiieeenrnnnen. 41
2.4.5 Exergy Destruction in Each Component of the ISCC............ccooviiiiiiieeneeenen. 41
2.4.6 Exergetic Efficiency of the Main Componemisthe ISCC................ccccviiiiiienns 43
2.4.7 Exergetic Efficiency of the ISCC Power Plant.............cccccoovviiccceies 45
2.4.8 Investigating the Sources of Exergy Destruction.............c.ooovvvviccceeeeeeeeeeeenne 46
Chapter 3Dynamic Process Simulation of ISCC................ooooeiiiieeee e 49
G 700 R |11 0T U Tox 1 o o T 49
3.2  Mathematical MOUEIIING.........ouiiiiiiiiiiie e 50
3.2.1  Gas Turbine SIMUIALION.........ccoeiiiiieeeeeee e 54
3.22  HRSG SIMUIALION.......cceiiiiiiiiiiiies e e e e e e e ernesa s e e e e e e e e e e e e e eeeeeesannes 55
3.2.3  Solar Field SimUIAtioN..........cuuiiiiiiii e 60
3.2.4 Dynamic Boundary ConditionsS...........cccoiiiiiiiiiiimmme e 63
3.3 RESUILS @nd DiSCUSSIQMN......ccviiiiiiiiieieeii ittt e e e e e e e e e e e e e e e s s imnne e e e e e e e s aneneeeesanes 64
G0 704 R |V (o To 1= I IV 11 o R 64
3.3.2  Dynamic Model Validation...............cooiiiiiiii e eeeer e 66
Chapter 4Experimental Investigation of Dynamic Instabilities in HRSG.................ccc..e. 73
g R [ 01 (o o (U Tox 1 o] o RSP P PP 73
4.2 Technical Fadamentals............ooooiiiiiiiiiiee e 74
4.3 Dynamic InstabilitiesS MeChaniSMS............iiiiiiiiiiiiicceiii e e 76
4.3.1 Density Wave OSCIllations..........cccooiiiiiiiiiiieees e 77
4.3.2 Pressure Drop OSCIlatioNS...........cooviiiiiiiiiieees e 78
4.3.3  Thermal OSCIllatiONS...........uuuuuiiiiiii e e e e e e e eeees e e e e e e e e eeeeeeeeeenens 80
4.4 CharacteriStiC PreSSUIe CUNVES..........vvuuuurrueeiimmreeeeeesesennnnnaasssesemesssssssnnnaaseeeens 80
4.5 Characterization of the Developed TeSt RIg..........cooiiiiiiiiiimmmn e 81
4.5.1 Design of Evaporator TUBE...........ciiiiiiii e 86
4.5.2 The Orientation of the Heated TASIDE...........ccccvviiiiiiiiiiicce s 87
VBTG TN \Y (o To (=TS0 @ o T=T = 11 o o 1 88

4.5.4 The Test Rig INStrumentation.........ccoooviiee e e e e sceeeccce e eeee e e 389



Table of Contents Xiii

4.6 RESUItS aNd DISCUSSIQM.....uuuuiiiiiiiiiiiiie i eeeeieeee et e e e e e e e e e e e e s s s s ssmmme e e e e e e e s s s ssaebeebeeanes 89
4.6.1 Density Wave OSCIllation...............uuuuuuiiiiiceeeeiiiss e e errms e e e e Q0
4.6.2 Pressure Drop OSCIllatiQn..............uuueeiiiiiiceeeiiiiris e errne e e e 94
4.6.3 Thermal OSCIllatioN...........cooiiiiiiiitirrer e ereer bbb e e eaeaeeee s a8

Chapter 5Conclusion and OULIOOK..........coiieiiii e ceeeie e eeee e 101

5.1 Energy and EXergy ANalYSIS......cccoiieiiiieiiiiiiiieeeii e e e eeeeeetenne e e e 101

52 Dynamic Process SIMUIAtioN...........ooouiiiiiiieene e 102

5.3 Experimental Investigation of the Twahase Flow Dynamic Instabilities in the HRSG

103
S A © 11 1 o o ) 103
Y o] 01T 06 [ TP PSPPI 105

A.1 The Experimental Results of the Second DWO...........ccccuviviimmmniiiiieivieeeeeeeee 105

A.2 The Experimental Results of the Second PDO.............oooiiiiiimn i 109

A.3 The Experimental Results of the Second Thermal Oscillation..............ccccovieeeeee. 113

BIDHOGIAPNY ...t a e e e e e e 115






XV

List of Tables

Table 2.1 The solar field design parameters [25], [26], [B4]......ccoerrriiiiiiiiiiic e 17
Table 2.2 The main specifications of the cagis parabolic trough collectors in Kuraymat ISCC
(101N o o] =T o TR PPPPPPPPPPPRIN 19
Table 2.3Therminol VR1 main SpecifiCations [74] ... 20
Table 2.4 Typical optical parameters and correction values for the solafig]d................. 26
Table 2.5 Coefficients for receiver heat loss with vacuum annulus................cccccveeeeeennnnn 27
Table 2.6 Definitions of the exergy destruction and second law efficiency....................... 29
Table 2.7 Plant meaurement devices and their aCCuracy............cccoevvvvvieeeeiiee e, 31
Table 2.8 Exergy rates and other properties at various locations of ISCCS, state numbers refer
PO FIQUIE 2.4 ettt ee ettt ettt et e e e e e e emmmr ettt e et e e e e e eaeaaaa e e e e 37
Table 2.9 Exergy, percent foexergy destruction and the second law efficiency of different
COmMPONENES OF tNE ISCIC.... .t e e e et e e e e e e e s ammreeeeeaeeeas 40
Table 3.1 Nets structure and functions of the ISCC madel...............oooviiice el 54
Table 3.2Initialization of the HRSG higipressure heating modules...................coovveeenn. 57
Table 3.3 Initialization of the HRSG lowpressure heating modules...............cccoovvvveeenn.. 59
Table 3.4 The solar field design parameters [81],[65].........cvvvvrruiviiiiccee e 60
Table 3.5 The specifications of the HTF heat exchangers.........ccooooooeiiiiceeiiiiiiiie e 62
Table 3.6 Reference steadstate cases description (operational design data)................... 65

Table 3.7 Comparison between the simulation results and the operational design.data..65

Table 4.1 Data of the reference HRSG (provided to DErmstadt by Doosan,).................... 86
Table 4.2 The values of the dimensionless NUMDBELS.............ccoovvvieee e 87
Table 4.3 Characteristics of the developed teStrig...........oiiiiiiiiiiiccc e 87

Table 4.4 The accuracy of the test rig measurement deViCes...........cooeevvvvieemeeviiineeeeeennnnn. 89






XVii

List of Figures

Figure 1.1 Layout of an ISCC POWEr PIaNt........ccooiiiiiiiiiiiieee e 3
Figure 2.1 Schematic diagram of the Kuraymat ISCC power plant...............cccoevveeeeennnn. 16
Figure 2.2 Main components of the SKAET collector [71].......cooovvviiiiiiiiiisieeevicnn 18
Figure 2.3 Layout of the HRSG of Kuraymat ISCC power plant............ccccovvvvvieeeneeeeeen. 22

Figure 2.4 A flow diagram of the Kuraymat ISCC power plant with state points illustratic2v

Figure 2.5 The row shading that occurs during tracking of solar collectors from early to mid

(aaTe] g aT o o | AT PSSP P PP PP PPPPPPPPPP 25
Figure 2.6 HCE @nd I0SEL7]....ccooiiiiiiiiiii e eeee st eeees bbb e e e e e e e e e e eeemeees 25
Figure 2.7 DNI measured at Kuraymat ISCC power plant on June 21, 2011; September 21, 2011,
and December 21, 201 L. .......ooiiiiiiiiiiierer ettt e e et e e e e e e e e anar et e aaaeaes 32
Figure 2.8 Measued and predicted thermal output from the solar field fodgae 21, 2011,
(b) September 21, 2011 and @@cember 21, 2011........oooviiiiiiiiiiii i 32
Figure 2.9 Rates of heat absorption and heat loss from the solar field fdurfa) 212011,
(b) September 21, 2011, (December 21, 2011........cuiiiiiiiiiiiiiiii e 33
Figure 2.10The value of coslon June 21, September 21, and December.21.................. 34
Figure 2.11Solar field thermal power output VS. DNL...........oooiiiiiiiiiiiimee e 34
Figure 2.12Solar field thermal efficiency vS. DNL.........coooiiiiiiiiie e 35
Figure 2.13Solar field thermal power output vs. incidence angle...........ccccccoeeiiieaennnnnnnn. 35
Figure 2.14Solar field thermal efficiency vs. incidence angle.............ccccoovvvvieeeee e, 36

Figure 2.15 Solar radiatiorto-electricity efficiency of the Kuraymat ISCC at different ambient
temperatures for solar thermal heat INPUL............oooiiiii e 36

Figure 2.16 Solar thermato-electricity efficiency of the Kuraymat ISCC at different ambient
temperatures for solar thermal heat INPLL..............euiiiiiiiier e 37

Figure 2.17The T-S diagram for the Rankine cycle of the Kuraymat ISCC power plant..39
Figure 2.18Exergy flow diagram, given as the percentage of total exergy input for the 18CCS

Figure 2.19The overall thermal efficiency ohé power plant at different ambient temperatures
for different solar heat INPULS...........coovviiiii e ereen e e AL

Figure 2.20Exergy destruction in each compohehthe ISCC to the total exergy destruction of
the plant at different ambient temperatures for solar heat input equi\t0.Q.....................: 42

Figure 2.21Exergy destruction in each component of the ISCC to the total exergy destruction of
the plant at different ambient temperatures for solar heat input equaM@/50.................... 42



XViii List of Figures

Figure 2.22 Exergy destruction in each component of the ISCC to the total exergy destruction of

the plant at different ambient temperatures for solar heat input equaMW/75.................... 43
Figure 2.23 Exergetic efficiency of different components of the ISCC at different ambient
temperatures for solar heat input egiEaD MW ... 44
Figure 2.24 Exergetic efficiency of different components of the ISCC at different ambient
temperatures for solar heat input equal tdVBU ..o A4
Figure 2.25 Exergetic efficiency of different components of the ISCC at different ambient
temperatures for solar heat input equal tMES ............cccoeeeiiiiiiiiie e 4D
Figure 2.261SCC power plant exergetic efficiency at different ambient temperatures for different
SOlar NEAL INPULS.....ccce e e e e e s smmman e e e e e eeeeeaeeee s D
Figure 3.1 Schematic of the gas turbine net in APRQS.............oooviiiiiiei e, 55
Figure 3.2 Schematic of the HRSG net in APRQOS........oooiiiiiieeee, 56
Figure 3.3The HP drum level CONtroller...........oooi i 58
Figure 3.4 Schematic of the solar field net in APROS..........oooiiiiiie e 61
Figure 3.5 TheHTF flow rate control CIrCUIL............coouiiiiiiiiieeer e 63
Figure 3.6 The rates of heat absorption from the solar field for four days: (a) 20.07.2013,
(b) 21.07.2013, (c) 30.08.2013, (d) 04.09.2013......ccuiiiiiiiiieiiieeeeieiieeeeee e e e emme e 67
Figure 3.7 The feedwater mass flow rate for four days: (a) 20.07.201321(By.2013,

(€) 30.08.2013, (d) 04.09.20L3.....cceeeeiiiiiiieiee e eeeeteee et e e e e e e e e e e e e e e s s srmmne e e e e e e e e rre e anenan 67
Figure 3.8 The steam mass flow rate for four days: (a) 20.07.2013, (b) 21.07.203G6,(8)2013,

(o )0 0L 2 0 e S SUERUPUPRRR 68
Figure 3.9 The steam pressure before the steam turbines for four days: (a) 20.07.2013,
(b) 21.07.2013, (c) 30.08.2013, (d) 04.09.2013.......ceeiiiiiiiieeeeceeeeeeieeeeee e e e e e e e e e e e e emmn e e e 69
Figure 3.10 The steam temperature before the steam turbines for four days: (a) 20.07.2013,
(b) 21.07.2013, (c) 30.08.2013, (d) 04.09.2013......ccuiiiiiiiiiiiiieeeeieieieeeeeeee e e e 70
Figure 3.11The electrical power output of the ISCC power plant for four days: (a) 20.07.2013,
(b) 21.07.2013, (c) 30.08.2013, (d) 04.09.2013......ccuiiiiiiiiiieieceeeieeiieeeeeee e e e e e e e emme e e 70
Figure 4.1Flow patterns in the horizontal heated pipe [L05]........ccccoeeiiiiiiiieemrciiiee e, 75
Figure 4.2 Flow pattern for water leaving the evaporator tube with various mass flow1@éds
.......................................................................................................................................... 75
Figure 4.3Flow map for the horizontal heated pipe by [107Z].........cccvviiiiiiiieeeiiiiieee 76
Figure 4.4 Static vs. dynamiC iNSTAMIES .............uuiiiiiiiiiiiiiiceeiiiiiiiieieeee e eeee e O
Figure 4.5Density wave OSCIllatioNBLO6] .......ccooii e 78
Figure 4.6 Pressure drop osCillations [L06]........ccooeeiiiiiiiiiiiienn e 79
Figure 4.7 Measured pressure drop for water through the evaporator tube.[106]............ 81

Figure 4.8 Process and instrumentation diagram of the developed test.rig...................... 83



List of Figures XiX

Figure 4.9 CAD model of the developed teSt Mg........cccooeeeeiiiiiiiieeei e, 84
Figure 4.10The GUI of the twephase flow test rig developed by the LabVIEW program. 85
Figure 4.11The internal characteristic curve of the evaporator tube..............cvvvveeeen. 90
Figure 4.12The variation of the inlet mass flow rate of the evaporator tube during the.D3¥O
Figure 4.13The variation of the pressure drop in the evaporator tube during the. DWQ..91

Figure 4.14 The variation of the inlet mass flow rate of the evaporator tube during the DWO in
the frEqQUENCY JOM@UN. ... ...uiiiiiiiiiiii e eeeer ettt e e e e e e e e e e e e e e e e ammme e e e e e e e e e e e 92

Figure 4.15 The variation of the pressure drop in the evaporator tube during the DV
LTC=T0 (L= Toa Vo (o] 1 0= 1o PSP 93

Figure 4.16 The variation of the pressure drop in the evaporator tube during the.PDQ...94
Figure 4.17The variation of the inlet mass flow rate of the evaporator tube during the .PE8O

Figure 4.18 The variation of the pressure drap the evaporator tube during the PDi®Othe
LLCEI0 (91T 0103 VA0 (o]0 0=Vl o o PP PP PP PUPPPUPPPPPPN 96

Figure 4.19The variation of the inlet mass flow rate of the evapmrtube during the PDO in the
LLCEI0 (91T 0103 VA0 (o]0 1=Vl o PP PP PP PPPUPPPPPPN 97

Figure 4.20The \ariation of the surface temperature alongdtiaporator tube during the DWO

Figure A.2 The variation of the pressudeop in the evaporator tube during the second DW®

Figure A.3 The variation of the inlet mass flow rate of the evaporator tubeglthe second DWO
IN the freqUENCY JOMAIN........coiiii e eeme e e e e et e e e s eeeneeeeaaaanas 107

Figure A.4 The variation of the pressure drop in the evaporator tube during thedse®dO in
the frEqQUENCY JOM@UIN. ...ttt e eeee et r e e et e e e e e e e e e e e e s s s e e e e e e eeee s 108

Figure A.5 The variation of the inlet mass flow rate of the evaporator tube during the $&io@nd

Figure A.6 The variation of the pressure drop in the evaporator tube during the second RDO

Figure A.7 The variation of the inlet mass flowte of the evaporator tube during the second PDO

Figure A.8 The variation of the pressure drop in thegorator tube during the second PDO in the
LLCET0 [V =T 103V e [0 110 T= 11 o S 112



XX List of Figures

Figure A.9 The \ariation of the surface temperature along the evaporator tube during the
{7 oTo] 80 B VLY PP P PUPPUPPPPPR 113

Figure A.10 The \ariation of the surface temperature along the evaporator tube during the
STt 0] 0 J 15 L P 114



XXi

Nomenclatures

Symbols

A

a,b
BelShad
D
EnvTrans
f

GeoAcc
h
HCEabs
HCEdust
HCEmisc
E

Hy

)

L

MirClin
MirRef

I

Ncollectors

RecHL
2 A

S

T

TrkTwstErr Twisting and tracking erraassociated with the collector

Area

Constants

losses from shading of ends of HCEs due to bellows
Diameter

The transmissivity of the glass envelope

Focal length of the collectors

Mass flux

Geometric accuracy of the collector mirrors
Specific enthalpy

the absorptivity bthe HCE selective coating

losses due to shading HCE by dust on the envelope
a miscellaneous factor ewjust for other HCE losses
Specific enthalpy of vaporization

Fuel heating value

Rate of exergy destruction

Length

Mirror cleanliness

Mirror reflectivity

Mass flow rate

Numbe of the solar field collectors

Subcooling number

Pressure

Phasechange number

Heat flow rate

Rate of heatbsorbedrom the solar radiatioper unit Area

Rate of heat addition to the ISCC from the solar field
heat loss from thsurface of the receiverer unit Area
Reynolds number

Specific entropy

Temperature

[m?]

[-]

[-]
[mm]
[-]

[m]
[kg/sm?]
[-]
[kJ/kg]
[-]

[-]

[-]
[kJ/kg]
[kJ/kg]
[MW]
[m]

[-]

[-]
[kg/s]
[-]

[-]
[bar]
[-]
[MW]
[W/m?]
[MW]
[W/m?]
[-]
[kJ/kg-K]
[°C]

[-]



XXii

Nomenclatures

q

OOOOOOCDCDCD\I\IEC
=
=

Velocity

Collector aperture width

Power output

Net poweroutput of the power plant

Total rate of exerginput to the power plant

Rate of exergy of th air after the compressor

Rate of exergy of the exhaugtises after the combustor
Rate of exergy of the exhaust gases after the gas turbine
Rate of exergy transfer by heat

Rateof exergy transfer by work

Greek Symbols

U

C«

—t-

¥

Subscripts

amb
av
CP
e

elec

Directly proportional
Declination angle
Difference

Theratio of chemicalexergyand the net calorific value]
Efficiency[-]
Incidence angle
Zenith angle
Dynamic viscosity
Density
Summatioroperator
Exergy

Specific exergy

Hour angle

Ambient

Average
Condensate pump
Exit

Electric

Liquid

[m/s]
[m]
[MW]
[MW]
[MW]
[MW]
[MW]
[MW]
[MW]
[MW]

[-]
[degree]
[-]

[-]

[-]
[degree]
[degree]
[kg/m:s]
[kg/m?]
[-]

[kJ]
[kJ/kg]
[degree]



Nomenclatures

XXili

FWP

g
GT

SFHEX
ST

Feed water pump

Vapor

Gas turbine

Inner

Inlet

Incidence

Thedead state

Source

Solarfield

Solar field heat exchanger

Steam turbine

Abbreviations and Acronyms

APROS

ASPEN
HYSYS

CAD
cc
CCGT
CSP
CSPP
DAQ
DNI
DWO
ECO
EVAP
FG
FW
FWP

GT
GEF

Advanced PROcess Simulation software
Chemical process simulation software

ComputerAided Design
Combustion Chamber
Combined Cyclésas Turbine
Concentrated Solar Power
Concentrated Solar Power Plant
Data Acquisition

Direct Normal Irradiance
DensityWave Oscillation
Economizer

Evaporator

Flue Gases

Feedwater

Feedwater Pump

Generator

Gas Turbine

Global Environmental Facility



XXiV Nomenclatures
GUI Graphical User Interface
HCE Heat Collection Element
HRSG Heat Recovery Steam Generator
HTF Heat Transfer Fluid
HP High-Pressure
HPST High-Pressuré&team Tubine.
IAM Incidence Angle Modifier
ISCC Integrated Solar Combined Cycle
ISCCS Integrated Solar Combined Cycle System
LP Low-Pressure
LPST Low-Pressuré&team Turbine
LEC Levelized Energy Cost
MATLAB  Matrix Laboratory
MENA Middle EastNorth Africa nations
MST Main Supply Tank
NI National Instrument
NREA New and Renewable Energy Authority
NREL National Renewable Energy Laboratory
OFT Overflow tank
PDO Pressurdrop Oscillation
Pl Proportionalintegral
PNID Process anthstrumentation Diagram
PTC Parabolic Trough Collector
RTD Resistance Temperature Detector
SAM System Advisory Model
ST Steam Turbine
SEGS Solar Energy Generation Systems
SH Superheater
SRC Solar Rankine Cycle
SDCC Solar Driven Combine@ycles
SCA Solar Collector Assembly

SCE

Solar Collector Element.



Nomenclatures XXV

ST Steam Turbine
TRNSYS  TRaNsientSYstemSimulation program






Introduction 1

Chapter lintroduction

In this chapter,the background and motivation for investigating the performance of inte
solar combined cycle (ISCC) power plaatepresented. Furthermorie objectives of the stu
and the methodology applied are explairéds is followed byan overview of historical reseal
and its state of the art, categorized by the methodology applied in this Hiesily, the outline
of the thesisandtheauth@® s publ i cat i o nreviewead jourmals &d corfdren
are presented.

1.1 Background and M otivation

Continuous technical progress in recent decades has significantly shaped the way of life and the
demands of the population, especially in industrial nations. However, this progress is also
accompanied by accelerating demand for energy, as both smallnappliand large industrial

plants are frequently powered by electrical energy. Electricity demand is growing worldwide faster
than any other form of energy consumption as a result of increasing population growth,
digitalization, emobility and sector coupig.

The share of electricity produced from thermal power plants continues to dominate total electricity
production worldwide, thermal power plants share more than 80% of electricity production
worldwide and are set to remain a major plafgerthe foreseable future[1]. Thermal power
generation includes electricity produced from coal (38.2%), natural gas (28uéear(10.2%),
petroleum (2.9%), and nenenewables and waste (9.8§4).

In this regard, reacing the amount of fossil fublurned and consequenttywering emissions of

carbon dioxide, a greenhouse gas associated with global waismogthe social and political
agenda. The increasing number of devastating floods, droughts and hurricanes in recent decades
which according to climate researchers alp due to marmade global warming, are urging the
international community to take measures to protect the climate and the envirohinmeeen of

the 14 warmest years on record have all happened this century. Recent analyses show that curren
action bygovernments around the world is not sufficient to prevent warming of more fiéah\3

the end of this centyy with rises of £C or even 6C not excluded2]. Hence, with a critical

view of these serious circumstances, it seems necessary to resort to other means of power
generation.Therefore, the increasing use of renewable energy sources as a supplement to
conventional energy supplies is gaining importance.

Energy from renewables is expected to make a significant contribution to the carbon mitigation
required for achieving the European and global climate change mitigation goal of keeping the
maximum average global temperature rise below°@.$3]. The European Union and their
member states intend to promote the expansion of renewable energy soutrtessoiB3®b of the

gross final energy consumption by 2030 because energy from renewables will play a key role for
the years after 2020 hese actions mainly include the promotion of renewable energy sources for
power generation with possible electrificatiof the heating and transport sectorkwever,the
levelized cosbf renewable energghouldbe less expensivia order to becompetitive with other

power generation technologidherefore, it is of increasing importance to advance the processing
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of renewable energiebke solarenergyas well as the development modern types of power
plants.Solar energyhas many technologies; one of the promising technologies is the concentrated
solar power(CSB technologywhich operates usingoncentratedolar collectors to get higher
temperéures than other technologieBhe options for thermal energy storage, hylsydtem
operation and the possible use as an efficient combined heat and power plant make CSP the most
flexible renewable electricity generation technology.

CSPtechnology is one of theolarenergy technologies that use mirrors or lenses, or a combination
of both, to concentrate the sun's rays and convert their energy into veitemgérature heat to
produce steam to drive steam turbines that generate electiibi#yconcentrated solar power
plant(CSPP)produce energy using steasimilarly to conventbnal steam power plants with
emissionfree, by collect direct solar radiation to get heataadtof nuclear or fossil fuelfor
sunny regions, solar thermal power pta. g CSPR, are an option for generating electricity with
renewable energies.

