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YrieuBuvn dnAwan yia AoyokAomn kot yia KAomr mVeUUATIKNG LOLOKTN olag:

EXw StofAceL KoL KOTOVONOEL TOUG KAVOVEG yla T AOYOKAOMH KOl TOV TPOTMO OWOTAG
avadopdg TwV TNYwv TOU TEPLEXOVIAL OTOV 0dnyod ouyypadnG AUMAWMHATIKWY
Epyaciwv. AnAwvw OtL, and 6ca yvwpilw, To MEPLEXOUEVO TNG TAPOUOAG AUTAWMUOTLKAG
Epyaciag gival mpoidv SIKNG Lou gpyaociog Kal UNApXouv avadopEG o€ OAEG TG TINYEG
TIOU XpNoLponoinoa.

OL anoYPeLg Kal Ta CUMMEPACHATA TTOU TIEPLEXOVTAL OE AUTH TN AUTAWHATIKA £pyacia
€lval Tou cuyypadéa Kol Sev MPENEL val EPUNVEVOEL OTL AVTLTPOOWTIEVOUV TIG EMICNHUES
0£co€1g TNG ZXOANG MnxavoAoywv Mnxavikwv r tou EBvikol MetooBrlou MoAutexveiou.
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In an effort to address and reverse the greenhouse effect, there is a particular interest
in potential solutions. If we focus on the causes of the problem, we find out that carbon
dioxide emissions are a significant aggravating factor. Therefore, it is deemed crucial to
engage with and understand such substance, as well as delve into various fields where it
can be utilized.

In this context, this thesis marks the first interaction of the Laboratory of Thermal
Turbomachines at the National Technical University of Athens with carbon dioxide as a
working fluid in gas turbines.

Specifically, by gathering relevant sources from international literature and using them
as references throughout the work, an initial study of the properties of carbon dioxide is
conducted, with emphasis on its supercritical region, where it exhibits outstanding
properties. However, its unique properties compared to other substances require special
computational treatment, given its behavior as a real gas. Concurrently, it emerges as a
rising working medium for power cycles.

Power cycles are one of the primary applications using carbon dioxide. Its nature allows
for efficiency across a broad range of temperatures and pressures, facilitating collaboration
with various heat sources, such as solar energy. The second stage of this work focuses on
modeling and developing computational tools for calculating power cycles using carbon
dioxide as a working fluid. These tools go beyond determining the operating point of each
cycle; they extend to off-design analysis, covering the entire operating range of a gas
turbine.

With a better understanding of carbon dioxide behavior and the computational tools
developed, this thesis serves as the foundation for further studies in the Laboratory of
Thermal Turbomachines.
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NepiAnyn

Y€ Ul TPOOTABELA AVILETWTILONG KAl AvVTLOTPpodr ¢ Tou dalvopévou Tou Beppoknmiou,
umapyel Wolaitepo evladépov yla mBavol TpoOmoug emiAuong Tou. Av eTKEVTPWOOUUE
ota aitia tou TPoPARMATOG, SLATILOTWVOUNE OTL oL ekmoumneg Slofeldiov tou avBpaka
amoTteAOUV OnNUAVTIKO mapayovta emdeivwong Tou ¢awvopévou. ETol Aoumov, Kpivetal wg
ETUTAKTIKY avaykn n emadn Kol n yvwpllio pe tv ev Aoyw oucia, Omw¢ emiong Kot
eUBabuvon otoug S1adopoug TOUELG OTOUG OMOloUG UIMoPEL va xpnaotuomnotnet.

210 MAQLOL0 AUTO, N Mopouca SIMAWUATIKA gpyacia, amoteAel Tnv Mpwtn enadn Tou
Epyaotnpiou Ogpuikwv ZtpoBlopnyavwyv tou EBvikou MetooBlou MoAutexvelou, pe to
SLoeiblo Tou avBpaka wg epyalOUeEVO LECO O AEPLOCTPORIAOUG.