Many types ofconcentrating solagollectors have been developed to be used in CSP technology
like parabolic trough parabolic disks linear Fresnel reflecterand power towex Parabolic
trough collectorsfTC9 have been used in ma@sHPs Parabolic trough power plants are ready

for use today because they were tested on a commercial [BhasiEhis has been proven in
California since 198%y theparabolic trough powerlant, which h& succeeded in commercial
operation and generatkelectricity using a steam turbine connected to a generator as conventional
power plantsin the Mojave Desert (CalifornidJSA), nine parabolic trough power plants have
been generating solar power since the 1980s. Téelse electricity geerationpowe plants
produce a total of 35MIW of power[5]. They have demonstrated a letegm availability of
around 99%. The reliability of the components and the low operating and maintenance costs have
also been proven over many yedtswever, enewables normally provide fluctuating feladnto

the electricity grid so that energy reserves, e.g., energy storage systems or conventional thermal
power plants are required to achieve a balance between current electricity supply and @&fand.
technobgies can be coupled with heat storage technologies to produce electricity on demand
regardless of irradiation conditions, but heat storage technologies are not yet affordable.

Solar thermal technologies can also be integrated d¢otoventional thermal peer plantsto
increase the profitability of the CSPPEhis integration in fossil thermal power plants is an
economically interesting option for the prompt implementation of CSP technology while
maintaining a high level of security of suppRetrofitting thermal power plant$or flexible
operation can contribute to the integration of renewable energies into a modern power supply
system.The world society actively supports measures aimed at facilitatftexible and low

carbon energy economy.

The retroftting of existing fossHuel power plants as part of their modernization to solar hybrid
power plants is idealThe combined cycle gas turbin€@GT) power plants are the most
recognized conventional thermal power plants for their high efficiency, éastiptcapability, and
relatively low environmental impact. Besides, its flexible unit dispatch supports the increase in the
share of renewable feed. The high thermodynamic efficiency of the CCGT power plants sways
the world to widely construct thesewer plants.The modern concept e CCGT power plant

is mainly driven bytheincreasing performance of the gas turbine. Today, a 1 + 1 arrangement of
gas turbine and steam turbine in combination with a tppéssure heat recovery steam
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generato(HRSG)is state of the afR0]. According to the International Energy Agency (IEA) in
2018, gadired power generation accounted for approximate®p & the total share of worldwide
electricity generation, dominated by CCGT power pla@ts.the one hand, theominal process
efficiency of a largescale CCGT power plant with atnelectrical power of about 608W per
unit can reackevels greater than 60[3]i [6]. On the other hand, staté-the-art coalfired power
plants reach a net thermal proces$iciency of about 4% with single reheat and several low
pressure and higpressure feedwater preheaters THie CCGT power plants have the advantage
of absorption of the waste heat in the flue gas of a gas turbine usR§@installed downstream
of the gas turbine. The integjion of solar energy into these plamshnology is an effective
method for cleaner and cheaper power generatiooontributes to reducing the electricity
generation costs from solar energy technologies by using the alrastilygegomponents such as
the steam turbine, generator, pumps and condenser.

The integration of the CSechnologywithin a CCGT powerplants are known asn integrated
solar combined cyclel$CC). ISCC power plants consist of a solar fieldth a solar team
generator integrated into a conventio@&GT power planas shown irFigure 1.1. ThisISCCis
a hybrid power technology that combines a E8Rh a moderrCCGT power plant.

Feed water tank
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Figure 1.1 Layout of anlSCC power plant

There are two major benefits of this technology compared to aatane CSP.Since the CCGT
powerplant can operate contiously, the staitip and shutlown losses of the solar plant can be
minimized, and the incremental costs for a larger steam turbine in the G&@@&Tplant are less
than the overall unit costs in a GSPSCCpower plants feature the advantages of renewable clean
energy with efficienCCGT power plantthrough increasinghe efficiency of solar power plants
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while decreasing the G@missions of th€CGT power plantdSCC system improves the sclar
to-electricity conversion efficiencff] and the economic feasibility of the C&®In addition, it
increases the solar share, which leads to saving the fossil fuels used in thesg/plahite
decreasing the C&missiong8]. Also, the ISCC power plants assure the delivery of the required
electricity to the grid regardless of solar radiation conditions; unlike the-atand solar paer
plants.

The ISCCpower plants were initially proposed by Luz Solar International after studying them
since the 1990F/]. From 1990 to 2000, the building of new parabolic trough power plants has
stopped due to different economic reasons. In 2000, the Global Environment Facility decided to
grant up to $50 million for the construction of four ISCC power plants in sdeweloping
countries with high solar irradiation, most of them located in the Middle East rfjiomhis
decision increased interest in CSP technologiesnag@specially in parabolic trough collectors
[10]. The ISCC power plants could play a role as a major contribution to meeting energy demand
safely and reliablyThe solar integration technology helps to adapt and retrofit the existing power
plants instead of developing new onldswever,it haschallenges in the design and optimization

of retrofitting CCGT power plants

The ISCC power plang have several configurations to reduce the cast efficiencyof solar
integraton into power generain. These configurations can be classified according to the
utilization of absorbed solar heatt any stage of heating, as it can be used for:

U Evaporatnga part of the higipressure steam.

U Preheating with the previous layout.

U Superheating sectiomith the evaporation instead of preheating section.
U Evaporation section in addition totth preheating and superheating.

The ISCCcan beconfiguredby preheating the air with solar energy before entering the combustor
whichis calledad s o | ar i zieedlant{idjoosby teheatibg theas turbine exhaust gases in

a solar receiver before entering the HR3&. Results of studying the configurations by mean of
exergy analysis showed that the best choice is the utilization of solar leeaporation a part of

the highpressure steaconfiguration as shown ifrigure 1.1, due to its higher thermal efficiency
than the others and its low irreversibility at the HRS{13].

The retrofitting of CCGT power plants to ISCC power plants with parabolic troughs represents a
viable option to achieve relatively leeost capacity expansion and strong knowledge building
regarding concentrating solar powW&#]. The costs of replacing the steam turbith a greater

one when using solar energy with an existing CCGT power plant are lower than the overall unit
cost for a solapnly plant. Andthis will give the opportunity for improvement of the CSP
technology.

1.2 ResearchObjectives

The purpose of the research presented in this thesis isvéstigaé the thermodynamic
performance of the ISCC power plantBhis task was undertaketihrough numerical and
experimental research methodology.
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First, the numerical investigation of the ISCC was implemented through
1. Performingan energy and exergnalysis or the ISCC.

2. Developing and validatg a sophisticated dynamic process model representing the
Kuraymat ISCC power plant in Egypt using APROS software.

Second the experimental investigation was implemeriigdarrying out experiments for the two
phase flov dynamic instabilities that may occur in the HRSG of the ISCC.

The conventional energy analysis (based orfiteelaw analysis) gives the quantitative not the
gualitative assessment of the various losses occurring in the components of such solar thermal
system. Therefore the exergy analysis (based osett@ndaw analysis) should be used to get a
complete assessment of the various losses qualitatively as well as quantitatively. So, the exergy
analysis complements the energy analysis not to replacegyExalysis pinpoints the location of
thewasteal exergy, in additionto quantify the collection and useful consumption of exergy, which
leadsthe way to improve the systefnergy and exergy analysis of the ISCC power plant is carried

out to determine the plant performance ardicates sites of primary exergy destruction. Exergy
based performance analysis is the performance study of the system basedemorickaw of
themodynamics that overcomes the limit of studying the system based dirsthiaw of
thermodynamics. It assesses the magnitude and percentage of exergy destruction in each part of
the systemThen a sophisticated dynamic process model representing tlasidat ISCC power

plant in Egypt was developed using APROS software. All processes and automation are modelled
according to the specification of the reference plant. Moreover, actual measurements from the
reference plant are used for model validation. Tiuelys includes measurement validation to
analyze the influence of modelling assumptionsionulation results.

Since the gas turbine is an inherently flexible component, studies in the literature were largely
focused on the dynamic response of the wiaderam bottoming cycle. In HRSGdemineralized

water is vaporized using the hot exhaust gases from the upstream gas turbine, thus driving the
steam turbine. There are two different concepts for HRSGs. On the one hand, there is the vertical
HRSG with horizotal tubes, and on thether hand the horizontal HRSG with vertical tubes.
Depending on the construction and the working principle of the HRSG, there are more or less prone
to socalled flow instabilities. And concerning climate protection, it is a sigatitask to develop
evaporation processes in the HRSGs, because this can increase the efficiency of the power plants
and thus reduce GCemissions. It is important to understand occurring instabilities to prevent
unstable and unsafe operating conditionsnguthe evaporation process to increase the service life

of the HRSGs. In order to achieadetter understanding of this evaporation process, research is
being conducted in the areas of heat transfer, pressure drops, and instability phenomena in two
pha® (watersteam) flow.Therfore, an eperimentalinvestigation for thepressure drop and
dynamic instabilities in evaporation processes using demineralized water as the workingefluid in
horizontally oriented heatddbeat low pressurare presentedhe main focus lies on twphase

flow instabilities, in particuladensity wave oscillationQWO), pressure drop oscillatigi?DO),

and thermal oscillationd hese experiments ainto close the gap and contribute to experimental
research in the field of watsteam twephase flow with horizontal test sections exposeth&
forcedcirculation.
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1.3 State of the Art

At the beginning of the present century, research rose on this kingdvef ptants because of the

grants that are given by the Global Environment Facility to some developing countries. Many types

of researches have been implemented concerning the ISCCs. These researches study the ISCC from
different points of viewThehistorical research and its state of theaaet presented in the following
subsectiongategorized by the methodology applied in this thd$is methodology begins with
performing energy and exergy analysis followed by a dynamic process simuylétiem the
experimental investigation of thevo-phase flow dynamic instabilities

1.3.1 Energy and Exergy Analyses

In the following review, differenthermodynamic studiesere performed to investigate the
thermodynamic performance and the economic feasibility of the IS@@&rplants.

B. Kelly et al.[15] demonstrated that the ISCC power plant em@resents an effective path for
the continued development of PTC technology regarding the solar therglaktric conversion
efficiencies and the solar energy levelized energy cost (LH@conceptual plant desigirstheir
work were developed usinfpe GateCycle progranthe results showed that the solar thertoal
electric conversion efficiencies of ISCC will exceed those of a-®solgr PTC plant and this
technology provides further reductions in the solar energy levelized energy cost (LEC).

J. Dersch et al8], in collaboration with the International Energy Agency SolarPACES (Solar
Power and Chemical Energy Systems) organization, studied the advantages and disadvantages of
ISCC systems compared with solar electric generatystems (SEGS) and conventio@LGT

power plants The study showed the environmental and economic benefits of each ISCC
configuration.

J. Rheinlander et a[16] studied economically and technically ISCCS with PTCs and volumetric
air receiver tower for implementation in Egypt. The results showed that the two systems are the
same from the economic point of view.

A. M. Patnodd17] developed a comprehensive model of the SEGSs\guTRaNsient SYstem

Simulation program (TRNSYS) for the solar part of the systmd Engineering Equation

Solver( EES) program for the power cycle part. SE
This model evaluated the effects of solar field colleategradation, HTF flow rate control
strategies and alternative condenser desi gnos
system efficiency is insensitive to variations in the mass flow rate and solar field outlet
temperatures.

Y. Usta[18] created a model in the TRNSY'S simulation environment for the solar field and power
cycle of a largescale solar thermal power plant in Turkey. The results showed that the power plant
must include significant storage or backup heatfugd G.C. Bakos et al[19] uses TRNSYS
software to develop a model simulates the power boosting mode of operation foivd ERCC

power plant with PTC technology.

H. DerbatMokrane et al.[20] used TRNSYS simulation program to determine the annual
performance of an | SCC i n Al gqeforirderence cagseA Has
mathematical model of the main basic components in ISCC system was introduced. The results



Introduction 7

show that the combined cycle electric power remains constant. The solar electric power of the plant
increases until reaches a certain hbwowgh the day and then decreases.

A. Baghernejad et gl21] demonstrates the application of the exergoeconomic concept to optimize
an Integrated Solar Combined Cycle System (ISCCS). The optimization code that developed shows
that exergy and thernegconomic analysis improved significantly for optimum operation.

M.J. Montes et al[22] compared tB annual operation of ISCC system and conventional gas
turbine combined cycle (GTCC). The analysis showed that ISCC is more economic.

A. Rovira et al[7] used exergy analysis to determine the best layout for optimum integration of
solar resource with fossil fuel. Different ISCC coniigtions using PTCs working witHTF or

direct steam generation were used. The evaporative direct steam generation configuration was
found to have the lowest irreversibility at tHRSGand the highest thermal efficiency in the solar

field.

E. Pihl et al]14] assessed the optimal performance and cost of integrating parabolic troughs with
an existing CCGT power plant by developing a thesnonomic optimization model of the IEC
resulting from this integration using the Ebsilon Professional 9.0 softMaeeassessment showed
that the equivalent solar levelized electricity cost (LEC) from a retrofitted CCGT is less than the
LEC for the conventional CSP system and thermal stasaget economically attractive for the
ISCC.

G. Bonforte et al[23], P. lora et al[24], M. Mehrpooya et al25], and A. Baghernejad and M.
Yaghoubi[26] implemented exergetic analyses of ISCC power plaatsBonforte et al[23]
developed an exergenvionmental and exergeconomic model to analyze an ISCC power plant
in Southern Poland under the design conditions. The results showed thattemiSsons were
reduced by %. P. lora et al[24] presented a novel allocation method for the electricity produced
in an ISCC based on the exergy loss approach by implementergal exergy balances. They
showed that this method is reliable and as good as the conventional Separate Production Reference
method. M. Mehrpooya et 4R5] constructed a model using ASPEN HYSYS simulation software
and MATLAB code to exergetically analyze an ISCC with a Hieghperature energy storage
system. It was found that the largest gyelosses were at the solar collector, the energy storage
system, and the combustor.

A. Baghernejad and M. YaghoUB6] carried out energy and exergy analyses for an ISCC in Yazd,
Iran usingthe design data of the power plant. The results showed that the energy and exergy
efficiencies of this power plarare higher than those for a sSim@€GT power plantvithout a

solar contribution and those for steam power plants with PTC technology. @: 8eal.[13]
simulated the perfmnance of the first ISCC in Algeria, under HaRsHh me | climate con
results showed that the output power and the thermal efficiency increabedtiaytime than at

night by 126 and 16.56, respectively.Where theoutput power increased from 184V to

157MW and the thermal efficiency was imased from 57.5 to €4. On the other hand, the steam
turbine capacity was increased bybat the design point.

S. Wang et al[27] analyzed the performance variation of the solar field and overall ISCC using
advanced exergy analysis methods and hourly analysis within a typical day. The results showed
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that increasing the solar energy input to the ISC&Iesy decreases the exergy destruction of the
Brayton cycle and increases the exergy destruction of the Rankine cycle.

L. Duan and Z. Wan{28] proposed a novel ISCC systevhich integrates a gas turbine inlet air
cooling system driven by solar energy with the traditional ISCC system, using Aspen Plus and
EBSILON softwares to build the models. The results showed that the proposed system has better
thermodynamic and econonperformance than the traditional ISCC system.

S. Wang and Z. F{29] proposed an ISCC coupled with an organic Rankine cycle (SRC)

using different organic fluids and investigated the thermodynamic and economic performance of
it. The performancenvestigation showed that the proposed ISORC system improved the
performance of the ISCC.

D. Ligiang et al[30] proposed an ISCC contai solar energgiriven chiller for cooling the inlet

air of the gas turbineds compressor and anal
proposed system has a higher solar thermal efficiency and a larger annual solar power generation
than the traiional ISCC system.

G. Wanget al.[31] conducted an exergic analysifthe ISCC systerfor electricity generation
and refrgeration using th&bsilon softwarevith the graybox model. The analysfsund thatthe
ISCC system has overall exergy efficiency of 446G8d theargest exergy destruction occurred
in the combustion chambtallowed by the solar direct steam generation system.

From thisliteraturereview, one can find several papers regarding the investigation of ISCC power
plantsapplied to diferent atmospheric conditions. The originality of this work is the parametric
study of theenergy and exergy analyses regarding an existing 1S®@@rmplant in Egypt, under
Kuraymat climateconditions, as a whole and for the main components in the ISCC power plants.
This work aims tadentify the sites of major exergy destruction, ¢lathe reasons for exergy
destruction in these sitemnd attempt to clarify how to decrease the exergy destruction in this type
of power plant. Besidethis, given the challenges for the electricity market with the continuing
expansion of intermittent rewables, in this work, we investigate the operational flexibility of
ISCC power plants.

1.3.2 Dynamic Process Simulation

In the literature, the dynamic process simulation of ISCC power plants is less presented than the
steadystate process simulation. The dynasimulation validation is a key aspect to evaluate these
ISCC power plants realistically and reliably to make a-+falhded decision on their technological
feasibility. In particular, a few studies that have addressed the dynamic simulation complemented
their models with actual measurement validation.

J. Spelling et al[32] performed a thermeconomic optimization of &£CGT power plant
integrated with a solar tower with a developed dynamic model using-timuse simulation tool
SOLARDYN. This dynamic modekiused to obtain the minimal initial investment cost as well as
the minimal level of electricity cost. They concluded that the ISCC power plants are both
economical and thermodynamic promising after they properly designed and they have a
competitive levebf electricity cost compared with those of other solar thermal power plants.

G. Franchini[33] dynamically simulated a solar Rankine cycle and an ISCC by adopting the
TRNSYS types of the solar thermal electric components library. The simulation results revealed
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that the ISCC has a higher setarelectric efficiency than the solar Rankine cycle asuhg the
solar tower technology assured a higher annual-soielectric efficiency, about 2198, compared
to parabolic trough collectorhe highest solar power production and the highest annuaiteelar
electric efficiency of 21.% were found to be ith ISCC coupled with solar toweifield, higher
conversion efficiency of solar energy introduced into theldoed cycle, as compared to SRC
while the solatto-electricefficiency decreased to be %8nd 13.26 in both cases of ISCC and
SRC coupled with PT respectively.

C. Ponce et al[34] designed a dynamic simulator for an ISCC power plant using MATLAB
Simulink®, based on a solar power plant simulator a@C&T power plansimulator developed

by E. Camacho et al[35] and D. Saez et aJ36], respectively. They combined their dynamic
simulator with a supervisory control strateggulating the steam pressure of the superheater (SH)
to account for the fuel savings that could be achieved whegratiteg solar collectors with
aCCGT power plant

F. Calise et al[37] developed a dynamic simulation model of an ISCC power plant with thermal
storage using TRNSYS and presented a thexoumomic and environmental comparison between

an ISCC and a conventional combined cycle based on dynamic simulations. The dynamic model
verified that the overall electrical efficiency of the ISCC increases, by a8éutdmpared to a
conventional combined cycle.

B. El Hefni[38] assessed the benefits of converting an exisiGgT power planto an ISCC

power plant regarding the dynamic behavior of the power plant through creating a dynamic model
of an ISCC power plant usirModelica. The model was used to simulate the-sfaeind shutdown

of the solar field and to assess its impact on the dynamic behavior of the ISCC power plant.

K. Rashid et al[39] evaluated the techreconomic performance and the life cycle of a planél
hybridization (ISCC power plant), compared with gedel hybrid units and a natural gas plant,
using dynamic models through the System Advisory Model (SAMg evaluation indicated that
hybridization at the plant level has better synergy benefits than hybridization at the grid level.
However, the solar efficiency and solar share of the st hybridization are higher than those

of the gridlevel hybridization.

L. Duan et al.[40] revealed the oftlesign performance characteristics of ISCC system under
different gas turbine offlesign operatioomodes and different environmental conditions. The
model results showed that the influence of the ambient temperature on ISCC system is greater than
the influence of DNI on ISCC system.

Z. Wang and L. Duafd1] proposed the ISCC system with a changeable integration maoee un
different DNI conditions. The performance investigation of the ISCC system under this new
operation strategy showed that the annual solar to electricity efficiency increases%y 1.1
compared with traditional ISCC system and The economic performaniysiarsnowed that the
LCOE this proposed ISCC system decreased with 0.01 $/kW-h compared with the traditional ISCC
system.

N. Abdelhafid[42] investigated the dynamic behavior of the IS@@er offdesign conditions by
developing and validatga dynamic model fohe HassR'mel ISCC power plant in Algeria using
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MATLAB. The simulation results proved that wind speed and direct normal irradiance (DNI) have
a significant influence on ISCC performance.

N. Zhang et al[43] built a dynamic model of the ISCC system using the lumped parameter method
and compared the dynamic performance of the ISCC systems with anditvatin@at storage
system under a typical day of operation. The comparison indicated that the ISCC system with
thermal storage has better stability than that without thermal storage as a result of reducing the
disturtances caused by DNI variations.

Consideing the limited existing work, this work contributes to bridge the knowledge gap in the
dynamic simulation of ISCC power plants. However, most reviewed studies so far suffer from the
fact that the developed dynamic models are not validated using actgiremaants. In this study,

a sophisticated dynamic process model representing the Kuraymat ISCC power plant in Egypt was
developed using APROS software. All processes and automation are modelled according to the
specification of the reference plant. Moregva cetailed dynamic validatioof the developed

model using actual measuremeaitslifferent four day$rom the reference ISCC power plant was
implementedSuch a detailed dynamic validation is not available in the literature.

1.3.3 Two-phase Flow Dynamic Insabilities

Mathematical models for describing the phenomena from the literature are summarized and
critically reviewed under the boundary conditions of an HRSG, especially also the experimental
plant, and the necessary quantities and definitions for desgthe twephase flow are discussed.

In the following review, different setps were used to investigate the different typawofphase

flow dynamic instabilitiesM. Kaichiro et al. [44] studied the elation between burnout and
instabilities forwater above the critical poirAnd Q. Wanget al.[45] formulated a correlation for

the prediction of limiting hedtux and quality of the DWO typeSome other researchers studied

the dynamic instabilities using water as a test fluid in a vertical test tube with natural circulation as
an external characteristi&. C. Jainet al.[46] discussedhe effect of system geometry tme
behaviour of the DWOD. Delmastro and A. Claus$47] studied phase trajectories and chaos
analysis.J. M. Kim and S. Y. Le¢48] emphasized the role of the flow restriction between the
expansion tank and thexperimental loop and studiesdveral instability interacting modeS.
Guanghuiet al. [49] derived a criterion and ped correlation of DWO. AndA\. Baars and A.
Delgado[50] studied modes of geysering coupled with manometer oscillations amdehaction

of the DWQ and DWQ . These researchers conducted experiments with water in a vertical test
tube exposed to the forced circulation.

The horizontally oriented test tube witlater as a test fluid is very rak.S. Maulbetsch and P.
Griffith [51] studied thanfluence of the compressible volume on Bi2Oand DWO with water
driven by forced circulation in horizontal orientation pipad S. Karsliet al.[52] investigatedhe
amplitudes and periods of the DWOs in a horizontal pipe with inserts

The following researchers conducted experiments horizontally oriented testuibesbut they
usedarefrigerantasatest fluid.H. Yinci[53] developed a modélesed on the homogeneous flow
asumptionto predict stabilitypoundaries othe boiling twephaselow system for thé®DO and
DWO and compareds results with higxperimental result¥ . ¢ o et alf54]eénvestigated
the pipelength effect on thedynamic instabilitiesbesides defininghe boundaries for the
appearancef PDO, DWO and thermal oscillatiorS. Karsliet al.[52] investigated the effect of
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internal surface moddation on theboundaries for the appeararened thecharacteristics ofhe
PDO, DWO and thermal oscillationS. Kaka¢ and L. Cag55] analysed the PDGnd thermal
oscillations with upstream compressible volume both, vertical and horizontal testibes
numericaly with the Drift-Flux model andverified the results byhis experimental findings\.

Liang et al.[56] investigatedhe two types oinstabilities static and dynamjan arefrigeration
system.C. A. Dorao[57] studiedthe peria of DWOsin a uniformly heated horizontal tetstbe
experimentallyM. Sgrum and C. A. Dorg®8] studied he effect of th©WO on the boiling heat
transfercoefficient.L. Zhanget al.[59] investigated theelationship between changing the heat
flux and inlet subcooling degree on the features of DWORD@. I. W. Parket al.[60] studied

the interaction betweeRDOs andsuperimposed DWO4.. Zhanget al.[61] analyzed the effect

of the heat load distribution and the wall thermal capacity on the stability of the flow boiling.
Finally, I. W. Parket al.[62] observed the influence of the existence of a compressible volume in
the system on the amplitude of the superimposed DWO.

The knowledgeextensionof the occurrence of twphaseflow instabilty phenomena in power
plants through experimental investigatisnneededAs shown in the literature, theage only a

few experimental studiesegarding the instabilities analyses for vertical HRSG. Furthermore, it
can be seen that littlesearch in théeld of two-phase flows deals with demineralizedter as a
test fluid. Previous experimental studies in this researea mainly used refrigerants such as
Freontll, because of thelow boiling point. In contrastin this study adownscaled test rigof

two phase instabilities starting from a vertieBRSGis operatedvith the demineralized water as

a test fluid to avoid potentiaide effects due to different fluid properties. Another poinivhich

the usedtest rig differs from previous ones is thariability in parameters concerning startup
processes, the orientation of #aeaporator pipe and the multiplicity of operating options.

In this thesis experimentalresultsfor the main three types of the tyhase flow dynamic
instabilities(density wae oscillations, pressure drop oscillations and thermal oscillatioai®
providedand discussedter investigaing the internal characteristaurvefor the evaporatotube
of thetwo-phase flowtest rig

1.4 Outline of the Thesis

Theoutlinesof this research work @glance:

Chapter 1 filntroduction 0 contains the background and motivation for investigating the
performance of integrated solar combined cycle (ISCC) power plants. Furthermore, the objectives
of the study and the methodology applied are explained. This is followed by an overview of
historical researchnd its state of the art, categorized by the methodology applied in this thesis.
Then t he outlines of the thesis arraliewethjeurnalut ho
and conferences are presented.

Chapter 2 fiEnergy and Exergy Analyses ofSCCO0 discusses the principle of tlemergy and

exergy analysis, followed by a detailed description of the ISCC power plant under investigation.
In addiion, the method and equations used to calculate the energy and exergy parameters are
presentedThen the influence of ambient temperature and solar heat input on system performance
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was discussed, followed by the assessment of the sources of exergytidesimute solar field
and combustion chamber.

Chapter 3 iDynamic ProcessSimulation of ISCC0 begins with a background for mathematical
modelling espedally the dynamic process simulation. Then,sophisticated dynamic process
model representing the Kuraymat ISCC power plant in Egypt was developed using APROS
software. The study includes measurement validation to analyze the influence of modelling
assimptions on simulation results.

Chapter 4 AExperimental I nvestigation of Dynamic Instabilities in HRSGO0 presentsriefly

the fundamentals of the twgha® flow andexplainsthe mechanisms of three main types of the
two-phase flow dynamic instabilities in water tube boiling in detail using simple mddsts the
design of the test rig using similarbased scaling criteria arige flexibility of thetwo-phase test
rig are mentionedThen it provides experimental results fothe Twophase Flow Dynamic
Instabilities in TubeBoiling System

Chapter 5 fiConclusion and Outlooko conclusions and recommendations resulting from this
thesis are summarized in this chated an outlook for future reseansfasmentioned

1.5 Publications

1.5.1 Publications in Internatio nal Peerreviewed Journals

U A. Temraz, A. Rashad, A. El wet e eHngrgy akd.Exelgy ob ai d
Analyses of an Existing Solassisted Combined Cycle Power Plagppl. Sci.,vol. 10,
no. 14, p. 4980, Ju02Q doi: 10.3390/app10144980.

U A. Temraz, F. Al obaid, T. Lanz QOpertionalE-lexibdity &fedy a-
Two-Phase Flow Test Rig for Investigating the Dynamic Instabilities in Tube Boiling
Systems Bront. Energy Re®:517740 Sep.202Q doi: 10.3389/fenrg.2020.517740.

0 A.Temraz, F. Al obaid, J. Li nlDeveldpmentEahdwalitaticnd y an
of a Dynamic Simulation Model for an Integrated Solar Combined Cycle Power, Rbant
Energies14(11):3304 Jun.2021 https://doi.org/10.3390vd.4113304

U A.Rashad, A. Elweteed®. Temraz, and A .InveStgatiregan Intégrated Solar
Combined Cycle Power Plant&lob. J. Eng. Scik GJES,vol. 7, no. 1, pp. 114, 2021,
doi: 10.33552/GJES.2021.07.000652.

1.5.2 Manuscripts for Publication in International Peer-reviewed Journals

U A.Temraz, F. Alobaid,T. Lanza nd B . BEXpeiméntl Investigation of Twahase
flow Dynamic Instabilitiesn Subcooled Flow Boilingpf Waterin Horizontal Macre
channel Systemdé Under revi ew.

1.5.3 Publications in Peer-reviewed Conference Proceedings

i A. Temraz, A. Rashad, A. Al we tSeasoda) Perfoamarte K. E
Evaluation of ISCCS Solar Field in Kureimat, Egygit i n 6t h Annual I
Conference on Sustainable Energy and Environmental ScienceS @GHFE), Mar. 2017,
no. March, pp. 9198, doi: 10.5176/225189X_SEES17.38.
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U A. Temraz, A. Rashad, A. E | wEherma Anglysis af thel ISGC. El
Power Rant in Kuraymat, Egyptd i n 18t h I nternational

and Mechanical Engineering (AMME  18)., 2018 pp. 35, doi:
10.21608/AMME.2018.34995.
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Chapter 2Energy and Exergy Analyses ofSCC

In this chapter, energy and exergy analysis was performatiddfuraymaiSCC power plan
The chapter begins with an introduction to energy and exergy analysis, followed by a
description of the ISCC power plant under investigation. Then, tfigoch@nd equations usec
calculate the energy and exergy parameters are presented. Finally, the influence of
temperature and solar heat input on system performance was discussed, followe(
assessment of the sources of exergy destructitheigolar field and combustion chamber.

2.1 Introduction

The conventional energy analydissed on thérst law analysisgives the quantitative not the
gualitative assessment of the various losses occurring in the components of such solar thermal
system.Therefore the exergy analydiased on theecondaw analysisshould be used to get a
complete assessment of the varitasses qualitatively as well as quantitatively. So, the exergy
analysis complements the energy analysis not to replace. Exergy amalicsitesthe location of
thewastal exergy, in additionto quantify the collection and useful consumption of exendych

leads the way to improve the system.

Energy and exergy analysis of th®CC power plants carried out to determine the plant
performance and pinpoint sites of primary exergy destrudiirergy-based performance analysis
overcomes the limit of studtyg the system based on tfest law of thermodynamics. It assesses
the magnitudand percentagef exergy destruction in each part of the system.

In the literature, one can find several papers regarding the investigation of ISCC power plants
applied to dferent atmospheric conditiont this work a parametric studyor the energy and
exergy analysesf theKuraymatISCC power plant in Egys a whole and the main components

in the ISCC power plantsere performed The overall thermakfficiency and the exergetic
efficiency of each component in the power plant were calculated for different solar field capacities.
Owing to the results, an investigation of the sources of the exergy destruction in the solar field was
conductedThe suggesid recommendations and the proposed model offer the possibility of further
simulation studies and prospective works. Hence, the strategy of modelipwitoh be transferred

to other applications by the same procediiregivethe challenges for the eleicity market as
intermittent renewables continue to expand, the operational flexibility of ISCC power \pksts
investigated

2.2 Plant Description

The entity of Egypt in the Sun Belt countries providegtih a very high annual DNI ranging from

1970 to 320kWh/n? peryear from North to South with lengttdaily sunshine periods of about

9 to 11hrs. and few cloudy days over the year make it a more attractivergofor CSP
technology{63]. The global environment facility (GEF) supported studying An (ISCCS)
technically and economidglfor implementation in EgyftL6]. The plant is located in Kurayath

at a northern | atitude of,aBo0t87ké Bputh of CairEggps. t e r n
The Kuraymat site was chosen from four suggested sites (Kuraymat, Sinai Peninsula, West Desert
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and Red Sea Coast) after studying itlyNew & Renewable Energy Authority (NREA) due to
the least additional infrastructurehe site was selected to comprseunoccupied flat desert area,
high DNI which reaches 2400 kWh#rper year, vicinity to water sources, and vicinity to the
extended natural gas pipelin@fie construction of the ISCC Kuraymat power plant wasithag
January 2008 and start commerciadigiion as a whola June 201]10], [64]. The plant is owned
by the NREA in the ministry of electricity and energgf Egypt. The Global Environmental
Facility (GEF), accessed through the Wobdnk has contributed a grant of USD 49.8 Million
towards the incremental cost of solar electricity gatien[9]. The objective of the project was to
increase the share of solassed electricity in the Egyptian energy generation e global
development olgictive of the project was to reduce greenhouse gas emissions from anthropogenic
sources by increasing the market share of low greenhoussrgtiisig technologies.

The ISCC power planti Kuraymat of approximately 138W total power capacityconsists
mainly of two parts, the solar field and the comhirmoycle.lt comprises a cobined cycle with a
power of 115MW and a solar field witlanelectrical output of 20AW [65]. Thecombined cycle
includes a gas turbine (GT) witim @&lectrical power output of 7AW and a steam turbine (ST)
with an electrical output of 65 MW66], [67]. The combined cycle is coupled with a parabolic
trough collector solar field, aghown inFigure 2.1. The solar field includes 160 parabolic trough
collectors, that uses the hdaim the sun to warm up a heat transfer fluid (HTF) used to generate
high-pressure (HP) steam in HTF heat exchan(gatar field heat exchangers).

Integrated Solar Combined Cycle (ISCC) Power Plant < 'L
HTF g
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O Pump [ emperator Heat Exchanger 2 o%
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Figure 2.1 Schematic diagram of the Kuraymat IS@&wer plant
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During the day, a part of the feedwater (FW) extracted from the heat recovery steam generator
(HRSG) and pass through the HTF heat exchangers, then this FW leaves theatichangers

as steam and is fed back to the HRSG, where it is superh€ageititegration of a combined cycle

with the solar field ensures the delivery of the required electricity contribution to the grid regardless
of solar radiation conditions.

In thecombined cycle, the HRSG is located behind a GT, using the heat of the exhaust gasses from
the GT to produce steam, which drives the ST and the generator (G). The objective of the HRSG
is to use the hot exhaust gasses from the Ghett water and conveit into pressurized
superheated steam. The pressurized superheated steam expands in the ST, which drives a generat
to produceelectrical power. At the rated output operating point, the GTImg@pprox. 20&g/s

flue gases (FGat a temperature of appx. 630°C to the HRSG. The FG leave the HRSG system

with a temperature of approx. 100 [68]. The enthalpy difference is transferred to the water
steam circuit to generate pressurized superheated steam.

The reference plant has two operating modes, day mode, and night mode. During night mode the
solar field is shut down and the HRSG and thea&Toperating at lower output mode. During day
mode the solar field is in operation and the generated steam is fed to the HRSG then to the ST,
which operates at a higher output mode. The load of the GT is approximately constant and
independent of the opdnag mode (day night mode).

2.2.1 Solar Field

The solar field comprises parallel rows of solar collector amaggypical glass mirrors of W
installed thermal capacitgnd twosolar heat exchangers ea@bith a heat transfer capacity of
50MJ/s It comprises 40 loops, each loop having four paralbmaigyh collectors (type Sk& T 150
designed by TSK Flagsol Engineering GmpBER indicated iable 2.1, and each collectdras
an aperture area of 817.8.

Table 2.1 The solaffield design parametef25], [26], [64]

Solar field operation parameter  Unit  Value

Total aperture areaf thesolar field m? 130,800

Number ofcollectorsper loop N° 4
Number ofloops N° 40
DesignDNI W/mz 700
Maximumsolarheat input MW 61

Outputtemperaturef the HTF °C 393

Inputtemperaturef the HTF °C 293

The solar heat transfer from the solar field collectors (PTCs) &tehen cycle uses a heat transfer
fluid (HTF) system. The HTF is ThermingP-1 from Solutia (ultrehigh-temperature,
liquid / vapor phasdluid) and operates between 12 and 400C (54 750°F) [69], [70]. The
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HTF system is designed for an HTF mass flaweof 250kg/s at full load (6 MW of solar field

thermal power output). HATF returnng from the solar field at 39 is pumped through the

solar heat exchanger. The HTF leatlessolar heat exchanger at 2@3and is pumped back into
thesolarfield. The solar field supplies thermal energy to the solar heat exchanger fpaialtee

steam, which supplements the turbine steam from the HRSG to increase the output of the steam
turbine. The solar field tracks the sun on a single axigrhivg direct normal radiation.

2.2.1.1 Solar Collector

The installation of the parabolic trough collector design is based on the -EKAL50. This

collector is designed to be gathered from-fataricated lowcost steel structure that can be
manufactured locally all over the world. The PTC consists of refieciod receiver (Heat

Col Il ecti on EFiganm2nshowsitie@naino gomponents of the SKEL collector.

The reflectors are created by bendinghaet of reflective material (silver edlewn float glass)

into a parabolic shape. The receiver is a black treated metal tube, the absorber tube, in the focal
point of the reflectarThe solar mirrors for the ISCC Kuraynmare FLABEG in 4 millimetersand

5 millimetersthickness.The absorber tube (HCE) is surrounded by a glass cover and the space
between the pipe and the glass cover is evacuated to reduce heat losses by conduction to the
surroundings. The glass tube is created from special materials asttly rooated with arti
reflective films to improve solar transmittance and reduce solar reflectivity. The glass tube vacuum
stability depends on the mechanical strength and temperature resistance of fteergktas seal

due to the combination of matddawith matching coefficients of thermal expansion. The glass
to-metal seal of the receiver must handle intense temperature changes and ensures vacuum
durability. The concentration ratios (ratio of solar flux on the receiver to that on the mirrors) of the
Parabolic troughs that can be achieved is between 10 an@1J00 he collectors are arranged

along anorthsouth axis and can rotate from east to west over each day. The main specifications
of the Kuraymat collectors are illustratedTiable 2.2.

LY ) \?
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Figure 2.2 Main component®f the SKAL-ET collector[71]

The solar collectors follow the sun during the daytime eawdltrack the sun during periods of
intermittent cloud covesincea tracking mechanism is used. The tracking system usé#tein
Kuraymat ©plant for the parabolic trough conce
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mathematical algorithm calculates the sun position replaced a conventiotigddng unit with
sensors that detect the position of the [F@).

The solar field consists of 40 loops. Four collector assemblies of type -&ALS0 are contained
per loop. The collector assembly comprisesdlar collector elements (SCE).

Table 2.2 The main specificatiaof the oneaxis parabolic trogh collectors in KuraymadsCC
power plant

Parameter Unit Value

SCA manufacture(Model) Flagsol (SKALET 150

Flabeg (RP3)

Mirror manufacture(Model)

Mirror type - Silver edlow iron float glass
HCE manufacture(Model) - Schott (PTR 70)
Drive - Hydraulic
Aperture width m 5.73

Focal length m 1.71

Length per element m 12

Length per collector m 142.8)

Mirror aperture area m2  817.15

Receiver diameter m 0.07

Geometric concentration - 82:1

Peak optical efficiency % 80

2.2.1.2 HTF System

The solar heat transfer from the solar field collectors (PTCs) to the steam cycle is done by the HTF
system. The HTF system includes the main HTF pumps, the HTF conditioning system, the piping
connectinghe solar feld and the solar heat exchangers. The HTF conditioning system is used to
eliminate high and low boiling compounds which are formed by degradation of the fluid.

The reflector mirrors focus the incident direct normal solar radiation intaltberber. The HTF
is circulated through the absorber tube to acquire the solar heat. The HTF can be heated to
temperatures of up to 40C [70]. Themain specifications of the HT&reincluded inTable 2.3.

The HTF system is designed fon &TF mass flowrate of 250kg/s (100%0) of Sol ut
TherminolVP1 at 1006 load (61MJ/s of solaffield thermal power outputThe mass flowateof

the HTF vaies between 30 and 1@0or higher due to the different solar irradiation. As a function

of the mass flow rate, the pressure drop in the Epidte varies in a wideange between ar and
15bar[73]. The properties foTherminol VP1 can bealculatedusing the equationgrovided by

the producing compariy4].
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The specific heat capacity {dn [kJ/kgK] is given by:
# O TEITMCTPMIO vV EP T ZY I YT Z2Y B

o (2.1)
I8 p¥em 2°YJ p8&8 wy
The specific enthalpy (h) in [kJ/kes given by:
Q pRPpPpegWO pR WTZPTM 2YID p& CQoxm 2°Y B 22)

PECOXX

The HTF normal operatg temperatures are 298 at the inlet of the solar field and 393 at the
outlet which areusually reached within 20 to 60inutes after starting the solar energy
accumulation. Duration mainly depends on the actual solar irradiation andtideHTF cycle
temperatures.

Table 2.3 Therminol VR1 main specification$74]

Property Value

12t0 260°C (Liquid)

Liquid ph heat t f
iquid phase heat transfer 260t0 400°C (Vapour/ liquid)

Appearance Clear,waterwhite liquid
Composition 73.%% diphenyl oxide, 26 % biphenyl
Flashpoint (ASTM D-92) 124°C
Fire point, (ASTM D92) 127°C
Auto-ignition temperature (ASTM E65¢ 621°C
3.70 @ 25°C
Viscosity, mni/s (cSt) gggg ;ggog
0.15@ 400°C
Crystallizing point 12°C
Heat of vaporization 205 kJ/kg @400°C
1,060@ 25°C
Density, kg/m 22;8 g ;ggog
694.0 @ 400°C
1.56@ 25°C
Heat capacity, kJ/kéf: ;i;g ;2802
2.63@ 400°C
0.136@ 25°C

0.121@ 150°C
0.106@ 250°C
0.076@ 400°C

Thermalconductivity, W/mK
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The HTF mass flow rate control system is implemented to optimize the outlet temperature of each
solar field loop. Theoretically, the HTF outlet temperatures for aBlitigde loop are the sanfié3].

Since the HTF solidifies at 12°€, a freeze protection system is installed. This freeze protection
is needed when the solar field is not operated for several days. At raperation, no need for
freeze protection, the thermal inertia of the HTF content itself is sufficient to prevent freezing
during the night hours.

2.2.1.3 HTF Heat Exchangers

The HTF heat exchangers produce steam using the heat collected by the solarhiegidae
designed to receive energy from the solar fietihg the HTF and to conveliit into a high
pressure/higitemperature steam. The heat exchanger system comprises twe tparating in
parallel mode each consisting of one economizer and one evapphatth being a tubandshell
design. The normal operaginemperature of the HTF is 393 (hot) at theinlet of the evaporator
and 293°C (cold) at the outlet of the economizé&inthalpy obtained with the HTF from the solar
field is used for steam gemion Both heat exchangers combineal/ba total thermal capacity of
100MW. The solar heat exchanger unit generatskghtly superheate8team of approximately
90 bar, depending on solar heat gairhich is mixed with saturated steam from kigh-pressure
steam drum.

2.2.2 Combined Cycle

The combined cycle comprises one gas turbine, one heat recovery steam generator §HRSG),
one steam turbin@’he gas turbings MS6001FA heawduty with a generator of a rated eléct
power output of 7MW at 20°C ambient dry bulb temperatudéuses advanced aircraft engine
technology in its design with a rating based on a firing temperature class df238IB8°C [75].
The HRSG receives abo06kg/s flue gas at about 60C from the gas turbine at full load
operation. The flueap leaves the HRSG at about 2@0 The steamturbine has a higpressure
section that receives steam from the hagbssure superheaters and a-fmessure section that
receives steam from the legressure superheater and the kpgéssure turbine sectiohhe steam
turbine generator output is abdai MW under the conditions of full load operatiwith a natural
gasmass flowrate of about 4.kg/s and solar heat input of 3aW and 20°C ambient dry bulb
temperature

Exhaust steam from tHew-pressure sectioof the steanturbine is condensed bycandenser of
horizontal shell and tube type. The condenser cooling water temperature ri%¢ héch is
cooled by five cellular type evaporative coolfg5]. About 300ms3/h of raw waters pumped to

the plant from an intake station at the Nile, and treated by clarification, filtration and ion exchange.
The cooling towersare usa clarified water inclosedcycle cooling water makap. The plant
includes a water treatmeninit thattreats blow down before discharge to the Nile.

2.2.2.1 Heat Recovey Steam Generator

The HRSG of the ISCC power plant in Kuraymat comprises ethfeghpressure
economizers(HP ECO), a highpressure evaporator (HPVAP), a highpressure steam drum
(HP drum at a pessureof about 8(bar), and five higkpressure superheaters (HP SH) for a feed of
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the highpressure section of the steam turbine, as showigire 2.3. Besides this, it includes a
low-pressure evaporator (LPVAP), low-pressure steam drufhP Drum at a pressure about
11 bar), and lowpressure superheater (LP SH) for a feed of the steam turbiféssure section.

The solargenerated steamiigjected into the higipressure drum.
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Figure 2.3 Layout of the HRSG of Kuraymat ISCC power plant

HRSG uses the exhaust gases from the gas turbine to produce superheated steam for the steam
turbine withoutany supplementary firing. At rated conditions of the gas turbine full load operati

the HRSG receives about 2R@/s flue gas from the gas turbine at temperatures of abolfd600

The flue gas leaves the HRSG at about XD@o the stack.

The HRSG of thelISCC power plant in Kuraymat comprises threhighpressure
economizergHP ECO), a highpressure evaporat@dP EVAP), a highpressure steam drum of
the pressureof about 8bar, and fivehigh-pressure superheaters (8R) for a feed of thaigh-
pressure section of the steam turbine, as showkigare 2.3. Besides this, it includes a lew
pressure evapom@t(LP EVAP), low-pressure steamraim of pressure about Idar, anda low-
pressure superheai@P SH) for a feed of the steam turbine lpnressure section. The solar
generated steam is injected into the Rigassure drunThe solargenerated steam is injected into
thehigh-pressure steam drum.

2.3 Thermodynamic Analysis

The ISCC was evaluated assuming stestdye operation, with no accounting for thermal
capacitance. This assumption works fairly well through the majority of the operating day but
creates some problems iretmorning when the solar field is warming lijpe energy and exergy
calculations are performeaxbncerninghe state points shown kgure 2.4.

A mathematical model was developed to predict the solar field thermal power output and
investigate the performance of the solar fiéltien, an Bergy and exergy analysis as well as
parametric study for the ISCC power plant were performed to identify the abéscations of

the thermodynamic imperfectioexergy destruction throughout the plant is determined and
illustrated using an exergy flow diagrarxergetic efficiencies of thmain plant components are
determined to evaluate their individual performesc
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2.3.1 Energy Balance
The net rate of heat input to the ISALC ( j ) is given by

0 7 O 0 h (2.3)
where0 is the rate of heat addition to the ISCC from the fuel combustiorbands the
absorbed incident solar radiation. The heat from the fuel combustion) as a function of the
fuel flow rate @ ) andthe fuel heating valué@) is gven by

0 a z0. (24)

The electric power output of the ISC® ( ; ) is equal to the sum difie electric power outputs
of the gas turbinesf | ) and the steam turbine( f ) as follows:

W W § w § 8 (2.5

As a result, the overall first law efficiency of the ISCC power plant is

—; | 2.6

2.3.1.1 Absorbed Incident Solar Radiation

and the heat from the absorkiedident solar radiatiofd ) as a function of the direct normal
insolation O U YOncidence angle-§, incidence angle modifief@c ), s ol ar col |l ect
area ), the row shadow factdRowshado, the end loss coeffient (Endlos3, the field
efficiency (dreld), the heat collection element efficiencydnce), and the solar field
availability (SfAvalil) is given by[17]:

0 00 VHE—=2"00 86 Z'Ye UBYQeEz0E QU E+ | 25 2 2.7
3 & OAEI '
Here,t he sol ar <col | @ct o)risscalculatgddront thernember ofesalar fleld
collectors ) and the width @ ) and length § ) of the collectors as
follows:
0 0 zZW z{ 8 (2.8

and the incidence angle modifieQ0 Dis the correlation of the loss®m the collectors due to
additional reflection and absorption by the glass envelope, and it can be calculated a$Xd@]tows

T8 1T T YFP TﬁtnnnuZG—epﬁw

i L, (2.9
K710 K710

o0 p
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Figure 2.4 A flow diagram of theKuraymatlSCC power plant with state points illustration
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The incidence angle for a plane rotated about a horizontalsauth axis with continuous east
west tracking to minimizéhe angle of incidence is given [g6]:

AT-© AT & AT DAI DO, (2.10
w h e r; e the zdnith angle [degree].
U4 = the declination angle [degree].
¥ = the hour angle [degree].

The shading of parallel rows during sunrise and sunset periods occurs due to the positioning and
geometry of the collector troughs and it causes additional losses as sHegure?2.5.

These shading losses are represented by the row shadow factor. This factor is the ratio of the
effective mirror width to the Collector width. This ratio can be derived from the length of spacing

between trough§ ), the sol ag zaendi tthhean ghlcd: dledhce anc
: AT-0
,AS _
Yé 0@BYQE 0 70 (2.11)

1 19 2le 4

Figure 2.5 The row shading that occurs during tracking of solar collectors from early to mid
morning[77]

End loss occurs for a negero incidence angle. At the ends of the HCEs, a small length of the
absorber tube is not illuminated by solar radiation reflected from the mirrors as shBignre

2.6. As a function of the focal length of the collector, the incident angle and the length of the
collector the end losses are:

AEC")A—T—F]

0¢& QO ¢ ipi (2.12)

f = focal length of the PTC collector [m].

Lsca= length of a single SCA (12 solar collector elements) [m].

Beam radiation

Figure 2.6 HCE end bss[17]
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The solar radiation kses are due to the imprecisions of the solar collector trough mirrors, glass
envelope, and receiver tube materials which may cause insolation to be absorbed or scattered by
dirt on the mirrors, or tracking error. The final solar radiation absorptionfestaél by the
absorptivity of the receiver tube selective coating, the transmissivity of the glass envelope, and
other surface properties.

The f i el diedthdt represeatstheycorreation parameters for the collector assembly and
mirrors and tk effect of the surface, is given [y/]:

s 4 0E4xQ0%DBAEO2AEO® I 1 (2.13)
The HCE e fude)ithatireprasenys thé effect of surface and correction parameters for the
heat collection element is given[y]:
S ( # WADO0 3 BANO4L AR ARG i BOA (2.14)

Table 2.4 Typical optical parameters and correction values for the solarf7ig]d

Name Value Name Value

TrkTwstErr 0.99  BelShad 0.97
GeoAcc 0.98 EnvTrans 0.96
MirRef 0.93 HCEabs 0.95
MirCln 0.95 HCEmisc 0.96
HCEdust 0.98

TrkTwstErr = the twisting anttacking error associated with collector type [
GeoAcc = the geometric accuracy of the collector mirrgrs [

MirRef = the mirror reflectivity {].

MirCln = the mirror cleanliness]|

HCEdust = the losses due to shading of HCE by dust on the envdlope [
BelShad = the losses from shading of ends of HCEs due to belows [
EnvTrans = the transmissivity of the glass envelepe [

HCEabs = the absorptivity of the HCE selective coatihg [

HCEmisc = the miscellaneous factor to adjust for other HCE I¢gses

2.3.1.2 Receiver Heat Loss

The heat losses from thecesver tube to the surroundinfypm the receiver tube to the glass
envelope and from the ags envelope to the ambient air,[W/m?] are driven by temperature
difference between the bulk temperaturetiod fluid and the temperature of the surrounding
ambient air.

The effect of wind speed on heat loss is negligible except in the case of a missing glass envelope.
While heat transfer fluid flow rate and ambient air temperature influence heat loss from the
collector, the effects of these variables are small in comparison to the effect of bulk fluid
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temperature and DNIL7]. Thus, the receiver heat loss is modeled as a function of bulk fluid
temperature and DNILt is driven by the temperature difference between the inlet and outlet
temperature of the HTF as folloW&s3]:

( . . )
&Y Y T Y % Sy Y =y Y
) Y Y (2.15)
00 ® Y Y % vy §
n R
e I

where,

Hioss= heat loss from the outermost surface of the receiver, per unit length [W/m].
Tout = the HTF temperature at telar field outlet [°C].

Tin = the HTF temperature at telarfield inlet [°C].

RecHL = heat loss from the outermost surface of the receéreunitarea]\WW/m?].

a, b = Coefficients fovacuum annulus receivgf8].

Coefficientsfor Eqn. 2.13 alongwith their standard deviations, are shown for the vacuum asnul
in Table 2.5 and ot mean square (RMS) deviation for the curve féqgaal+ 2.4 W/m.

Table 2.5 Coeficients forreceiver heat loss with vacuum annulus

Parameter Value Standard dewviation
a0 -9.4630 8.463850E01
a 3.029616E01 1.454877E02
& -1.386833E03 7.305717E05
a 6.929243E06 1.070953E07
bo 7.649610E02 5.293835E04
by 1.128818E07 6.394787E09

2.3.1.3 Solar Field Piping Heat Losses

The heat losses from the piping leading to and from the loops in the solar field irf] [sVém
estimated by the following empirical equatidr7]:

"Y'QO QR Q1 p gt T@imTip @Yo o % z2Y4 (2.17)

YA Y Y h (2.18)
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Y —h (219

where,

Tampb= the ambient temperature [°C].

2.3.1.4 Solar Heat Input
The netenergy gained by the HTF over the solar field, per unit aperture areg]fW/m
1 1 2AA(3A0EDA(, (2.20)
The predicted total useful energy gained by the HTF in the solar field is given by:
1 1z (2.21)

I =total apertur@reaof thesolar field[m?].

2.3.1.5 Solar conversionefficiency

One important parameter in evaluating the solar field performance is its ability to convert the solar
energy into electricitywhich is represented by solar conversafiiciency. It is reported that the

solar conversioefficiency within the ISCCs can be calculated depending on the considered solar
input whether incident solar radiation (solar radiatiow®lectricity efficiency) or solar heat

gain (solar thermato-€electricity efficiency) [79].

The solar radiatiotio-electricity efficiency which igalculatedas:

W W Yo i .

222

s 05 o5 " (222
The solarthermatto-electricity efficiencywhich is calculated as:
W W Yoo § .

s e " —h (2.23)

0 0
where,0 = the electrical power output of the IS@@hout the solar field

2.3.2 Exergy Analysis

Exergybased performance analysis is the performance study of a system based on the second law
of thermodynamics, which overcomes the limitations of studying the system tashe first law

of thermodynamics. Exergy is a measure of the maximum useful work of a system as it proceeds
to a specified final state in eijbrium with its surroundings, dead statexergy is destroyed in the
system, not conserved as energy is.

Two different approaches are generally used to calculate the exergy efficiency of a system, one is
called Abrute forceo, wHhH26l e the other is call

The brute force form of exerggfficiency is used in thistudy. The brute force form requires
accuracy and an explicit definition of each input and output exergy term before calculating the
exergy efficiency as shown ifable 2.6.
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The analysis was made with the following assumptions:

U The ISCC runs at steady state with a constant direct normal insolation.
U Pressure drop and heat loss in the ptemlines except in the solar field are all neglected.
U Kinetic andpotential energy changes are ignored.
So, the second law efficiency (), exergetic efficiencyis given by
OwQIegw oo
OwQiMw) 00

(2.24)

Table 2.6 Definitions of the exergy destruction and second law efficiency

Component Exergy destruction Secondlaw efficiency —
Pumps (@) W W w - h p —
()
Heaters (@] w W —h P —
()
Turbine O O () -7 P =
0w
Condenser O 0w - h -
()
Cycle O O -5 . h
W A

The net exergy transfer by heabd ( ) at the sourcetemperature ") and dead state
temperatur€’Y) is given by

<<
C
=

@) P

(2.29

and,the specific exergy () is given by

QQ Yi i h (2.26

whereQQ, i, andi are the specific enthalpy, the specific enthalpy under the dead state condition,
the specific entropy, and the specific entropy under the dead state condition, respectively.

Then, the total exergy rate associated with a fluid stregmat(the mass flowate ¢ ) becomes

Gz 4 QQ Yi i 8 (2.27)
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The exergy destruction rate in the ISCC as a wh@le | was obtained from
0 0 © O O ©° ‘O © © ‘O

0 8 (2.29

2.3.2.1 The Exergetic Efficiency of the Solar Field

The solar heat input from the HT& ( ) to the water in the solar field heat exchangecording
to the state pointshown inFigure 2.4, is given by

0 4 Q "Q h (2.29)

0 a4 Q Q8 (2.30)

The exergydestruction rate in the solar fiel@®() is calculated from

O O O h (2.312)
W ; ® & h (2.32)

. . Yo

Wi L op oD (2.33)

whereTsun is the sun temperature, which equals 5777 K. The exerg#iciency of the solar
field (- ) is given by

. 8 (2.34)

2.3.2.2 The Exergetic Efficiency of the ISCC

The fuel chemical exergy per unit time () equals

® -z0 h (2.35)
where—is the ratio of the chemical exergy to the net calorific value, which equals 1.04 for natural
gas[80].

The exergetic efficiency of the ISCE (; ) is given as

o .
— - el L (2.36)
w

h

D (A ® 8 (2.37)

2.3.1 The MeasurementDevices in the Kuraymat Power Plant

Two meteorological statiswith wind sensor, temperature sensor, and sun tracker sensor are
installed in the solar field esite with afree view of the horizon without obstructioasad no
reflecions to the solar sensor$heir measured values are logged into tables which can be
downloaded from the field supervisory contrdhe type and accuracy of theeasurement
instrumentation used in the ISCC power plar@mentioned inTable 2.7.
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Table 2.7 Plantmeasuremerdevicesand their accuracy

Parameter Instrument Uncertainty

Directnormal :

. . Trackedpyrheliometer 2%

insolaton

Globalanddiffuse irradiation Pyranometer + 2%

Wind speed +0.3m/s

. - Anemometer

Wind direction +3°

Ambient temperature 0.5%C
Temperature andumidity ensor @ #0°C to +60°C

Relativehumidity + 1% @ 23°C

Barometricpressure Barometricpressure sensor * 0.5mbar

@ @ @ P0°C

Pressure Digital transmitters 1%

Temperature RTD +0.95 K@ 400°C
Ultrasonic flow

Volume flow +0.3%
meter

Mirror cleanliness Portable specular reflegteeter < 2%

2.4 Results and Discussion

The performance of the ISCC power plant was analyreter different design conditions. The
analyses were performed for diffatesolar field thermabutputs, of 0 MW, 50MW, and 75MW,

and different ambient temperaturs 20, and 38C. All calculations were made based on design
condition data.

Theenergy efficiency and the exergetic efficiency were calculated based on the heat input to the
plant by the fuel and the sun.

2.4.1 Solar Field Model

The solar field model was validated using direct normal insolatiofigaire 2.7, ambient
temperature, solar field inlet temperature, and solar field volumetric flow rate data from the plant
records. The mass flow rate of the heat transfer fluid is calculatedHiosum of the volumetric

flow rates as measured by the flow meter to the east and west solar fields, multiplied by the density
of the heat transfer fluid at the measured average solar field temperature of inlet and outlet solar
field temperaturef31].
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Figure 2.7 DNI measured at Kuraymat ISCC power plant on June 21, 2011; September 21, 2011,

andDecember 21, 2011.

The total useful energy gained by the HTF in the solar field predicted by the model is compared to
the observed total useful energy gained calculated from meshgemperatures and flow
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Figure 2.8 Measured and predicted thermal output from the siht for (a) June 21, 2011,
(b) September 21, 2011 and (@¢cember 21, 2011.

The results show a good agreement between the solar field thermal power output predicted from
the model and the solar field thermal power output calculated using the plant recordsedigs m
that the model is trusted to be used in predicting the solar field performance at the different

operating time.
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Then, the solar model was used to study the influence of some parameters on the solar field

performance. The absorbed energy by réeeiver tubes

), thereceiver and piping heat

losseq’Y Q@ and"Y'® "Qn B¢ iBspectively) and the energy gained by the heat transfer fluid
after thermal losses from the receiver and piping losses (), iscompared in dferent seasons.
The solar field performance was evaluated by thermal power oufpu) @nd thermal
efficiency(s ). The parameters that thought to have an influence on the solar field perfermanc
were direct normal insulatiofdNI), incidenceagle( d) , and amb ([Tt

t empe.l

Figure 2.9 shows the heat gain of the solar field in representative days of the seasidhe
measured direct noral insolation is provided for reference. This figure shows that the highest heat
gain is in summer while the lowest one is in winter. Also, the piping heat losses represent a very
small value relative to the total heat losses. All energy rates showa figtines are normalized

on a per unit solar field aperture area basis, so their units aréw/m
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Figure 2.9 Rates of heat absorption and heat loss from the seldrfér (a)June 212011,

16 20

(b) September 21, 2011, (December 21, 2011.

Figure 2.9 (a) and (b) show that the heat gain increases during the period of sunrise and reaches
its peak vlue then decreases to sunset. Howelrggure 2.9 (c) shows that the heat gain is
approximately constant during the period from sunrise to sunset. Thdiendue to the decrease
of cos(d )as shown irFigure 2.10, in the heat absorbed equatidygn. 2.5

20
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Figure 2.10 Thevalue of @sdon June 21, September 21, and December 21.

From the seasonal comparison, integration of solar energy wittothbined cycle power plant

solved the problem of the electricity production drop in summer due to ambient temperature
increasing where the solar field absorbs more energy in summer. Thus, ISCC has a stable energy
production through the year.

The followingfigures(Figure 2.11 throughFigure 2.14) show the influence of the DNind the
i nci denc eon lothghe solar figld thermal power output and the solar field thermal
efficiency. The study is carried out for June 21 in kuraymat, Egypt at 13:00 noon (LAT).
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Figure 2.11 Solarfield thermal power output vs. DNI.

The influence of DNI on both the solar field thermal power output and the solar field thermal
efficiency for 21 June with ambient temperature of@3s shown irFigure 2.11andFigure 2.12.

It is shown inFigure 2.11 that the output power is directly proportional to the DNI. Where DNI
increases, the heat absorbed by the HTF increases. To maintain the constant terminal temperature
of the HTF, its mass flowate should be increased which leads to increase of the solar field thermal
output.

The solar field thermal efficiency increases with the increase of the DNI as shbiguia 2.11.

This may be explained as follows: the HTF operating with constant terminal temperauaesl (T

Touw). In case of the DNI increases, the HTF mass flow rate increases to maintain the same outlet
temperature of the HTF. Thisaans that the average density of the HTF and the-sext®n area

of the pipes remain constant. Which leads to increasing the heat transfer coefficient of the HTF by
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increasing the velocity of the HTF due to increase the Hagsrflow rate, so the heatig(1 )
increases, hence the thermal efficiency increases.
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Figure 2.12 Solarfield thermal efficiency vs. DNI.

The influence of the incidence autpytlaedthe solar o n
field therma efficiency with DNI equal 95@V/m? and ambient temperature of 35 is shown in

Figure 2.13andFigure 2.14. With increasing the incidence angte the solar field thermal power

output decreases. That may be due to decrease amount of heat ayagsuas of decreasing the
reflected solar rays on the absorber tube which consequently leads to decrease of the solar field
thermal power output.
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Figure 2.13 Solarfield thermal power output véncidenceangle.

The solar field efficiency decreases with the increase oftheci dence angle (d)
power output of the solar field which is clear fréfigure 2.14. This figure shows that at= 70°

the thermal efficiency reaches zero. This may be explained as the hedt gaihi¢ calculated
using DNI*cos(d) whi ¢h )rdeceeasess withmtraasingtthbneidetce at ¢
angle( d) . So, the ther mal efficiency decreases.

The results showed thdttet ambient temperature has no influence on the solar field thermal output.
This can be explained as follows: the HTF has a constant terminal temperaturenghits that
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the average temperature of the HTF is constant as well and the DNI is not affected by the ambient
temperature. This may be because the ambient temperature affects the solar field heat loss which
consists of two parts (receiver heat loss antrséield piping heat loss). Receiver heat

loss(2 A A Jis not affected by the ambient temperafaig. Solar field piping heat I0S$1L piping)
represents a small fraction of the total heat kisthe efficiency is almost constant in this case.

The samas the solar field thermal power output, the ambient temperatag (iBs no influence

on the solar field thermal efficiency
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Figure 2.14 Solarfield thermal efficiency vs. incidence angle.

2.4.2 Solar ConversionEfficiency

The variation of the solar radiatido-electricity efficiency with the ambient temperature is shown
in Figure 2.15. The figure ilustrates that the ambient temperature has insignificant effect on the
solar radiatiorto-electricity efficiency. On the other hand, the figure depicts that the solar
radiationto-electricity efficiency increases with increasing the solar field impai.
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Figure 2.15 Solar radiatiorto-electricity efficiency of the Kuraymat ISCC at different ambient
temperatures for solar thermal hegiut

The variation of the solar thermia-electricity efficiency with the ambient temperature is shown
in Figure 2.16. It is obvious that the solar therntalelectricity efficiency increases slightly with
increasing the ambient temperature.
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It is clear that the value of the conversiefficiency from solar energp-electricity differs
according to its definition as ifrigure 2.15 and Figure 2.16. For example, inhe first
definition (Egn. 2.22 the value of the efficiency wd$.8% for solar heainput 75 MW at ambient
temperature 20C, where it wagl1% in the second definitio(Eqn. 2.23 at the same conditions.

It is believed that the first definition is more realistic than the second one as it represents the portion
of the solar energy converted to electricity from the whatalent solar energy not from the solar

heat gain.
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Figure 2.16 Solar thermato-electricity efficiency of the Kuraymat ISCC at different ambient
temperatures for solar thermal hegiut

2.4.3 Exergy Flow Diagram

The exergy rates and other properties at each state point are presdrabtkia8. This values
were calculated for actual plant measured data (pressure, temperatsseiow rate and DNI) in
28 Aug. in Kuraymat at 2:0@M, with DNI = 800 W/n?f. The T-s diagram of the Kurayat
Rankine cycle for the measuremeatshese conditions shown inFigure 2.17.

The gas turbine and steam turbine electric power outf@.@® MW and 51.94 MW, respectively
is obtained at the instance of recorded data with fuel consumptiori rate) (of 3.93kg/s. The
phase of each state point and the mass flow rates were illustrateble?.8.

Table 2.8 Exergy rates and other properties at various locatibi®GCS, state numbers refer
to Figure 2.4

State  Fluid Phase (klg /s) (bZr) T (°C) (k J?kg) (kJ /ksg- K) (Mr\]N)
a Air Dead state .. 1007 3480 308.2 5730 ..
00 Water Dead state .. 1007 34.80 1450 0.5000 ...
006 6 Ol Dead state .. 1007 346 352 0.118 ..
b Fluegases Gas 185.32 102 63080 937.7 6.8900 52.508
c Fluegases Gas 185.32 101 8760 361.6 5.888 0.8100
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State  Fluid Phase (k:;/s) (bZr) T (°C) (kJ?kg) (kJ/ksg-K) (MUV)
1 Water Sat.water 49.01 1007 3840 160.6 0.5503 0.0004
2 Water Liquid 49.01 936 389D 163.9 0.5577 0.0474
3 Water Liquid 49.01 120 3890 163.6 0.5604 ..
4 Water Liquid 4901 1.20 90.00 3770 1.1920 ...
5 Water Liquid 4930 1.20 104.8) 439.3 1.3610 ...
6 Water Liquid 4930 1.10 4552 190.7 0.6453 3.998)
7 Water Liquid 49.30 140.08 58.78 257.8 0.809 0.8723
8 Water Liquid 49.3 137.10 165.67 707.8 1.9840 5.229D
8,a Water Liquid 45.73 137.10 165.67 707.8 1.9840 4.850
8,b  Water Liquid 3.5/ 133.06 165.67 707.8 1.9840 0.379
9 Water Liquid 45.73 136.44 220.42 948.8 2.5010 8.589D
9,a Water Liquid 18.36 136.44 220.42 948.8 2.5010 3.448)
9b  Water Liquid 27.37 136.02 220.42 948.8 2.5010 5.1410
10  Water Liquid 18.36 63.59 220.42 948.8 2.519D 3.3500
11 Water Liquid 45.73 63.59 240.64 1041 2.700 4.000
12 Water Sat.vapor 16.09 6300 274.35 2785 5.898 17.971
13 Water Superheatec 43.46 65.00 27700 1220 3.038 13.446
14 Water Superheatec 43.46 65.00 427.12 3237 6.594 55.638
15 Water Superheatec 43.46 65.00 474.64 3355 6.750 58.732
16 Water Superheatec 43.46 57.72 549.71 3542 7.048 63.192
17 Water Liquid 27.37 6485 220.40 948.8 2518 4.990@
18 Water Superheatec 27.37 64.85 279.34 2780 5.8610 26.954
19 Water Liquid 3.57 10.74 165.67 707.8 2.019D 0.3438
20 Water Sat. vapor 4.37 10.74 18300 2780 6.56D 2.748
21 Water Superheatec 4.37 10.08 227.86 2892 6.822D 2.8800
21,a Water Superheatec 2.10 9.97 227.86 2892 6.82D 2.8600
21,b Water Superheatec 2.27  10.08 227.86 2892 6.822D 2.8600
22 Water Sat.lig.vap. 45.56 0.08 32.80 2350 7.712D 0.0000
23 oil Liquid 205 17.00 39300 784.6 1.6800 5.5110
24 oil Liquid 205 16.3 29300 540.4 1.2840 30.023
25 Water Liquid 3925 1.01 2881 120.8 0.420 0.908
26 Water Liquid 3925 1.05 28.81 1208 0.4200 0.9226
27 Water Liquid 3925 1.013 38.26 160.3 0.5489 0.3568
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Figure 2.17 The T-S diagram fothe Rankine cycle of the Kuraymat ISCC power plant

The enthalpy at state point (22) which represents the exhaust steam from the low pressure steam
turbine section to the condenser is taken according to the design data of th&h#amttes of

exergy destruction, percent of exergy destruction and the second law efficiency of the main
components in the ISCC power plant were calculated using dalalde 2.8. The exergitic
efficiency of the Kuraymat ISCC power plant at combined cycle regime is calculated at the same
conditions used wiit the plant at the ISCC regime.

The efficiency of the Kuraymat ISCC power plant has higher efficiency at combined cycle regime
than at ISCC regime as shownTiable 2.9. That may be due to the existence of solar field which
need precise design optimization of solar energy integration in a wedbycle power plant.

The exergy flow diagram, given as the percentage of total exergy input for the ISCC power plant
is shown inFigure 2.18. Thisfigure reveals that the maximum exergy destruction occurs in the
solar collector and the combustor.

Then, theperformance of th&SCC power plant was analyzed fiifferent design conditions. The
analysis was performed at different solar field thermal output (7&n8MMW) and a different
ambien temperature (5, 20 and 36). In addition to energy and exergy efficiencies, the following
parameters were evaluateat the plant components: exergy destruction in different components
of the ISCC of the plant, percentage of exergy destruction in different components of the ISCC to
the total of exergy destruction of the plant and the percentage of exergy destruciiterentd
components of the ISCC to the total exergy input to the pldm. energy efficiency (overall
thermal efficiencyand the exergetic efficiency (secoiasv efficiency) were calculated based on

the heat input to the plant by the fuel and the sun.
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Table 2.9 Exergy, percent of exergy destruction and the second law efficiency of different
components of the ISCC

Sub-system VAT ISP (7 R A 07
PTCs 69.87 0.42 26.42
Solarfield
Heatexchanger 3.13 1.89 94.79
Gasturbine 7.58 4.57 95.00
Combustiorchamber  56.37 34.00 78.29
Air compressor 7.32 4.42 91.15
Steamturbine 9.76 0.59 85.22
Combinedcycle Condenser 0.57 0.34 38.68
Condensatpump 0.11 0.01 30.00
Feedwater pump 248 1.50 25.15
HRSG 8.33 5.03 89.63
Stack 0.81 0.49 ..
Combined cycleower plant - - 64.00
ISCC pwer plant - N 40.58
pumps  Condenser& HRSGand Air compressor

- and turbines
losses H-exch stack osses

losses losses

2589 kW
3696.3 kW  g440

w ;
Combust
1.32% 3279, 24661 KW ombustion

losses

56369 kW
20%

Solar collector
losses

69867 kW

0,
Total exergy input 25%

95 MW (Solar)
184 MW (Fuel)
100%

Gross output power

114 MW
40.8%

L4

Figure 2.18 Exergy flow diagram, given as tipercentage ofbtal exergy input for the ISCCS
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2.4.4 Overall Thermal Efficiency of the ISCC Power Plant

The overall thermal efficiency of the ISCC power plantKoraymat at different ambient
temperatures for solar heat inputs of 0 MW, 50 MW, an¥5 is shown inFigure 2.19. The

overall thermal efficiency of the power plant at different ambient temperatures for solar heat input
equal to MW, which repesents the&eombined cycleregime, is shown irfrigure 2.19. In the
combined cycleegime, the thermal efficiency of the plant was reduced Bart4o at ambient
temperature 5C to 48.6%6 at 35°C. Figure 2.19 shows thathe overall hermal efficiency of the

ISCC decreases with increasing ambient temperatudgferent solar heat inputs, of 0, 50, and
75MW, and that appears most distinctly at ambient temperature 35 °C. This may be due to the
direct effect of the ambient temperatimerease on the efficiency of the condenser and the gas
turbine: the condenser and gas turbine efficiency decreases with increasing ambient temperature.

I
o
o

0.4 A
0.3 A m5°C

0.2 - 20°C
0.1 A m35°C

Overall thermal efficiency (<)

o
1

0 MW 50 MW 75 MW
Solar heat input

Figure 2.19 The overall thermal efficiency of th@ower plant at different ambient temperatures
for different solar heat inputs

The overall thermal efficiency of the ISCC is lower than the overall thermal efficiency of the plant
in thecombined cyclaegime in all caseg]ifferent solar heat inputs and hient temperatures
Figure 2.19 shows that the integration of the solar field with the combined cycle reduced the
thermal efficiency of the power plaat all ambient temperatures. This may be because the target
of the ISCC is not to increase the overall thermal efficiency ofdha&bined cycldut to increase

the economic feasibility of the solar power plarf&imination of the thermal storage system
reduces the cost of the power pl§82]i [84].

2.4.5 Exergy Destruction in Each Component of the ISCC

The exergy destruction in each component of the ISCC and the exergy destruction in the whole
ISCC werecalculated for different solar heat inputs and ambient testyresof 5 °C, 20°C, and

35°C. The percentages of exergy destruction in each component of the ISCC out of the total exergy
destruction of the power plant at different ambient tawupees forsolar heat inputs MW,

50 MW, and 75MW are shown irFigure 2.20, Figure 2.21 andFigure 2.22, respectively.

It is revealed inFigure 2.20 that the combustion chambg@ZC) has the highest percentage of
exergy destruction, and this value is higher in the combined cycle regime than in the ISCC regime.
This may ensure that the solar field ladsgh irreversibility weight, which affects the percentage
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of exergy destructio in the combustion chamber compared to its value in the combined cycle
regime. However, Figure 2.20 shows that the exergy destruction in the combaostibamber
decreases slightly with the increadfehe ambient temperature under the combinedceaggdime,

0 MW solar heat input
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_50
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— 30 m5°C
> 20 20 °C
10
0 m35°C
g I K & & & LD Fo® O MW
& o FTE IS
C/OQ & <¢$ K E %& > (5\&’
C/O C/O s O’b’ 9 »
& ¥
&
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Figure 2.20 Exergy destruction in each component of the ISGMe total exergy destruction of
the plant at different ambient temperatui@ssolar heat input equal toNdW

It can be observed froffigure 2.21andFigure 2.22that the exergy destruction in the combustion
chamber decreases significantly with the increase of the ambient temperature in the da€e of IS
This may account for the weight of exergy destruction in the solar field. Also, the exergy
destruction in the solar field increases with increasing ambient temperature, in contrast to the
exergy destrugn in the combustion chamber.

Figure 2.21 Exergy destruction in each component of the ISCC to the total exergy destruction of
the plant at different ambient temperatures for solar heat input tech@VW

Figure 2.20, Figure 2.21, andFigure 2.22 show that the combustion chamber and the solar field
have the highest exergy destruction among all the subsystems. This is valid for all cases of solar
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heat input. It was also revealed frone thalues at different ambient temperatures that the exergy
destruction of the solar field decreases with increasing solar thermal input.
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Figure 2.22 Exergy destruction in each component of the ISCC taatad exergy destruction of
the plant at different ambient temperatures for solar heat input teqtaMW

2.4.6 Exergetic Efficiency of the Main Components of the ISCC

The exergetic efficiency of different components of the ISCC at different ambient temgefatur
solar heat inputs 0 MW, 75 MW, and 50 MW is showrkrigure 2.23, Figure 2.24 andFigure
2.25, respectively.

Figure 2.23 depicts the exergetic efficiency of different components of the ISCC at different
ambient temperatures in the absence of the solar field, undeoritgined cyclaegime. Under

the combined ayle regime, the condenser has the lowest exergetic efficexrespt at ambient
temperature 8C. That may be due to the decrease in the-temperature reservoir which
increases the heat dissipated to the condenser cooling water.

The exergetic efficiencyf the solar field decreased from 3%30 14.%%6 when the ambient
temperature increased from°€ to 35°C, as shown irFigure 2.24. The condenser exergetic
efficiency also decreased from 7% %0 19.3%6 when the ambient temperature increased fro@ 5

to 35°C for solar heat inpugqual to 5S0MW. This may be due to the decrease in the temperature
difference between the exhausted steam tlmriowpressure turbine and the cooling water from
the cooling tower.

Figure 2.25 shows that the exergetic efficiency of the solar field decreased 4o to 21.P6
when the ambi& temperature increased fronfG to 35°C. The condenser exergetic efficiency
also decreased from 6880 19.3%6 when the ambient tempure increased from® to 35°C
for sdar heat input equal to MW.
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Figure 2.23 Exergetic efficiency of different components of the ISCC at different ambient
temperatures for solar heat input equal MW
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Figure 2.24 Exergetic eficiency of different components of the ISCC at different ambient
temperaturesolr solar heat input equal to 50N

Unlike the thermal efficienciB1], the exergetic efficiency of the solar field explicitly decreased
with increasing ambient temperature, as showrigire 2.24 andFigure 2.25. This may be due

to the increase of the exergy destruction in the solar field with increasing ambient temperature, as
shown inFigure 2.21 andFigure 2.22.

As shown inFigure 2.23, Figure 2.24, andFigure 2.25, the exergetic efficiency of the HRSG
decreased with increasing amhbigamperature, and this may be due to the existence of the
attemperators in the HRSG which limit the steam temperature to the setpoint value. In the HRSG
installed in the Kuraymat power plant, attemperators were installed at the surface of the
superheaterso control the temperature at the inlet of the kpgbssure steam turbine. These
attemperators use water directly from the main feedwater pump of the power plant. An increase in
the ambient temperature may lead to an increase in the flue gas tempafratdraust from the
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gas turbine into the HRSG, and the attemperators limit the effect of this temperature increase on
the temperature of the superheated steam going into the steam turbine using water directly from
the main feedwater pump. This may be asogafor the decreasing exergetic efficiency of the
HRSG with increasing ambient temperature as showfigare 2.23, Figure 2.24 and Figure

2.25.
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Figure 2.25 Exergetic efficiency of different components of the ISCC at different ambient
temperaturesor solar heat input equal to RBN

2.4.7 Exergetic Efficiency of the ISCC Power Plant

The exergetic efficiency of the ISCC power plant was calculated for different solar heat power
inputs. The comparison was implemented at three different antbiepératures: 5, 20, and 35.

The ISCC power plant exergetic efficiency for sdiaat input0 MW, 50 MW, and 7MW at
different ambient tengraturesaredepicted inFigure 2.26. The exergetic efficiency of the ISCC
power plant was calculatec$ed on the design condition data for théed#nt solar heat power
inputs. Figure 2.26 reveals that the exergetic efficiency of the ISCC power phairtversely
proportional to the ambient temperature, where it decreased frost 40 26% with increasing
ambient temperature from % to 35°C for solar heat input equal to FBN. In addition, it
decreased from 482to 46.586 when the ambiertemperature increased frontG to 35°C for

solar heat input equal to 30W.

Figure 2.26 also illustrates the exergetic efficiencytbé combined cycleegime (solar heat input
equal to AMW) at different ambient temperatures. In the absence of the solar field, the exergetic
efficiency of the plant reached 49%8and 47.2% at anbient temperatures & and 35°C,
respectively. This deanstrates that the exergetic efficiency of the ISCC power plant in Kuraymat
has higher efficiency under tltembined cycleegime than under the ISCC regime, as shown in
Figure 2.26. This may be due to the existence of the solar field, which needs precise design
optimization of solar energy integration in a CCGT power plant.
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Figure 2.26 ISCC power plant exergetic efficiency at different ambient temperatures for
different solar heat inputs

Like the overall thermal efficiency, the exergetic efficiency of the ISCC power plant decreased
with increasing ambiertémperature, mainlgt an ambient temperature of 35. This may be due

to the sharp decrease in the exergetic efficiency of the condenser and the solar field with increasing
ambient temperature, as showrFigure 2.23, Figure 2.24 andFigure 2.25. These figures also

show that the exergetic efficiency of the gas tugbemd the HRSG decreased with increasing
ambient temperature, and that also affected the exergetic efficiency of the ISCC power plant, as
shown inFigure 2.26.

2.4.8 Investigating the Sources of Exergy Destruction

From the attained results, it is clear that the amount of exergy destruction in the various components
of the ISCC is altered. This variation is assumed to be due to different reasons such a&sahe typ
device, the process, etc.

Moreover, the results showed that the combustion chamber and the solar field represent the sites
of highest exergy destruction in the ISCC. In this section, an attempt is made to explore and clarify
the sources of exergy dasttionin each component in order to identify the possibility to enhance

the performance of the compars of major exergy destruction

2.4.8.1 Irreversibility in the Solar Field

The exergy destruction in the solar field is due to heat transfer between thelsbe abhsorber,

heat transfer between the absorber and the HTF, and the friction of the viscous HTF. The exergy
loss is due tahe optical efficiencythe ratio of sunligt capture to incident sunlighdand the heat
transfer to the surroundings.

The solar collector is considered to be the main source of exergy destruction in the solar field due
to the hightemperature difference in the collector. The major contribution to the exergy destruction
in the sdar collector is due to the heat transfer between the sun and the absorber, while the major
exergy loss occurs due to optical errf@%s].

It was reported that exergy destruction due to heat transfer between the sun and the absorber
accounts for 3% to 40% of the total exergy destroyed. Exergy losses to the surroundings account
for 5% to 10% of the total exergy destroy¢85s].
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It is thought that to decrease the exergy losses from the solar collector, increastetier
energetic efficiencyattention should be pointed toward imoying the optical parameters of the
collector such as mirror reflectivitghe transmissivity of the glass envelope, absorptivity of the
heat collection elemeHCE) selective coatingandthefocd length of the collectors etc.

Regarding the exergy desttion due to heat transfer, improving that part may involve great
challenges because of the existence of the finite temperature differences which are essential for the
heat transfer process and cannot be avoided.

2.4.8.2 lIrreversibility in the Combustion Chamber

The combustion process is complex. Thus, the entropy generation during the combustion process
is rather high due to the complexity of that process. It was reported that oxidation of fuel during
the combustion process utilizes around 1/3 of the usableeferby[86]. This feature of the
combustion process causes it to have the highest exergy destruction. The combustion process
includes diffusion, chemical reaction, heat transfer, friction, axéhgni To implement all of these
subprocesses, a considerable amount of the available energy is consumedf.tMestnergy is
unreachable,combustion activation energy, mixing, armtiffusion. There are three major
physicochemical subprocesses respongdrlentropy production during the combustion process

[86]:

U Diffusion of reactantsmixing of fuel and air molecules, and chemical reaction, fuel
oxidation,where energy is consumed to overconeahbtivation energy.

U Heat transfer between combustion products and atlighborof particless calledinternal
thermal energy exchange

U Mixing of combustion products with other constituents.

These proesses cause exergy destructod thus result in a reduction in the system exergy. On
one hand, all these processes destroy up%af@he useful exergy of the fuel. On the other hand,

it was found that the dominant process of exergy destruction is the internal thermal energy
exchamge process. It was found that more than 2/3 of the exergy destruction in the combustion
process occurs at the internal thermal exergy exchange process, while fuel oxidation is responsible
for up to 306 of the exergy destruction, and the exergy destruatignto the mixing process is

about 3% of the total exergy destruction of the combustion prof@&js

The thermodynamically irreversible combustion process is-ggplendent. To get a quantitative
solution for the total entropy production during the combustion process, correct information of the
sequence of the combustion process and reactions must be offered.

Many factors affect the exergy destruction in the combustion chamber. For examplesrthe ex
destruction decreases with decreasing excess air and increasing preheating temperature. Mixing a
a large temperature difference leads to high exergy destry8fi@rlso, the errgy destruction

of the combustion chamber is affected by the molecular structure of the fuel, where the exergy
destruction of the combustion chambwreases with the increase of the hydrocarbon chain length
[88]. An attempt was made to avoid this heat transfer by introducing the concept of reversible
combustion, where it was proposed theoretically to preheatethetants to the equilibrium
temperature and partial pressures without a reaction, but it could not be achieved in [@@jctice
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The major exergy destruction in the combustion chamber occurgydhe phase of the internal
thermal energy exchange between the system parff¢ésThe unavoidability of the internal
thermal energy exchange makes reducing the exergy destruction durtgrthestion process
very difficult.

2.4.8.3 Irreversibility in the heat exchangers

The sources of exergy destruction in heat exchangers are fluid friction (leads to pressure losses),
heat transfer between hot and cold flows (due to tempeidifteeence), energy dissipation to the
surroundings (heat transfer between the heat exchanger and its surroundings), production of the
material (Exergy destruction varies dilgcivith the roughness leveblnd construction of heat
exchangef89]. Dissipation to the environment is usually of minor effect and can be neglected

when the heatxec hanger operates at a temper atfre cl o:
Exergy destruction due to fluid friction increases with incregsiluid viscosity and
velocity[91], [92]. The effect of a frictional pressure drop the exergy destruction is small
compared to the effect of heat transfer due to temperature diffg38hce

2.4.8.4 Irreversibility in the gas turbine

The main sources of exergy destruction in the gas turbine are thought to be due to the friction and
the heat transfer between the flue gases and the turbine blades. Ttakémby the fluid during

friction and heat transfer in the turbine is very short, so this may render the exergy destruction in
the gas turbine to be not significant as in the combustion chaifitiennay explain why the gas
turbine has low exergy desttian compared with the combustion chamber. In the compressor, the
mechanism of flow and interaction is the same as in the case of the gas turbine. Thus, it is thought
that the exergy destruction in the compressor has the same weight as the gas turlanedcomp

the weight of exergy destruction in the combustion chamBgrthe same way, the exergy
destruction in the steam turbine can be interpreted.

2.4.8.5 Irreversibility in the steam turbine

Exergy destruction in the steam turbine is governed by constructibresign features. The
transition of flow between stages and leakage around turbine blades tips and through seals play a
major role. So, this type of losses can be recovered to some extent and differs from the features of
the exergy losses in the combustchamber.
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Chapter 3Dynamic ProcessSimulation of ISCC

In this chapter, a sophisticated dynamic process model representing the Kuraymat 1SC
plant in Egypt was developed using APROS software. All processes and automation are
according to the specification of the reference plant. Moreover, actual measurements
reference plant are used for model validation. The study includes measurement valic
analyze the influence of modelling assumptions on simulation resuésifiulation results su
as the electrical power output, the pressure, the temperature, and the mass flow rate were
with the actual measurements, showing good agreeedtaich a detailed dynamic validati
is not available in the literature.

3.1 Introduction

Mathematical modelling complements the measurement work to better comprehend the principle,
performance, and limitations of the energy systems and contributes to improving its efficiency.
The mathematical modelling can be categorized as stdathy simulation and dynamic
simulation. The steadgtate simulationlike the energy and exergy analysis in the previous
chapter,usually used in the design and optimization of energy systems based on the mass,
momentum, and energy conservation equationaddition to empirical correlations for heat
transfer and friction in soalled thermahydraulic models. However the steastpate simulation is

only performed for a series of steashate points and does not provide any information during the
transiens, the path between the steadgites may lead to a plant trip. Thus, a relevant next step is
to analyze the process using dynamic simulation during transients, load changes, and malfunctions.
Unlike the steadystate simulation, the dynamic simulation ddess the time derivatives. It is a
useful tool throughout the entire service life of a power plant, from proposal to decommissioning.
It is a robust and cogffficient tool fortheprior assessment of radical operability and controllability

of a power plat via the design and testing of control structures, operating procedures, and
protective and relief devicesn contrast to steadstate process simulation, dynamic process
simulation enables detailed acquisition of plant behavior during transientdogdgchanges,
disturbances, statp and shutdown phases, etc.) with the associated control syStgnasnic
simulation is a feasible way to evaluate the limitations and capabilities of the power plants and
their control structuref94]. This requires the accuracy of thedel in representing the power
plant and the efficiency of the simulation software. The accurate characterization of the system
components and automation structures are essential for obtaining a meaningful dynamic response.
The requirements for an accteanodel are extremely compleko be able to achieve the highest
possible degree of accuracy, not only must the individual subsystems be optimally physically
coordinated, but thbehavio of components, material properties and control mechanisms must
alsobe precisely coordinated.

Considering the limited existing work, this work contributes to binigithe knowledge gap in the
dynamic simulation of ISCC power plants. However, most reviewed studies so far suffer from the
fact that the developed dynamic mizdare not validated using actual measurements. In this study,

a sophisticated dynamic process model representing the Kuraymat ISCC power plant in Egypt was
developed using APROS software. All processes and automation are modelled according to the
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specifiation of the reference plant. Moreover, actual measurements from the reference plant are
used for model validation. The study includes measurement validation to analyze the influence of
modelling assumptions on simulation results. The simulation reselisasuthe electrical power
output, the pressure, the temperature, and the mass flow rate were compared with the actual
measurements, showing good agreement.

In the literature, the dynamic process simulation of ISCC power plants is less presented than the
steadystate process simulatidBuch a detailed dynamic validation is not available in the literature.
The dynamic simulation validation is a key aspect to evaluate these ISCC power plants realistically
and reliably to make a welbunded decision on threiechnological feasibility. In particular, a few
studies that have addressed the dynamic simulation complemented their models with actual
measurement validation.

This chapter is organized as follow: the developed dynamic process simulation model iedresen
and all assumptions used are summarized and discudsag.the model was tuned and steady

state validated using operational design data of the reference plant. The tuned model was then
validated again using actual measurements of four different lag®mparing the simulation
results of the main parameters (electrical power, pressure, temperature, and mees floith

their actual measurements. Finally, the main results of this investigation are highlighted in the
conclusion section.

3.2 Mathematical Modelling

The model predicts the solar field heat output which is used as additional heat input to the heat
recovery steam generator (HRSG), thus increasing the electrical power output and reducing the
carbon emission®A full-scale dynamic model of the Kuraymat ISCC power plant is developed
using theAdvancedPROcessSimulation (APROS). It is a dynamic process simulator established

for the representation of thermal power plant processes and the creation of realisticspgsiéim
simulators. APROS developed by the Technical Research Centre of Finland (VTT) and Fortum
Nuclear Services Ltd. It contains component libraries for dynamic modeling, of the process,
automation and electrical systems, of thermal power plants, energy and industrial processes.

Themodellingis based on the solution of dynamic conservation equafmr mass, momentum,

energy, where the calculations are solved simultaneously for the entire model network. Steam
properties are calculated as a function of pressure and enthalpy, using the steam tables based on
IAPWS-IF97 as a basis. Combustion andeothelevant chemical reactions aredelledby

APROS thermahydraulic modelsThe integrated model library contains components for the
simulation of turbine plants, boilers, auxiliary systems, analaguenary automation and various
electrical systemsyhich are used fanodellingby drag and drognserted components have to be
initialized individually and connected by connecting lines to a P&l diagram. Calculated variables
are stored in semantic databases and can be visualized in diagrams for ngppitoposes or
exported forfurther use.

In APROS, a thermodynamic model is used to calculate pressure, mass flow, and emtsialpy
accuracy levels (model O toodule 6).

Model 0: Mass flows in the inserted components are initialized by the usertssaveal from the
pressure dynamics. It is a sequential solver that solves mass and energy balances for each
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component individually, neglecting pressure losses. Material properties are solved as a function of
pressure, enthalpy, and mass fraction of thepmments.

Model 1: The mass flow is modelled. In contrast to model 2, pressure, flow and enthalpy are
calculated using simplified equations, but without iteration. Influences of material properties are
only slightly considered. In this model, heat transfetwveen the fluid and the components used is
not simulated.

Model 2: It is assumed that the fluid is a homogeneous mixture of liquid and gas. In the calculation
of the system, the thermal structure of the components is taken into account as well dsathie hy
node pressures, flows and enthalpy. The heat transfer between fluid and components is simulated.

Model 5 to6: These modules are similar in scope to Model 2, simulating the thermal structure,
node pressureflpw, and enthalpy. The mass fluxeslamthalpy are calculated for the liquid and
gas in separate phases. The heat transfer between the two phases and the components is simulate

The thermohydraulic network forms a dual network structure together with the design network,
where the design neork functions independently of the selected thermohydraulic accuracy. The
design network determines the concentration of the fluid and the material properties of the process
parts in the simulation environment. This network structure allows the theramodyfiow model

to be extended to include processes with fluids other than water and steam.

Before the flow system can be started, the initial state must be defined in the initialization phase.
This step must be repeated as soon as the system is extenaedlified. The focus of the
initialization is on the calculation of the initial state values. Here, index tables and geometric values
of the process components are defined, which describe the network structure. In this context,
instructions are given fadefining the simulated process using the thermohydraulic elementary
components of the calculation levaliter the system is initialized, the simulation can be started
and the solutions for temperature, hydraulic node pressure, mass flow, and enthal@®/ can
calculated. If model -3 is used, final values are calculated iteratively by the main program, since
the material properties of water and steam cannot be calculated implicitly.

The simulation created in this work is performed under model 2 cond{tionsogeneous flow
model) Conventional power plants have already been successfutiylaged under this
assumptionAPROS models for thermal power plant technologies are commonly found in the
literature. Most models have been validated by actealsurement, which confirms thaccuracy

and readabilitysuch aghe CCGT power plarj®5]i [99], andCSPP[100]i [102].

The homogeneousiow model,also known aghreeequationor onedimensional mixturglow

mode| assumes thahe liquid and gaseous phases move through the system with the same flow
velocity and temperaturéassumeshermodynamicequilibrium betweenphasels Under this
assumption, it is possible to describe the thermodynamic systemnlyythreeconservation
eguations(mass, momentum, and eneyggandthis three equations are sigient to model the
homogeneousvo-phase mixturelThe dynamic behaviour of the threlearacteristic fluid variables

is described by three conservation equations of the mixtaresinglephase flov components
(e.g.economisersuperheaterand steam turbine), the three characteristic fluid variables are the
local pressure, the mass flwndathe fluid temperaturef the mixture or the subcooled
water/ superheated steam enthalpy. In case ofpivase flow components (e.g. evaporator and
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condenser), the three variables amnmptemented by the void fracti¢g@4]. The local pressure, the
mass flux and the émalpy is described by thre®nservation equations of the mixture.

The mass conservationgs/enas:
o e Y ¢
where, the source terriy(can contain additional mass flewto, or out from, the system
The momentuntonservation is expressed as:
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The energy conservationas follow
Trz 1 rzez’Q 1N
T o T a e

h (3.3

where ", 6, and™Q represent the densitthe mixture velocity, the total enthalpy including the
kinetic energyrespectivelyAnd™O ,"O andn arethe gravitational acceleration fordbe
friction force and the heat flow through wallsespectivelyall per unit volume. The furion,
QL OO L | an 6 a fconsiders e pressure losses due to valf@m frictions and the
hydrostatic pressure differences of a pump.

The pressure derivative term appeared in the energy conservation equationusing ttee total
enthalpy in place of internal ener@y).

Lyt b (3.4)

rotTotlo
In thick-walled vessels, e.g. drum and feedwater tank, the lower part is justandténe upper
part is only steam. Here, the composition of the liquid flowing out of the tank is determined by the
water level and the height of the connected branch. Actually, the number of connected branches to
the tank is unlimited. However, the heigtitthe branch inlet has to be within the height range of
the tank. When the water level is below the branch height, the flow consists of steam, while when
the water level is above the branch height, it consists of water. In between, there is a teesition
where the composition of the exiting liquid gradually changes from water to sheattis
transition area, the governing equations of the mixture flow model are the conservation equations
of mass, momentum, and energy with the motion between thephases using drifiux
correlations. In this model, the four characteristic fluid variables are local pressure, total mass flux,
enthalpy, and void fraction. The continuity equation of the mixtuge/esnby [103]:

T” T” 2o

s T Y (3.5)

where,” , 0 , and"Y arethe density, the fluid velocity and the source term of the mixture,
respectively.
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The momentum equation of mixtuyreeglecting the effect of surface tensioan beexpresseas:

T " z0 T " z0 To.zro oz o
T O T a Tap .27 8 (3.6)
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where,..,” ,” ,andw g arethe void fractionthe density ofjasphasethe density ofiquid

phaseand the drift velocity othe gas phase with respect to the volumetric centre of mixture
respectively

The energy equation of mixturewsitten as:
T2y v ozo oz v Lztozt
T o T a T a
rn.. =
— h
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(3.7)

The drift velocity of the gas phase with respect tovtlametric centre of mixtur@d g) can be:
, Q . .
w g — Q ‘Q h (3.8)
where,’Q and’Q are he superficial velocity ofhe gasandthe liquid, respectively which are

artificial velocitiesdetermined byassuminghat only a given phase is flowing in a certain cross
sectional area. It can be determinedaddisw:

9 2h (39)
(0]

where the subscript k is either gas or liquial,is the volume flow rate of thghase k and A is the
crosssectional area. The drift velocity and the void fraction can be defined by means of the drift
flux correlation, which in turn yields the velocity of the gas plfase ) and the liquid phas@ )
asfollows:

0 6 —w gh (3.10)
6 6 5 —z——@® gh (3.11)

andthe mixture density” ) is given by
" L2 p ..z" 8 (3.12

This mixture flow model with drifflux correlations is often usaghen the behavior of the total
mixture rather than the individuabnstituent phases is required

The dynamic model is generated based on the piping and instrumentation diagrams of the existing
135MW ISCC power plant in Kuraymat, Egypt. All data of thenstwuction geometry and the
boundary conditions are from the plant. The reference plant includes three different circuits that
are interconnected: thitue gasescircuit, the HTF circuit, and the watsteam circuit. This
structure, three different circsitwas mapped in APROS simulation to have a better view of the
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process and control structures. Therefore, the dynamic simulation model includes three different
nets namely: the gas turbine net, the solar field net, and the HRS(S shbwn iTable 3.1. Each

net has its control structures and dynamic boundary conditions. The interfaces between the nets
are the heat exchangers: the HRSG, and the HTF heat exchangémns. @@ hand, the HRSG
consists of a setup of heating modules, which extract the heat from the FG and evaporate the water
in the watersteam circuit. On the other hand, the HTF heat exchangers act as the interface between
the solar field and the watsteam circuit in the HRSG, by extracting the heat of the sodated

HTF and transfer it to the watsteam circuit. The accurate functioning of these two interfaces is
crucial to be able to achieve higjuality simulation results.

Table 3.1 Nets structure and functiswof the ISCCmodel

Netd same Description

Gas turbine simulation Flue gas pathurbine sections and their control circui
HRSGsimulation Circuit of water/ steam sidand their control circuits
Solar field simulation Solarfield HTF sideand their control circuits

Dynamic boundary condition Boundary condition for the gas turbjri@NI and HRSG

The standard process components of APRB@ries are used for the modellingipe, hea
exchanger, and turbomachinefihe homogeneous flow model is used to describe the process
components of the FG path and the water circuit, provided that the liquid and gaseous phases move
through the system atdlsame flow rate and temperature. The point or node component is a basic
process component that has at least one inlet and one outlet flow and it is used to connect different
kinds of process components. Between two connection points, the pipe compaorieanusad to
transport the working fid and calculate the fluid flow, pressure drop and velocitiie
specification of the pipe component includes the shape and dimensions of the pipes. The heat pipe
comprises models for heat transfer between wall andi fhieat storage into the tubed pressure

loss of the flow and it is used as a representation of different components in a power plant like
pipes, valves, and heat exchangers.

The process control system shall be capable of handling the dynamics ofSieedtid HTF heat
exchangers system without restricting the performance. Therefore, the developed model was
controlled by implementing the real control structures and electrical systems from the reference
plant.

3.2.1 Gas Turbine Simulation

The gas turbine net sufates the compression of the air, the combustion, the subsequent expansion
of the FG through the GT, and the heat transfer from the FG to the different heating modules of
the HRSG, as shown Figure 3.1. The FG mass flowateis initialized from actual measurements

as a boundary condition. The natural gas mass is controlled dynamically as these boundary
conditions. The air flows into the compressoaatbient temperature and pressure and its mass
flow rate is specified as a dynamic boundary condition and controlled by the speed of the
compressor. The compressor speed is controlled by a Propdrticegtal (PI) controller defined

in APROS, which recers the mass flowatebehind the compressor as a variable and the mass
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flow ratefrom boundary conditions as a set point. The GT is defined under the assumption that the
FG temperature, pressure, and mass fet@match the actual measurements.

The FG from the GTwith a temperature of about 630, is led through the inlet duct otftHRSG

to the first heat transfer module (HP SH 5) and between the heating modules, intermediate ducts
are installed, which allow entry between them. The last duct is the outlet duct, which connects the
last heat transfer module to the stack, as shovagure 3.1.

Electrical Power MW

Air
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. I . . T
T o U U T
heat to o 2 e 2 2
HP SH 5 o -~ w » =
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Figure 3.1 Schematic othegas turbine net IAPROS

3.2.2 HRSG Simulation

The HRSG net consists of a combination of heating modules, which extract the heat from the FG
and evaporate the water in the wagtgam circuit. The HRSG of the reference plant is a modular
designed horizontal boiler with natural circulation. This meahsr&zontal FG direction with
vertical tubes and natural circulation in the evaporators. As shovagure 2.1, the HRSG
operates at two pressure lexefor each pressure level, water is supplied to the steam drum, via
the economizers, by the HP feedwater pump (HP FWP). In the model, the condenser module is
considered as dynamic boundary conditions.

The freshwater flows from the HP FWP into the firg® dconomizer (HP ECO 1) and is then
divided into HP and lowpressure (LP) circuits. Before the HP ECO 2, a part of FW is extracted to
pass through the LP evaporator (LP EVAP) and the LP SH, then to the LRt&Ttha HPECO 2

and before the HP ECO 3, arpof the FW is extracted to pass through the HTF heat exchangers
during the day mode. The HP FW after the HP ECO 3 passmgyththe two HP evaporators

(HP EVAP 1, and 2) and then mixed with the steam coming from the HTF heat exchangers to pass
throughthe five HP superheaters (HP SH 1, 2, 3, 4, and 5). In order not to exceed the maximum
steam temperature of 556 ° C before the HP ST, HP FW is injected through two attemperators, one
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attemperator between the HP SH 2 and the HP SH 3, and amattihreperato between the
HP SH4 and the HP SH 5, as showrHFigure 2.1 andFigure 3.2.

In the HP watesteam path, the HP FW is heated in the HP economizers (HP ECO 1, 2, and 3) to

a temperature close to the saturation temperature) before it is fed to the HP drum. Therrthe wate
from the HP drum is fed to the evaporators (HP EVAP 1, and 2) through the downcomer and is

partially evaporated, as shownHkigure 2.1 andFigure 3.2. The driving force of the circulation

is the difference of density between the water in the downcomer and the/ stagen mixture in

the EVAP tubesnd risers, in sgalled natural circulation. The saturated steam from the HP drum

is fed to the HP superheaters (HP SH 1, 2, 3, 4, and 5) where it is superheated. Finally, the HP
superheated steam, with pressure and tesyrer of about 70ar and 566C respectively, is fed

to the HP ST. The dimensions of the HRSG HP heating modules in the reference plant are given
in Table 3.2.
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Figure 3.2 Schematic of th&lRSGnet in APROS

The HRSG net has three main controllers: one regulates thEVWAfnass thw rate of the

HP ECO1, another regulates the water level and the pressure in the HP drum, and the third controls
the injection cooling upstream of the HP SH 3 and 5 (attemperators). The inlet of the HP FWP is
specified as boundary conditions with a pueesfl11 bar and a temperature of 1’10 The total

FW mass flow rate is regulated via the manipulation of the main FW control valve.
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Table 3.2 Initialization of the HRSGhigh-pressure heating modules

HP HP HP
economizers evaporators Superheaters
Module order 1 2 3 1 2 1 2 3 4 5
Number of paralletubes ;1 49 41 41 a1 a1 a1 41 M
INn one row
Number of parallel rows 15 4 1 6 3 2 2 2 2 2
Outside diameter ofthe g ) 351 319 381 445 445 44.5 445 445 44.5
tube [mm]

mm&numt“beth"’k”%fs 3 26 26 26 3 29 32 36 36

Average tube length [m] 18.5 18.5 185 185 185 185 185 185 185 185

Outside diameter over -1 759 638 701 705 705 70.5 70.5 64.5 60.5
fins [mm]

Thickness of the fins
[mm]

Number of the finsri'] 280 255 120 280 280 280 280 280 250 120

1 1 1 1 1.3 13 13 13 1 1

3.2.2.1 The Level Control Mechanism of the HP Drum

The function of the drum level control is to adjust the level of the drum during the boilenstart

and to maintain its level at a constant steam |8askvere drop in this level can cause the boiler
tubes to become exposed, causing them to overheéieanthe damaged. A rise in this level can
disturb the process of separating moisture from the steam contained within the drum, reducing the
efficiency of the boiler and allowing moisture to be introduced into the process or turbine.

The ECO water is fed tine drum through a FW distribution tube, which distributes the FW evenly
over the length of the drum, below the water level (setpoint). From the drum, the water circulates
through the EVAP employing natural circulation. In the EVAP, a part of the watpoeatas and

the watersteam mixture returns to the drum, where it is separated into water and steam. Saturated
steam leaves the drum from the top to the superheating modules, where it is superheated and finally
it flows to the ST. As mentioned above, thBR${5 of the reference plant operates at two pressure
levels[66], [67].

The control mechanism of the HP drum regulates the masgdlewf water into the drum. The
LP control structures ardnaost similar to those of the HP circuithe control system includes
Pl controllers defined in APROS, which control the water level and the pressureHP tireim.
The parameter to be controlled is the mass flmethrough the control valve. The control system
of theHP drum level is based on a threlement control, as shown kgure 3.3, which makes
the contrdler more robust. The operation algorithm of the controller is described as follows:

i The deviation between the actual drum lefekum) and the actual valuélsetpoin) iS
determined and takeas an input signal for the Bontroller.
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U The difference betweethe mass flow rate of the FW and the produced sig4n) is
calculated.

U The summation of the signal¥{(, el) I the secored dnpua signal for the-PlI
controller.

The PI controller regulates the FW mass fl@ateinto the drum through the continuous device
control (DC) that regulates the FW mass flow rate from the FWP. As a basis for the control, the
difference between the inlet and outlet mass flat&of the drum and the change in the water level

in the drum ismeasured and added. This sum defines the missing/excess water in the drum's
circulation system and is initialized as input to the PI controller. The PI controller aims to make
the sum othe differences approach zero.

pmax setpoint

setpoint

Setpoint | PI | PI-Controller —— Control circuit
(O Adder Device control —— Water/Steam path

Figure 3.3 The HP drum level controller

The mass flow rate through the regulating valve is controlled by the output parameter of the PI
controller (Oto 1). When the steam mass flow out of the drum increases and the water level in the
drum dereases, the PI controller will increase the FW mass flow into the drum until the sum of
the difference is zerdf the steam mass flow rate from the drum decreases and the water level in
the drum increases, the PI controller reduces the FW mass flomtoatee drum until the sum of

the difference is zerdn case the drum pressure exceeds a specific vahe dpoint, Signal
summatior(¥4, o@L) is replaced by that resulting f
and its maximunpressure value, thereby preventing anyhfer increase of its pressute.order

to avoid triggering the PI controllers with both signals at the same time, both output signals are
filtered by a minimum filter defined in APROS. Both feedbacks (pressurenaisgd flow rate)
controllers are connected to the minimum filter which selects both output signals and forwards the
smaller value as input to the PI controller. This enables the PI controller to only be used for pressure
regulation if the maximum permis$gopressure is exceeded in the drum.

r
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3.2.2.2 The Control Mechanism of the Attemperators

The attemperator is used to control the temperature of the superheated steam upstream of the ST
by spraying water into the steam flow. The HRSG comprises two attemperatioesHP water

steam circuit to avoid the higlemperature difference in steam flow through the superheaters in

the different operating modes (dayight mode). These two attemperators are located in front of

two superheating modules, HP SH 3 and HP SHB.HP attemperators inject the FW mass flow
rateat the inlet of the HP SH 3 and the HP SH 5, as showigure 3.2 to continuously provide

a constantsteam temperature at the inlet of the HP. 8igh fluctuations or spikes in the
superheated steam temperature should be prevented to preserve the HP ST material for longer life.
The attemperator is designed to ensure that all water injected into thessteaporated to prevent

the pitting of the turbine bladesThe control mechanism of the attemperators regulates the
superheated steam temperature at the outlet of the superheating section in order not to exceed the
maximum permissible temperature of tH® ST (556°C). The control system consists of a Pl
controller and control valve, defined in APROS. The input parameter of the Pl controller is the
measured temperature at the outlet of the last superheating module (HPT&&lt8mperature of

steam at th outlet of the superheating section is measured and compardatenstpoint (in this

case 566C). The value of the difference between these two sigedlse input signal for the

Pl controller.The PI controller regulates the mass fi@atethrough he attemperator control valve.

In the LP wateisteam path, water extracted from the HP ECO 1 is led through a throttle valve to
the LP drum as shown fRigure 3.2. In the LP drum, the water culates naturally through the

LP EVAP via a downcomer and is heated until the saturation temperature is exceeded. Then, the
produced steam leaves the LP drum into the LP SH. The LP drum has a level and pressiire con
mechanism that is similar to that of the HP drdmig(re 3.3). Finally, the LP superheated steam

from the LP SH is combined with the steam fromi# ST and is fed into the LP ST. The actual
dimensions of the HRSG LP heating modules were used for dimensioning the HRSG tubes in the
modeland are given iffable 3.3.

Table 3.3 Initialization of the HRSGQow-pressuréneatingmodules

LP EVAP LP SH

Number of parallel tubes in one row 41 41
Number ofparallel rows 6 1
The outside diameter of the tube [mi 38.1 31.8
Minimum tube thickness [mm] 2.6 2.6
Average tube length [m] 18.5 18.5

Outside diameter over fins [mm] 70.1 -

The thickness of the fins [mm] 1 -
Number of the finsri] 280 -
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3.2.3 Solar Field Simulation

The solar field comprises parallel rows of SKA&IT 150 paraboic trough collectors forming
40loops and each loop having four collector assemlj8és The mirrors cover 130,800°m
through 160 collectors and each collector has a total aperture area of 817.15 mykds 84.

The collectors are set up in a nesthuth direction and are rotated by a visual tracking system in
an eastvest direction to align the collector mirrors towards the sun depending on the angle of
incidence. The solar field based on the HTF systenvetsliabout 50 MW (thermal) at full load
operating conditions. The HTF is heated in the receivers of the solar collectors and transfers its
absorbed thermal energy through the HTF heat exchangers to thestegatarcircuit. The HTF

used in the solar fieldsia liquid phase HTF (Therminol VP[B6], [67]. The HTF heat exchange
system includes two similar parallel trains, each train consisting of an ECO and an EVAP in series.
Both ECO and EVAP, arshell and tube type heat exchangers with wattgsagm on the shell side

and HTF on the tube side, U tube type.

The heat absorption by the parabolic trough collectors is modelled in APROS through heat pipes
in the solar field net, as shownhigure 3.4. The effects of the solar field were mapped and a wide
variety of influences (shading, activation, and deactivation) are modelled through the simulation.
Each heat pipe simulates a parabalaigh solar collector, and every four heat pipes form a loop.
Each loop inlet is connected to a cold header and the loop outlet is connected to a hot header. The
solar field net includes 40 loops in total divided symmetrically in two solar fields, eagtemnd

fields. The DNI is dynamically initialized in each heat pipe via boundary conditions and heats the
HTF flowing through. The heat gain by the absorber tubes from the DNI on the solab field), (
defined as solar heat input, was previous caledlat chapter 2. The HTF system is responsible

for delivering the solar heat gained by the HXF () to the water through the HTF heat
exchangers.

Table 3.4 The solar field design paramet¢84],[65]

Solar field operation parameters Unit Value
Solar field total aperture area m2 130800
Number of collectors N° 160
Number of collector loops N° 40

Design direct normal irradiance (DNI) ~ W/m2 700

Maximum solar field thermal power outp MJ/s 50
Hot leg HTF temperature °C 393
Cold leg HTF temperature °C 293

The solar field neincludes the HTF heat exchangers that act as the interface between the solar
field net and the HRSG net (watgieam circuit). The accurate functioning of these HTF heat
exchangers is crucial to be able to achieve accurate simulation results. HTF haagesslare

used to generate steam by cooling the HTF coming from the solar field, and this HP steam is fed
back to the HRSG and is combined with the steam from the HP drum.
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The main HTF pumps are variable speed pumps aitlesign mass flow rate of 2&@/s that

varies between 30 and 1%0according to the actual solar irradiation. As a function of the mass
flow rate, the pressure drop in the HTF cycle \airea wide range betweenIls bar. The HTF
pumped into the solar field is equally divided into twr@ams between the east and the west fields
by control valves, as shown Kigure 3.4. The FW is supplied from a draeff inside theECO
systemof the HRSG. The FW from the HRSG is preheated in the HTF ECO up to just below
saturation, before entering the HTF EVAP. In the HTF EVAP, steam is generated by cooling the
HTF flow from the solar field as in the HTF ECO. The ECO and the EVAP are botkaskell

tube heat exchangers with two tube paths, typeité, as infable 3.5. The steam coming from

the HTF heat exchangers is combined with the steam coming from the HP drum and flows further
into the HP SH 1, as depictedhigure 3.2.
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Figure 3.4 Schematic of theolar fieldnet in APROS

The solar field net comprises three control systems that regulate then&lS&-flow rate into the

solar field and the mass flow rate of the HTF and the water into the HTF heat exchangers. The first
control system regulates the HTF mass flow rate through a PI controller defined in APROS to reach
a consant outlet temperature (398) from the solar collectors in order not to exceed the
maximum allowale temperature of the HTF (40Q). The second control system regulates the
cooling mechanism of the HTF in the HTF heat exchangers through a bypass system to maintain
the HTF inlet émperaturdo the solar collectors at 298. In the night mode (no solar heat input),

the HTF flows through a bypass control valve and circulates in the solar field to prevent the HTF
from entering the HTF heat exchangers, this avoids undesired coolimg IdiTF by the water in
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the HTF heat exchangers waterside. The third control system regulates the FW mass flow rate in
the HTF heat exchangers through a PI controller to reach the saturation temperature of the water
at the outlet of the HTF heat exchargyer

Table 3.5 The specifications of the HTF heat exchangers

Parameters Unit Shell side Tube side
Fluid - Water/ Steam Therminol VR1
Nominal fluid flow rate kg/s 28.9 173.25

Inlet temperature °C 289 393

Outlet temperature °C 292 293

Inlet pressure bar 76.31 17.00

Nominal velocity m/s 0.47 1.81

No. of passes per shell - 1 2

No. of tubes - 1110U

Gross surface area mz 1034

Effective shell/unit area m2 1006.37
Mean temperature differenc °C ~ 23.7

3.2.3.1 The Control Mechanism of the HTF Mass Flowrate

The HTF mass flowateinto the solar field is divided equally between the east and west fields by
two control valves. The HTF mass flonate control system adapting the HTF pump speed to
maintain the HTF outlet temperature from the solar field at°898 order not to exceedhé
maximum allowable temperature of the ThermiBIL (400°C). The HTF mass flowatecontrol
system includes a PI controller defined in APROS that controls the speed of the HTF pump
depending on the heat rate absorbed by the HTF in the solanfield)(

The variable to be controlled is the HTF mass flow rate that is measured before the HTF pump.
The required mass flovate (¢ ) to be achieved is determined in a calculation cascade as
follows:

U Calculating the specific enthalpy of thE'F at the solar field inlet () from the measured
pressurein) and temperature ().

U Calculating the specific enthalpy of the HTF at the solar field outdgj {fom the measured
pressureffou) and he set point temperature of 393.

U Calculatingthe required HTF mass flow raté ( ) to reach the HTF temperature of
393°C at the outlet of the solar field by dividing the heatergained from the solar
field(®0 ) by the specific enthalpy difference between thalculated specific
enthalpieghoutand ), as shown irrigure 3.5.
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Figure 3.5 The HTF flow ratecontrol circuit

Control circui

The HTF mass flowate (& ) is compared with the measured HTF mass flow rate before

the HTF pumpd ). The difference between the two mass flow rates is initialized as a setpoint
into the PI controller. Then theutput parameter of the PI controller regulates the output of the
HTF pump between 8nd100% with a maximum mass flomateof about 25kg/s.

3.2.3.2 The Control Mechanism of the HTF Bypass

The HTF bypass mechanism regulates the temperature at the inlet ofahéedd through a
bypass system. The reference plant has a complex system to cool the HTF. In the model, the HTF
cooling is achieved via two heat exchangers in series (ECO and EVAP) of counter flow type, as
shown inFigure 3.4. The enthalpy difference of the HTF between the solar field inlet and outlet

is transferred to the watsteam circuit via the HTF heat exchangers. The water coming from the
HP ECO 2 is evaporated and slightly overheated in the HTF heat exchangers and then flows into
the HP SH 1 with the steam from the HP drum, as showgure 3.2. The HTF bypass system
activates and deactivates the HTF mass flat@into the heat exchangers and ensures a constant
HTF outlet temperaturom the heat exchangers at 2€3 A PI controller, defined in APROS,
measures the outlet temperature dstneam of the HTF heat exchangers and controls the mass
flow rate through the bypass valve thus the HTF inlet temperature to the fsalldris
constan{293°C). If the oulet temperature drops below 293, the Pl controller bypasses the

HTF heat exchareg by partially opening the bypass valve. Thus the HTF outlet temperature from
the HTF heat exchangers is controlled to a constant98/hen the temperature at gaar field

inlet is above 293C, part of the mass flovateis cooled in the heat exchangers via a control valve.

3.2.4 Dynamic Boundary Conditions

To initialize the created simulation environment with input data, interfaces for boundary conditions
are createdn the dynamic model, boundary conditions were initialimedhe GT, FW, and DNI

parameters as a function of time. All boundary conditions were initialized as hourly values and
timed by a common timer defined in APROS. A polyline module defined in APROS is used to
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interpolate the initialized time values into alynomial curve. Tocalculate different time
serieqdifferent days), a switch defined in APROS can switch between different initialized
polylines. In the gas turbine net, the boundary conditions for the natural gas and the combustion
air were initialized.The natural gasemperature and pressure of 22Z5and 1bar, respectively,

were initialized as constant values as applied in the reference Tit@npressure and temperature

of the combustion air correspond to the ambient conditions and are initialitesinode module
upstream of the compressdihe FG mass flowatewas initialized in a Pl controller to regulate

the pressure and the mass flow rate of the compressor through its speed. In the HRSG net, the
pressure and the temperature boundary camditfor the FW coming from the HP FWP were
initialized in the node module before the HP ECO 1. FinallyDXNé was initialized in the solar

field net according to the actual measuremente DNI is initialized in the calculation network

of the solarfield. In a calculation cascade, receiver, piping, slvadow incidence angleend
lossesand field efficiency are subtracted from the DNI. The resulting lossless DNI is multiplied

by the collector area (D800m?) and divided by the number of solar collest(160). The resulting

value is initialized into the heat pipes as the energy to be absorbed. The calculation system of the
loss parameters can be found in thapter 2

3.3 Resultsand Discussion

The developed modetastuned using the operational design data of the reference plaet.
boundary conditions of the gas turbine, feedwater and DNI are initialized with constant &alues.
comparison between this data and the simulation results was presented and eVal uateease

the validity of the validation, the validation is carried out for two CaBes.simulated values for
temperature, pressure and mass flow are measured and compared with the real data.

Then,to find out if the model can reproduce the dynamic belnder temperature, pressure, mass
flow rate, and power of the reference plant. Here, the dynamic model is validated using actual
measurements for different four days in three different months, 20 Jul. 2013, 21 Jul. 2013, 30 Aug.
2013, and 04 Sep. 2013.

The main difference between the simulation days is the incoming DNI into the solar field and the
resulting total electrical power outputs from the GT and the steam turbines in addition to the
different ambient conditions. For the dynamic simulation, dynamie series over 24h were
available for each day. The dynamic simulation results for the heat absorbed from the given DNI
values of different days were simulated then the mass flow rate, temperature, and pressure values
along the power plant were pressshiand compared with the actual measurements.

3.3.1 Model Tuning

The steadystate simulation is just one initial condition for a dynamic simulation to tune the model.
To increase the validity of the steaslate verification, it is performed for two differensea. As
indicated inTable 3.6, the model was tuned using the operational design data for 50 MW solar
heat input and two different ambient temperatafe20 °C and 35°C [16], [17].

The model was iteratively improved so that the numerical results match the operational design data
of the two reference cases. The boundary conditions of the GT, the FW, and the DNI were
initialized with constant values. Tlséeadystate simulation results were calculated and compared



Dynamic Pocess Simulation of ISCC 65

with design data and the accuracy of the main parameters results was evaluated and presented ir
Table 3.7.

As indicated inTable 3.7, the simulation results match the operational design data with high
accuracy. Less accuracy appeared in the simulation pressure values (steam pressure after LF
superheater and steam pressarélP drum). The reason for these differences may be due to the
geometry of the heat exchangers. Since the geometrical data is given in the model, further
optimization of tle pressure values is difficult.

Table 3.6 Reference steadstate cases descripti¢operational design data)

Parameter Case 1 Case 2

Ambient temperature [°C] 20 35

Natural gas flow rate [kg/s] 471  4.33

FG mass flow rate [kg/s] 206.36 190.47
FG temperature [°C] 605.29 622.94
Solarheat input [MW] 50 50

Net electrical power output [MW 129.25 116.62

Net power plant efficiency] 60.93 59.77

After the model was tuned and verified, the simulation environment is initialized with the dynamic
boundary conditions as will explained in detail in the following sections.

Table 3.7 Comparison between the simulation results andpegational design data

Case 1l Case 2
Parameter/Variable

Reference Simulation Error Reference Simulation Error

FW inlet temperature tc

the solar field [°C] 236.59 235.20 0.59%0 232.86 231.49 0.5

FW mass flowrateto

the solar field [kg/s] 28.79 28.34 1.570 28.48 27.89 2.0%%

FW outlet temperature
from the solar field [°C]

FG temperature [°C]  605.29 604.46 0.1%6 622.94 604.46 2.9™%

293.90 300.68 2.31% 292.56 299.17 2.26%

FW mass flowrateafter
0,
FWP [kg/s] 56.80 56.81 0.01% 49.25 48.98 0.5

FW pressure after

FWP [bar] 150.40 149.99 0.27%0 150.80 150.40 0.270
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Case 1 Case 2
Parameter/Variable

Reference Simulation Error Reference Simulation Error

Steam pressure in

0,
LP drum [bar] 10.91 11.21 2.71% 10.82 10.77 0.48%
FW mass flowrate
: : .00% 3. : 2.72%
before LP drum [kg/s] 3.85 3.85 0.00% 3.30 3.39 b
Steam pressure after 10.22 10.77 & ADh 10.20 041 .

LP SH [bar]

Steam temperature aftt ;370 23271 009 23540 23298 1.0

LP SH [°C]
Steam pressure in 76.24 80.07 509 7457 78.28 4.9%
HP drum [bar]
Steam mass flowate
46.78 46.52 0.5540 45.95 4559 0.78%

before HPST [kg/s]

Steam temperature

before HPST [°C] 559.70 560.01 0.068% 559.39 560.26 0.16%

Steam pressure before

o
HP ST [bar] 69.38 67.81 2.26/0 68.33 66.48 2.71%

3.3.2 Dynamic Model Validation

After the tuning of the model using operational design data for two different ambient temperatures,
as indicated inTable 3.7, it is necessary to findub if the model can reproduce the dynamic
behavior for temperature, pressure, mass flai@ and power of the reference plant. Here, the
dynamic model is validated using actual measurements for different four days in three different
months, 20 JuR013, 21 Jul. 2013, 30 Aug. 2013, and 04 Sep. 2013. The main difference between
the simulation days is the incoming DNI into the solar field and the resulting total electrical power
outputs from the GT and the steam turbines in addition to the differdm¢@inconditions. For the
dynamic simulation, dynamic time series over 24h were available for each day. The dynamic
simulation results for the heat absorbed from the given DNI values of different days were simulated
then the mass flow rate, temperaturej aressure values along the power plant were presented
and compared with the actual measurements. Here, it should be mentioned that the model is not
tuned during the dynamic simulation for the different given days.

Figure 3.6 shows the measured and simulated heat gain from the solar field for four selected days.
The DNI is provided here for reference. The heat fate () shown in the figure is normiaéd on

a per unit solar field aperture area basis, so the unit is JivFhe DNI is the main factor
determining the solar heat harvested by the HTF in the solar collegtors)( The calculation

point of the HTF heat absorption rafe ( ) simulation results irfFigure 3.6 located at the outlet

of the solar field, directly before HTF heat exchangers. The simulation results show agreement
with measured data, thisehavions mainly achieved by the control system defined in the model.
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In the HRSG net, the simulation of the HP and LP wstieam circuits and the simulation of the

steam coming from the HTF heat exchangers are of particular importance. Besides, it is necessary
to check whether theimulation can good approximate the mass flow rate of the FW in both

circuits, HP and LP circuitsFigure 3.7 reveals the simulated and the measur@triass flow
rate in the HP and LP circuits for the different four days.
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Figure 3.7 The feedwater mass flow rdi@ four days (a) 20.07.2013(b) 21.07.2013
(c) 30.08.2013(d) 04.09.2013

In Figure 3.7, the FW mass flowatein the HP circuit increases during the day as a result of the
availability of the solar field in the power plant, t@my to the FW mass flovatein the LP circuit,
which decreases slightly during the daigure 3.7 indicated that the simulation results of the FW
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mass flow rate for both, the HP and the LP circuit, match well the actual measurements for the
different four days. During the day mode, the additional FW massrftawn the HP circuit is

well represented. The results showed that the FW flow in the IcRitcitecreased during the
daytime mode, which could be due to the decrease of available heat in the FG due to the higher
mass flowrate in the HP circuit, and this slight decrease was also well represented with the
simulation results. The fluctuations dfet mass flowate are modelled, but its extreme rates of
change cannot be modelled accurately, however, a good trend is observed. The measuring point of
the HP and LP FW mass florateis located upstream of the HP ECO 2 and upstream of the LP
drum, respetively.

Figure 3.8 shows the simulated and the measured steam mass flow rate after the HP SH 5 and the
LP SH. Similar to the FW mass flowate the steam mass flosatein the HP circuit also increases
during the day, contrary to the steam mass flatein the LP circuit, which slightly decreases
during the day.
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Figure 3.8 The steam mass flow rafter four days (a) 20.07.2013, (b) 21.07.2013,
(c) 30.08.2013, (d) 04.09.2013

Figure 3.8 revealed that the simulation model can accurately represent the trend of steam mass
flow rate change after the HP SH 5 and the LP SH. Again, the increased mass flow rate in the HP
circuit and its decrease in the LP circuit during the day can be modaliedw the representation

of the extreme values cannot be modelled identically, however, a good tendency can be seen.

Figure 3.9 shows the simulatednd the measured steam pressure before the HP and LP steam
turbines. The actual measurements show that the pressure of the steam after the HP superheating
modules significantly increases during the day. The simulation results are slightly higher than the
actual measurements, especially at the extreme values, however, the model can simulate the steam
pressure variation during the load change well.
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Figure 3.9 The steanpressure before the steam turbif@sfour days (a) 20.07.2013,
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In contrast to the actual measured data of the LP steam, constant pressure is observed in the
simulation results which can be attributed to the measurement point and thethaeyadssure

control mechanism of the LP druRigure 3.3). The measuring point prevented the effect of the
solar fieldinduced pressure change throwghkontrol valve upstream of the ST. It is possible to
reproduce the effect of the solar fiefdluced pressure change by moving the measuring point
between the control valve and the ST.

Figure 3.10shows the simulated and the measured tempeiagngviorof the superheated steam

after the HP SH 5 and LP SH. The effect of the solar field can be seen here in the temperature
values of the LP steam. The stetemperature in the LP circuit increases during the day that may
be due to the decrease of the LP mass fateduring the day.

The results show that the temperature behavior of the actual measurements can be reproduced by
the model. InFigure 3.10 (a) and (b), the actual measurements of the days 20.07.2013 and
21.07.2013 show that the temperature of the HP steam before the ST decreased during the day
however the model reproduced the temperature value with a constant value that is due to the control
mechanism of the constant steam temperature before the ST through the attemperators. It is not
recommended to change the steam temperature before the steam turbines, as this may caus:
material problems in the blades of the ST. The simulation results|réweaole of the
attemperators in controlling the steam output temperaturetfr@superheating modules, HP SH

and LP SH, in the dynamic model.
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Figure 3.10 The steam temperature before the steam teshior four days(a) 20.07.2013,
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The last important parameter to be validated is whether the overall performance of the ISCC
systems can be simulated was the electrical power output of the ISCC poweFigjiarg.3.11

shows the simulated and the measured electrical power output from the steam turbines and the
whole ISCC power plant.
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Figure 3.11 The electrical power output of the ISCC power pfantfour days (a) 2007.2013,
(b) 21.07.2013, (c) 30.08.2013, (d) 04.09.2013

Unlike the stanéhlone solar power plant, the ISCC power plant produces electrical power for the
grid regardless of solar radiation conditions, as revealdeéigare 3.11. During the day, the
electrical output of the ISCC power plant is increased as a result of the heat harvested in the solar
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field. It can be concluded that the curve of the measelesttric power output can be simulated
well through the dynamic model.

During the day, the simulation results represent the actual measurements of the steam turbines
electric power output with high accuracy. There are small deviations in the simulstitts fer

the electric power output of the whole ISCC power plant that is due to the deviation in the
simulation results for the electric power output of the GT.
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Chapter 4Experimental | nvestigationof Dynamic
Instabilities in HRSG

In thischapter, the fundamentalstbe twephase flow are briefly explained and the mechar
of three main types of the twihase flow dynamic instabilities in water tube boiling are desc
in detail using simple models. Then, the desifithe test rig usig similarity-based scaling critel
wasmentionedFinally, the experimentakesultsfor the twephase flow dynamic instabilities wi
provided and discussed.

4.1 Introduction

Since the gas turbine is an inherently flexible component, studies in the litexegtargely
focused on the dynamic response of the wadegam bottoming cyclén HRSGs, demineralised
water is vaporizedisingthe hot exhaust gasé®m the upstream gas turbinthus drivingthe
steam turbineThere are two differerdonceptfor HRSGs. On the one hand, there is the vertical
HRSG with horizontal tubes, and on tbther hand the horizontal HRSG with vertical tubes.
Depending on the consttion and the working principle of the HRSG, there are more or less prone
to socalled flow instabilitiesAnd concerninglimate protection, it is a significant taskdevelop
evaporation processestime HRSGsbecause this can increake efficiencyof the power plants
andthus reduce C®emissionslt is important to understand occurring instabilities to prevent
unstable and unsafe opergfconditionsduring the evaporation procasdncrease the service life

of theHRSGs In order toachievea beter understandg of this evaporation process, research is
being conducted in the areas of heat transfer, pressure drops, and instability phenomena in two
phasgwatersteam)flow.

Two-phase flow systems are widely used in many industrial systems, sstéaas generators,
thermal management, refrigeration and cryogenics, and chemical processing dystasiseen

studied over several decades due to its application in a wide variety of areas such as the chemical
industry, food industry, power plants, rig&ration, and in recent years, heat removal from high
heat flux devices such as computer chips and fuel cells-phase heat transfer also has an
application in spacbased systems that involve refrigeration or thermal control systems. 8eside
the abovementioned fields, twgphase heat transfer finds an application in other traditional means

of heat transfer such as heat exchangers,jbgmical processg, condensers and evaporators

Heat recovery steam generab@havio is of particular inportance to the wateapa flow in the

heat exchanger tubes. Therefore, the-phase flow and the phenomena associated with it are
describedTo design the evaporation process, it is important to understand occurring instabilities
to prevent unstable anohsafe operatig conditions.

Flow instabilities due to mass flovate or pressure disturbances lead to mechanical as well as
thermal fatigue[104]. These instabilities can cause serious damagempairment during
operation.n the case of mechanical fatigu#hrations are induced in tHdRSGas well as in its
components due to mass flowte and/ or pressure oscillations. Furthermossyinging wall
temperaturesandevelopthermal stresses within the tulséow instabilities can lead to a periodic
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change of the flow formwith different heat transfer mechanismich can lead to different wall
overheating in theube Inadequate cooling of thebewall leads to thermal failure, which usually
manifests itslf in the form of burnout of the wall. Thus, due to oscillations of several parameters,
no stable process takes place. On the one, llaeske flow instabilitietead to a reduction in the
overall efficiency andon theother hand, theylead to many undesible si@ effects, e.g. tube
vibration. In particular, a reliable prediction of possible flow instabilities is important to avoid
insufficient cooling of the steam generator tubes due to insufficient water circuldtigs).reliable
dimensioning and desigof equipment in which these flows occur is a very important challenge.

In the twoephase flow systems, several different instabilities may occur. While the static
instabilities are part of the standard boiler design and analytically accessible, afgrest tef be
introduced by researchers to understand the dynamic instabilities. Unlike static instabilities, which
contain a ongime excursion from an unstable operating point to a new stable condition, the
dynamic instabilities are labelled by continsaycling between slightly unstable operating points.
These dynamic instabilities are hereunder briefly explained. In general, the dynamic instabilities
in heat exchanger tubes can be classified as Denaig type oscillations (DWO), Pressttep

type ascillations (PDO), and Thermal type oscillations.

The dynamicinstabilities analyses for vertical HRS(Be of significant importance. As shown i

the literature, there is no experimental study regarding the instabilities analyses for vertical HRSG.
Furthemore, it can be seen that little research in the field of-phase flows dealsvith
demineralized wateaas a test fluidPrevious experimental studies in this research area mainly used
refrigerantssuchasFreonll, because of their low boiling poirih contrastatestrig is designed
andoperated witldemineralized wateas a test fluido avoid potential side effects due to different
fluid propertiesAnother point by which the test rig differs from previous ones is the variability in
parameters concerning startup processes, the orientation of the evapbesind the multiplicity

of operating options.

4.2 Technical Fundamentals

To understand the progies and conditions iatwo-phase flow, it is first of all important to deal

with the different flow or phase distribution states of a-phase flow. The water and steam phases
can differently be distributed in a tube with the independence of velaoltyme fraction and tube
orientation (horizontal, vertical or inclined). The various distributions of water and steam phases
in a tube are known as flow patterns. Depending on the volume fraction of the steam and the
orientation of the tube, different flomrms occui{105]. In the horizontal heated pipe, the water
entes the heated pipe as saboled water and leaves as superheated steam. Between the inlet and
outlet of the heated pipe, mixed and transitional forms occur as shdwgune 4.1.

A. Temraz et al[106] have observednd recordedhe existing flow pattern for the water on the
sight glass at the outlet of the evaporator tube under the forced circulation operating cdaydition
a highresolution camera as shownhkigure 4.2. These captusawere taken at the outlet of the
evaporator for the water to enter the evaporator tube with constant inlet prgsguaad constant
inlet temperature™{ ) equal to 4 bar and 9Z, respectively, wi a uniform heating power of
6000W and various mass flow rates.
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Figure 4.1 Flow patterns in the horizontal heated pip@5]

The pressure and temperature values listed under each captbiguie 4.2 represent the
conditions of water leaving the evaporatdre The flow pattern appearedHigure 4.2 (a)to be
bubbly flow at the mass flow raté (= 85 kg/h) and transformed to plug flowkigure 4.2 (b) at

mass flow rate { = 75 kg/h). During decreasing the mass flow rate fram=(65kg/h)

to (& =kg/h) at the same inlet and heating conditions, the flow pattern converted from churn flow
as shown irFigure 4.2 (c and d)to annular flow as shown figure 4.2 (e, f, g and h)
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Figure 4.2 Flow pattern for water leaving the evaporatdyewith various mass flow rat¢$06]

Flow maps are generally applied to predict thealdlow pattern in a pipe. In these maps, the
existence range dhe flow regime is represented in twdimensions. It displays the transition
boundary between the flow regimes, generally plotted on-éotpgraph. These flow maps can

only give a rough gde on the flow regimes in the heated pipe because there are no clear
boundaries between the individual flow forms. In the literature, several flow maps are available,
where the comparison between them is very difficult. Many of these maps are develoged fo
adiabatic watesteam flow and thus are only suitable for heated pipe under additional assumptions.
Simple maps use oraxis to differ between the flovegimes, while complex maps are built based

on different axesFigure 4.3 shows a complex flow map for the horizontal and inclined heated
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pipe is developed byl 07]. It is one of themost widely used flow maps for predicting the transient
between twephase flow regimes intaorizontal heated pipe
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Figure 4.3 Flow map for the horizontal heated pipe[hQ7]

The intersection of mass velocities of the water and the stedmaon tmap idestifies the flow
pattern that exists at these conditioas,showrin Figure 4.3. Although the flow maps can only
give a rough guide on the flow regimes, they are of significancpréatictingthe flow regime
inside the heated pipe.

4.3 Dynamic Instabilities Mechanisms

The twophase flow instabilities can be classified as static and ndign§l04]. The static
instabilities were well defined and understoodalpt of studies and researahd they are a part

of the standard boiler design. Here, the mechanisms of dynamic instabilities are explained using
simple models.
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Static Instabilities are commonly characterized as atiome departure from one unstable
operating condition to a new, distincttlifferent operating condition, such &siling crisis,
Ledinegg instabilityandflow pattern transition instability

Unlike static instabilities which involve leaving one unstable operating condition to a new stable
one, the dynamic instabilities leadgeriodic fluctuations around a sefixed operating point due

to a feedback mechanisbetween competing impacts on the flfil@8]. In the case of dynamic
instability, the flow parameters have sufficianteraction and delayed feedback between each
other. The dynamic instabilities can result from the multiple feedbacks between masatéow
pressuredrop and density change variation in a boiling tube. The compressibility of thehiaee
mixture provids the main motor of dynamic instabilities formation. The main types ephase

flow dynamic instabilities in evaporator tubes are DWOs, PDOs and thermal oscill&tiloof.

the dynamic instabilities present in the flow boiling only.

4.3.1 Density Wave Oscilations

Unlike Ledinegg instabilityqtatic instabilitiey where the problem may be avoided by modifying

the system to eliminate the negative slope portion of the internal characteristic curve, Knowledge
of Operating Boundaries is the only option availalole DWOs. Further, there are no simple
correlations available for DWO stability boundaries as DWOs appear only for specific
combinations of operating conditions dependent on a wider variety of factors [136].

The DWO is one of the most important dynamistabilities, which take place in evaporator
systems. Here, the fluid properties oscillate with relatively high frequencies. A simple model is
adopted to understand the mechanism of DWOs. The model consists of a supply tank, an
evaporator (investigatetube and two flow restrictiong109]. The mechanism of DWOs is
explained with the aid oFigure 4.5. In this model, it is assumed that the pressure in the supply
tank ) ) and the outlet pressure of the evaporatoj ére kept constant. Furthermore, the steam
generation is assumed to tenstant in the test tube independent of mass rfiae This means

that the heater should maintain a constant steam production in case of maasefiawnation.

As previously mentionednass flowrate or pressure disturbances can lead to-plase flov
instabilities.There are two key pressure characteristic curves are used in the analysis of the stability
for the flow boiling systems. The cured the demand pressudzop versus the mass flonate

which called the internal pressure characteristiceand the curve of supply pressdrep versus

the mass flowratg which called the external pressure characteristic curve. The intersection
between these two curves determines the stability of a given operating point.

Suppose that the operation is on tpesitive slope portion of the inteal characteristic
curve(pointl). Atatime ¢ 0), if the pressure drop in the evaporator undergoes a sudden minor
reduction from its nominal value withy 1 1 then a drop in the inlet pressurg X will

occur instantaneously since the exit pressyrgi¢ constant. As eonsequengehe mass flowate

in the evaporator artthusthe inlet velocity ¢ ) increases according to the following equation:

6 % n n (4.1)
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As a result, a higher density fluid will flow ab ( 0 ) from the sipply tank into the evaporator.
However, an increase in the inlet velocity from point 1 to point 2 will cansicreasén the
internal pressure drops shown in the internal characteristic curvEigure 4.5.

Internal characteristic

I _ curve (deltap) \ _
£ @ &
g & F =
o R S B
8 <
= %
O NS
g ¥
= S
) P
B (a2
dp .7/ o
T |y 4 ~——X_ __ External characteristi
! curve (delta )
...... <_> >
dm Mass flow
p, (constan
Electrical heater Y
p. (constant m Po

Investigated pip&linjet

—H HT]_. |

RestrictionsT

Figure 4.5 Densitywave oscillation§106]

After theresidence timehk time interval which is taken by a particle to cross from the inteeto

outlet of the evaporatpthe increased internal pressure drop causes the inlet pregsute (
increase since the exit pressume)(is constant. Acording to the above equation, ianrease in

the inlet pressur@) ) leads to a decrease in pressure dfpp (] ) and thus to aduction in the

inlet velocity (6 ); since () ) is constant. A reduction in the inlet velocity will rééSn mass fow

rate reductionfrom point 2 to point 1; as shown in the internal characteristic curivgyure 4.5.

As resultsaless mass flow rate will enteralevaporator and thus the fluid has greater enthalpy as
well as lower density when it reaches the outlet restriction. A lower inlet velocity causes a lesser
pressure drop in the test tubg ( 1 ) and this starts the cycle again and so on whalses
density oscillations in the evaporator tubes.

4.3.2 Pressure Dop Oscillations

The PDO can occur when the evaporator system has a compressible volume like a drum. Here,
the fluid properties oscillate with lower frequencies compared to DWO. The same mmodel
employed to understand the mechanisnPbfs but after adding a surge tank (as compressible
volume)[109] as shown inFigure 4.6. The surge tank is lated upstream of the
evaporatofinvestigatedubé. In this model, it is assumed that the pressure in the supplyrtank (

and the pressure at the outlet of the evapor@tor are constant and the steam generation is
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constant in the test tube independent of mass fftdevi.e. the heater should maintain a constant
steam generation in case of mass ftatevariation.

The mechanism of PDOs can be explained udtigure 4.6. Suppose that at a tinf@ 0 ), the
operation is on the negative slope portion of the internal characteristic curve (point A). The slight
decrease in the surge tank pressure triggers the mass flow rate to enter the surge tank more thar
leaves it, note tha{ andr are constant. Du® the accumulation of fluid in the surge tank, the
pressure of the surge tark Y will increase. As a sequence of this, the equilibrium point moves

up until it reaches the peak (point B). Here, any higher pressure can only be obtained by a higher
mass lfow rate as given by the internal characteristic curve (point C). At point C, the amount of
mass flowrate that leaves the surge tadk § is more than the amount of mass flmate that enters

the surge tankd ). Due to the mass flowate imbalance, thievel in the surge tank will be
decreased. This means that the surge tank presp)eill also reduceill reaches the operating
pointD. At point D (the lowest point of the internal characteristic curve), lower pressure can only
be sustained if the ass flowrate decreases again to operation point A. At point A, the mass flow
rate leaving the surge tank () is less than the mass florate that enters it( ). Hence, the
pressure inside the surge tamk)(increases and causes a shift to operagtimigt B. This starts
cycling (ABCDA) again and so on which causes pressure oscillations in the evaporator tubes.
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4.3.3 Thermal Oscillations

Thermal oscillations are a consequence of the massrétoscillationsthat occurred in the
evaporator tubes by the reason of previously explained demsity and pressw@rop
oscillations. The evaporator inlet fluid temperature and the heat input are usually constant at the
steadystate operation of the power plant. The mass flow rate varidtiatgccur in the evaporator

tubes can lead to a variable mal response of the heated wall due to the variable heat transfer
coefficient. These variations cause different wall overheating in the tube due to inadequate cooling
of the tube wall anthat can get coupled with the DWO. This overheating of the tuls lealds

to thermal failure, which usually manifests itself in the form of burnout of the wall.

The appearance of these thermal oscillations is highly undesirable specifically at the high
temperatures of the HRSGs.éeoscillations not only can degradgsgem performance but can

also lead to early fatigue and control problems that can become devastating.

Interaction of variable heat transfer coefficient with flow dynamics.

Largefluctuations of the heated channel wall temperature.

cC: . C

Thermal stresses on theated tube.
U Burn-out oftheheat transfer surface.

Thermal oscillations usually occur as a part of or result of other dynamic instabilities and are
important in thermal management applications.

4.4 Characteristic Pressure Curves

To investigate thaelynamic instabilities of twghase flow in boiling systems such as the low
pressure or higipressure evaporators, the internal characteristic curves of these evaporators should
be obtained. The reason for selecting the-pyassure evaporatoif © 1 0 is that in Jhehigh-

pressure evaporators the high pressures lead accordingly to damp the oscillations. Therefore, the
flow instabilities in the lowpressure evaporators represent here the worst case and thus are
analysedAt the previous opetimg inlet conditionsf) = 3.95 bar!Y = 92 ° C and) = 6000W,

in captures shown ifrigure 4.2, the internal characteristic curve thfe evaporatortube was
obtained byA. Temraz et al[106]. The measured pressure drop in [mbar} whtted versus the

mass flow ratén [kg/h], as shown ifrigure 4.7.

The measurements show a change in the slope of the curve from positive to negative and back
again to a positive slope, and this is known as theh&pe curve (behavior) asoswn in Figure

4.7. Foramass flow rate ofappro&. © 25 kg/ h), the water enters t
phase, as a liquid, and leaves it again asgesphase in vapor as seerrigure 4.2. From a mass
flow rate of approx.d © 75 kg/ h) , the heat fl ow ihesstattot s uf

of saturation is reached so the water flows through the evaporator tube in one phase, as a liquid.
So there is a region in the evaporator tube in which the water flows in two phases, asvapquid
mixture.
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Figure 4.7 Measured pressure drop for water through the evapdtdtef106]

In Figure 4.7, the pressure drop through the evaporator tube increases with the increase of the mass
flow rate in singlephase regions(O 25 k G/Oh ,75akad)/ h) . Between t|
rates, i.e. in the area in which (25 kg/ti < 75 kg/h) applies, the fluid flows within the evaporator

tube in two phases. So, the negative slope region in the internal characteristic curve of the
evaporator tube is due to the existence of theghase bw within the evaporator tube in the area

in which (25 kg/h <& < 75 kg/h) applies, as shownkigure 4.7. That may be due to the larger
increase of the friction pressure drop in the-plase flow compared with the liquid singlbase

flow, the net effect is the increase in the pressure drop witlettrease of the mass flow rté0].

The frictional pressure drop occurs when frictional forces reduce the velocity of the fluid and the
decrease in the fluid velocity causes a decrease in the gnthedplting in the pressure drop. In

the twophase flow, there is a slip between the liquid and/#porphases and this slip increases

the frictional pressure drop. The negative slope region in the internal characteristic curve of the
evaporatotubeis the main responsible for the occurrence of the dynamic instabilities iphase

flow tube boiling[55], [104], [109] [111].

4.5 Characterization of the Developed Test Rig

Modern HRSGs usually consist of three pressure levels,(loedium and highpressure levels).

This series of pressure levels is required to minimize the area between the flue gas and steam
temperature. Thus, the exhaust enthalpy can be used for more efficient steam generation. Each
level consists of an economizer, evaporator and dupater. A already mentioned in the
introduction, the main focus of this experimental stand is on the vertical HREBGBosizontal
pipes.Theevaporatotubeof thetest rig is a geometrically reduced version of a singlegosgsure
evaporatotubeof a vertical HRSGas will beexplained in details later in thehapter

As a sequence of the design process, basisameimatic concepts for the stap process of a
natural circulation in which the desired flow direction can be specified are involved. Based on
these variants, a detailed design had been created in which the arrangement of valves, vessels
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pressure gauge etc. was taken into account in the form of a P&ID circuit diagram as shown in
Figure 4.8.

Finally, from the information provided by the P & ID as well as the data to be taken from the
similarity scaling and the standards, a visualization of the test rig was created in the Crdbnprog
NX10.0 as shown ifrigure 4.9.

Sincethe heated test tube was made of AISI 316 stainless steel and has electrical resistance, direct
current can bapplied directly to the pipe and generate heat, which can determine the heat supply
via the current and the voltage. Teflon connections were used at both ends of the evaporator tube
for electric insulation. For the heat te transferrednto the fluid, tle heated test tube was
adiabatically insulated. In conclusion, the evaporator tube gives off hardly any heat to the
environment and the heat input into the working medium was almost identical to the electrical
power.

To reduce the heat losses from the t&sto the environment, the pipelines, as well as the main
supply tank (MST) and overflow tank (OFT), were insulated so that the heat required to reach the
steadystate operation remained low.

The pressure at the inlet is adjusted by nitrogen, whiabnisected via pipes to the different water
tanks. A flowmeter is mounted in front of the preheater and measures the mass flow rate that enters
the evaporator tube. Besides, the mass flow rate at the entry of the evaporator tube is regulated by
the inlet refiction (in the form of a needle valve). There is a sight glass at the outlet of the
evaporator tube to observe the existing flow pat#ewh record itising a higkresolution camera.

The pressure drop in the preheater pipe can be varied via an exitioes(needle valve). A needle

valve is mounted at the outlet of the heated test tube, whereby it is possible to adjust the flow
resistance and thus to analyze the resulting pressure drop. Also, the needle valve can be completely
closed, allowing the preare drop to be examined over a parallel line.

A nitrogen bottle is used to set the absolute pressure in the system as well as in the compressible
volume. Thus, all containers can be filled independentty.prevent critical pressures in the
system, two daty valves were connected in series with the preheater and the evaporator tube. The
valves open at a pressure of 10 bar and there is no way to decouple them from the respective heated
test tube.

As previously mentioned, PDOs only occur in systemits a sufficiently large compressible
volume. The compressible volume is a physical material quantity that describes which direction
independent pressure load is necessary to produce a given volume change. It is calculated from the
volume, as well as thdifference between an infinitesimal pressure change and an infinitesimal
volume change. The compressible volume can be connected to or disconnected from the circuit by
a ball valve. This depends on whether PDOs or DWOs are to be investigated.
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Figure 4.9 CAD model of thedeveloped test rig

The instruments of the test rig are controlled and monitoredawgthphical user interface (GUI)
developed by theabVIEW program, as shown igure 4.10. This program was established as

a standard in the engineering and natural sciences, especially in the areas of measurement, control
technology, simulation, and data acquisition, analysis \@adalization. Another reason for
choosing this program lies in the simplified programmability in contrast to conventiorbbised
programming languages. The principle is based on prefabricated and partially combinable graphic
blocks, each having a sp#c source code. Thus, complex programs can be created in a clear block
diagram. Besides, it is possible to create a GUI via a selection of different elements.
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4.5.1 Design of EvaporatorTube

To provide hydraulic consistency of the fl@&haviorof different systems, the similarity criteria
are introduced. As a reference for the test rig constructddsmork, the HRSG from Doosan
Heavy Industries and ConstructionTiable 4.1 has been used.

Table 4.1 Data of the reference HRSG (provided to TU Darmstadt by Doosan)

Designparameters Value Units
Number of paths 4 [-]
Number of layers pgrath 7 [-]
Number of parallel tubes per layer 46 [-]
Inner tube diametei) 33.3 [mm]

Heated length of tubes (over one pa 20.5 [m]
Absorbed heat per tube over all patt 94200 [W]

The inlet pressurdi(st path) 5.73 [bar]
The inlettemperaturefirst path) 151 [°C]
The inlet mass fluxfifst path) 120.7 [kg/sm?]

By the similarity criteria, it was possible to design the heatedubstvith reduced dimensions,

but with thermohydraulic similar behaviour to the original lasgale evaporator. Similarity
criteria have been obtained from conservation equations, boundary conditions, and geometry of a
system, as described in detai[14.2]. For twaphase flow, the similarity criteria have been derived

from perturbatioranalysis based on thelimensional driftflux model. The system was calculated

by using the dimensionless characteristic numbers, dynamic, kinematic, and energetic scaling.

To achieve a geometric similarity of different arrangements, the ratio of thediameeter to the
length of the pipe € ), for both pipesmust be equal.

The scaling of the subcooling over the evaporation tempenatsenadaising the subcooling
number(0 ) which represents the ratio of sensible and latent heat. This is one of the fundamental
parameters to be considered in the stability analysis.

3 O RO L 45
0 5 . (4.2

where'Q, Q andQ are the specific enthalpy of liquithe speific enthalpy of the fluid at the
inlet of the test pip@andthe specific enthalpy ofaporization” and” are the density of the
liquid and the vapgrespectively.

To achieve identical flow conditions and a similar turbulence behavidagtinarrangements, the
Reynolds numberY Q at the inlet of the evaporator was calculated. An identical flow pattern is
guaranteed by achieving the same Reynolds number in both evapaipasor

"z2020
YyQ ——— 4.3
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where” is the density of thfluid, 6 is the flow velocity and\is the dynamic viscosity of the fluid.

The last relevant number is the phase change nuniber)( The phase change numbér ()
describes the phase change of the working fluid due to the heat input. Itigniésamt hints in
the description of the equilibrium points, as well as in the stability limits.

6 ” ”
5 — a.
" era @9

whereD is the rate of heat transfé@is the mass flux and is the inner crossection area of the
pipe

Based on the data providedTiable 4.1, the similarity and scaling criteria were performed. In the
calculation of these dimensionlessmbers the capillary forces arassumed thahegligible.
Furthermore, it was assumed that tloevfis incompressible and therefore the dissipation forces
were not considered in the energy conservation equfltib?]. Besides, the influence of the
friction heat is significantly small in comparison with the supplied heat.

Table 4.2 The values of the dimensionless numbers

Similarity criterion Value Units

Geometrical similarity ~600 [-]
Subcooling numbery( ) 3.7 [-]
Phase change numbér ( ) 60.8 []
Reynolds numberY'Q 23107 [-]

Based on the values of the dimensionless numbers shovablae 4.2, the design of the test rig
was carried out. The range of experimental parametersgyre, temperature, heating power and
mass flux) of the test rigre shown ifrable 4.3. Furthermore, it is possible to change the inside
diameter othe evaporatatubefrom 5 mm to 8 mm. Also, the length of the heated pipe in the test
pipeis variable, so you can either install a 2 m or 3 m long pipe as needed.

Table 4.3 Characteristics of theéeveloped test rig

Design andoperational parameters Value Units
The hydraulic diameter of the evaporaiare 5 [mm]
Heated length of the evaporatabe 3 [m]

The inlet pressure of the evaporataboe 2-8 [bar]
Heatingpower 0-15000 [W]
Massflux 0-2000 [kg/s-m?

4.5.2 The Orientation of the Heated TesflTube

Intending to further increase the versatility of the system, there is a pipe fitting just before the test
pipe This fitting makes it possible by a small effort to convert the evaponatbefrom the
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horizontal to a vertical orientation and vice versaisTdifers the advantage that both horizontal
HRSGs with vertical evaporator tubes and vertical HRSGs with horizontal evaporator tubes can be
examined.

4.5.3 Modes of Operation

For using the test rig for a wide range of possible experiments with different readter
characteristics, it offers the possibility to vary between the natural circulation and the forced
circulation, as a drive for circulating the water in the test loop. Thus, from the results of
measurements obtained later, a balance can be mentionedebetiae influence of natural
circulation and forced circulation on the dynamic instabilities of thepthase flow.

4.5.3.1 Forced Circulation

In the forced circulation mode, the pump is permanently operated to circulation and specifies the
flow direction and thenass flowrate of the entire system. During the selection of the pump, the
typically used gear pumgould notbe chosemlue to the high temperature of ttest fluid (water)

of about 170°C. Because irthe case of choosing the gear pump, it must be lutaitdy the

pumped medium but the viscosity of water is too low at these high temperatures. Even though the
extra cooling would increase the viscosity of the water, but the fluid would need th&atee to

a required subcooling temperature before ergehe test section. thedesign, a centrifugal pump

was chaeen that can circulate the water at higher temperatures. To avoid cavitation in the
centrifugal pump, the temperature of the circulated water is reduced using the subcooler before the
circulationp u mp . However, the water temperature sho
because it must be heated again in the preheater to the desired subcooling temperature at the
evaporatotube The control of the cooling capacity of the subcooler depends amtbent of tap

water flowed through it. The tap water is controlled by a control valve at the inlet, together with
the temperature measurements. The control is intended to prevent the evaporation of tap water in
the subcooler to prevent the reduction & tooling capacity of the subcooler. Besidks, pump

has aself-cooling frequency inverter that enables continuously variable speed contrchthiae

used to control the external characteristics of the system.

4.5.3.2 Natural Circulation

The second mode to apge the test rig is the natural circulation modlee test rig is mainly
constructed for the investigation of flow instabilities in vertical HRSG, which are driven by natural
circulation. In general, flow instabilities occur more frequently in naturelilgtion steam cycles,

since the available driving force is lower than the driving force generated by the pump during the
forced circulation. For this reason, the physical mechanism of natural circulation is described in
detail. The test rig consists maindf the main supply tank (MST), a downcomer aniser as
shown inFigure 4.9. The MST acts as a drum in the natural circulation loop.

In the case of a vertical heated pipe, the density difference between thsteabtemixture in the

riser and the water in the downcomer is sufficient to mairg@onstant mass flowatewith the

aid of gravity, which requires no pump. It is problematic when it comes to a vertical HRSG with
horizontal tubes because the resulting wateam mixture has no guaranteed flow directan

to a lack of gravity influenceSince the heated pipe the test rig is arranged ia horizontal
orientation, the steam has no preferred axial flow direclibe.starting of the water circulation is
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often a problem because of the horizontal orientation of the heatedrmijpe following, two
different concepts arintroduced irthe test rig to solve this problenThe experimentscan be

stared in the natural circulation mode of operation in two ways. The positive side efféot of
design is a stabilization of the overall system by the pressure generated usiigpten.This
nitrogencanbeuseal to generate pressure in the main supply tank as the first concept. Furthermore,
the starup process with the pump is also represented in the system since the pump is also
connected in natural circulation mode to supthlg MST with feed water before starting the
experiment. Also, the pump can be used at the beginning of the evaporation process, this can give
the fluid a flow direction as the second concept.

4.5.4 The Test RigInstrumentation

The inlet and outlet pressure bkttest section is measured by two pressure transdiibersest

rig is equipped with 9 pressure sensors and 6 pressure difference sensors that measure tank levels
pressure drops, and mass floate oscillations. It is also equipped with 22 thermocoupleg
measure the temperature of the water inside the tanks, the tempdrstiifbation on the heated

pipe (evaporator andthe temperatures of the water upstream and downstream the subcooler, the
circulating pump, the preheater and the heated fliheposition of all measurement devidss
illustrated inFigure 4.8 and Figure 4.10. And for mass flowrate measurement, a Coriolis
flowmeter is installed &fore the preheater. It also measures the density and temperature of the
water.The accuracy of these measurement devepesented iTable 4.4. Other variables such

as volume flow can be calculated by usingsthparametersAll data such as the mass floate

the pressure drop across the pgeand the temperatures are recorded during each experiment by
adata acquisitionAQ) systenthrough measuring modules from National Instruments (NI 9208,

NI 9211, and NI 9213).

Table 4.4 Theaccuracyof thetest rigmeasuremerdevices

Parameter Instrument Uncertainty
Relative pressure Pressurdransducer ¢ 0.5%
Differential pressure Differential pressure transmitte + 0.048%6
Temperature Type Tthermocouple ;8;4?;5(3
Mass flow rate Coriolis flowmeter 0.2%
Thermocouple inputnodules NI 9211, NI 9213 0.16%
Pressure and mafiew inputmodule NI 9208 0.8%

4.6 Results and Discussion

The change of the pressure drop with the mass flow rate for the evaporator tube was obtained to
help in the identification of the dynamic instabilities, the internal characteristic ckigase 4.11
shows the internal characteristic curve of the evaporator tube for water entering the tube with a
pressure of about3ar and inlesubcooled temperature of abd@t°C, with a constant unifen
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heatingpower of 5000/. The measurements shakat thechange in the slope of the curve from
positive to negativeccurred at the mass flow rateldf kg/hand back again to a positive slagde
the mass flow rate of a&g/h.
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Figure 4.11 The internal characteristic cunad the evaporator tube

The experimental investigation of DWO, PWO, and thermal oscillation aragad out within two
campaignsThe following sections present tegperimental results of the first campaignd the
experimental results of the second campaign are provided in the Appendix A.

4.6.1 Density Wave Oscillation

The DWOwasobtained at the operating conditiafsnlet pressure and temperature of abobaB
and 60 °C, respetively and heating power of 5088. Figure 4.12 shows the histogram of the
mass flow rate beside the oscillation of the mass flowinatiee timedomainfor the DWO.As
shownin this figure, the mass flow rate started to oscillate betwddwm/h and 7kg/h with an
amplitude of &g/hthen continued toscillate withaloweramplitude of2 kg/h.

The analysis of signals can often be described more simply and aleardy in the spectral
domain(frequency domain)The timedomain chart reveals how the oscillations changes in time.
The knowledge of the fregncy or frequencies with which the signal changes is usually more
interesting than simply observing the vibration curve in the time domain. Here, the signal is
represented at different frequencies instead of representing the signal amplitude as adfinction
time. Frequency information is one of the most important pieces of information (along with
amplitude) for evaluating the potential impact of different dynamic instability modes but is not a
reliable method for classifying different instability mod&se form of representation in the
frequency domain is the decomposition of periodic continuous signals into Fourierfsariaest
signals, the spectral characteristics can be obtained by applying a Fourier traasfamexample

of the Fourier serie$ourier transform offers an alternate way of representing the reSpéstral
analysis using a Fourier transform is often used to determine the frequency composition of
unknown signalsperiodic or norperiodic. Since the signal®f the dynamic oscillatins are
aperiodicnhonper i odi c) signal s, because they donot
time, the Fourier transform is used to present the frequency domain of the oscillation signals.
Figure 4.14 shows the Fourier spectrum of the mass flow rate oscillations durimy/a
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Figure 4.12 The \ariationof the inlet mass flow rate of the evaporator tube during the DWO

As shown in thd=igure 4.14 andFigure 4.15, the DWOs are compressed in the time domain and
expand in the frequency domain which means that the DWO hadquency components as
shown in he frequency domain chart because there is an inverse relationship between time and
frequency domain. That means that the changing rate of the DWO is very highegiibricies
between 0.04 and OHz. This means that the main component cpélthe DWO t&es from 10

to 25sec to repeat itself. These oscillations can be identified as DWO while the surge tank,
compressible volume, was not connected during the experiment anéfoeagor tube is not very

long (L/D < 150)[51], [113], [114].
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Figure 4.13 The variation of the pressure drop in the evaporator tube during the DWO
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Figure 4.14 The \ariationof the inlet mass flow rate of the evaporator tube during the DWikkinequency domain
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Figure 4.15 The \ariationof the pressure drop in the evaporator tube during the D& frequency domain



Expermental Investigation of Dynamic Instabilities in HRSG 94

The oscillation of the pressure drop in the evaporator tube during the DWO stags aiitiplitude
of 100mbar and then decreases gradually, as shoWwigure 4.13. The histogram indicated that
the pressure drop oscillated most of titae between about 230 and 2nbar. The main
component of the pressure drop oscillation during the DWO is in the fregeerange of
about0.05 to 0.1Hz, as shown irFigure 4.15. This means that its oscillatichas a period of
about8 to 20 sec.

4.6.2 PressureDrop Oscillation

To study pressurdrop oscillations, a compressible volume is installed upstoédine evaporator

tube The surge tank can be connedietvestigate thé®DO and disconnectet investigate the

DWO from the circuit via a ball valve. The compressidéume can be adjusted through drént

water levels in the tanKhe surge tank was connected with a nitrogen bottle with pressub=f00

The nitrogen pressure was controlled using a pressure reduction valve connected to the bottle. The
experimental investigation of the PDO startedhva heating power of 5008/. But due to the
temperature oscillation associated with the PDO as a result of the mass flow rate fluctuation the
temperature of two parts from the six part of the evaporator éxbeeded the maximum
temperature limit of 200C. Thus, the heating power was reduced to avoid the shutdown of the
heating system due to the high surface temperature of the evaporator tube.

The PDO was obtained at the operating conditions of inlesyeeand temperature of aboub&r

and 70°C, respetively and heating power of 3000. The histogram of the pressure drop
oscillationsthatoccurred at these conditioissshown inFigure 4.16. The pressure droptarted to
oscillate betweerl0 mbar and 150mbar with an amplitude of140 mbar then it continued to
oscillate witha lower amplitude ofibout 100mbar. The signal in the time domain indicated that

the PDO was interfered with another type of oscillation after the first ten minutes as shown in
Figure 4.16. The signal after this type has two different frequencies and this repeated until the
oscillation was damped by increasing the mass flow rate to avoid the burnout of the evaporator
tube.

Figure 4.16 Thevariation of the pressure drop in the evaporator tube duringia®


































