Mo OouyKekpEVA, €xovtag OUANEEEL TIC KATAAMNAeg mnyég¢ amo tnv  Siebvn
BiBAloypadia kot xpnolponolwvtag Teg ocav avadopa kad’ 0An tnv Stapkela tng epyaciag,
TIPOYLLOTOTIOLE(TAL O€ TIPWTO OTASLO L0 EVOEIKTIKA HEAETN TWV LOLOTATWY Tou Slofeldiou
Tou avBpaka, He €udacn oTnV UTIEPKPLOLUN TIEPLOXN TOU, OTIOU KoL TTAPOUCLALEL EEXOUOEG
dLotntes. Qotoco, n Sladopomoinon oTLG LOLOTNTEG TOU O OXEOon HE AANEG ouoieg, To
Xpilouv 8laitepng UMOAOYLOTIKAG UETAXE(PLONG, adOoU CUUMEPLPEPETAL OOV TIPAYHUATIKO
aéplo. MapdAAnAa Opwg, kablotatal Kol avepPXOHEVO €pYalOPEVO HECO ylo KUKAOUG
LoxVoG.

Ot KUKAOL LoxUOC amoTeA0UV pia amo tn¢ Baolkotepeg epapUOYEC TTIOU XPNOLUOTOLELTOL
To Sloéeiblo Tou avBpaka. H ¢dpUon Tou, TOU EMITPEMEL va €lval amodoTikd og éva gupul
daopa BepUOKPACLWY KOL TILECEWYV, ETUTPEMOVTIAC £TOL TNV CUVEPYACia Tou pe Sladopeg
ninyég Bepuotntag, Oonmwg n nAtakn. To &eltepo otdadlo NG mapovoag epyaciag,
ETUKEVIPWVETAL OTNV MOVIEAOTOINON KoL TNV OVATTUEN UTTOAOYLOTIKWY EPYAAEiwY, TIOU
oTOX0 £XOUV TOV UTIOAOYLOUO KUKAWV LoXUOG, HE To Sloeiblo Tou avBpaka wc epyalOpUevo
puéoo. Ta epyaleia dev meplopilovtal LOVO OTOV UTIOAOYLOUO TOU ONUELOU AELToupylog Tou
EKAOTOTE KUKAOU, OAAG €eTekTelvovTal Kal o oXeSLAOUO €KTOG Asltoupylag, woTe va
KaAudOel MARpwe To eUPOC Asttoupyiag evog aeplooTpoOBilou.

Amoktwvtog TAEoV pla KAAUTEPN €KOva ylo tThv oupnepldpopd tou Slofeldiou tou
avbpaka, o cuvluaopd HUE TO UTOAOYLOTIKA €pyoAeia mou avamtuxOnkav, n moapovoa
SumAwpatiki epyacia anoteAel tnv Baon ylo MepAITEpw UEAETEG TOU EpyaoTnplou.

NEEELC KAELOLAL:

Awoeidlo tou AvBpaka, Ymepkpiown Meploxn, E€lowoelg Katdotaong, KokAou loxvog,
Aeplootpofilol.




Master’s Thesis — Petros Chatzopoulos

EuxapLotieg

Amo6 tnv Béon autr, Ba nBsAa va euxoplotriow Bepud Tov Kabnyntr Hou K. Kwvotavtivo
MaBloudakn, yla TNV eukalpia Tou pou €6wae, va ekmovhow Umo tnv enifAedn) tou TNV
SuMAwpatiki Hou epyaocia. H -oxebov- kabnuepwvi pag aAAnAenidpacn, amotéAece nnyn
EUMVELONG KAl OlyouPLAG, Kal n kaBodnynaor Tou NTav Kaipla yla TtV eMtuxn MEPATWON
NG epyaoiag.

Quowkd, dev pmopw va TopoAelPpw ta umdAouta pEAN tou Epyaotnpilou Oeppikwv
ItpoBlhopnxavwy, pe Wblaitepn pvela otov Ap. lwavvn KOAla, Tou omoiou n mopta Atav
SLapKWE avolyth yla TNV enAucn omolaodATMOTE AMoPLOg OTO UTTOAOYLOTIKO KOMUATL TNG
epyoaoiag.

Ev ouvexela, éva blaitepo kol €WMKPLVEG EUXOPLOTW OTNV OLKOYEVELA HOU, Yyld TNV
oTNPLEN TIOU POV TPOOPEPEL AMAOXEPA TOOA XPOVLA, KAl ylo TNV Suvatotnta mou Hou
napeixe va adoolwbw oTig OToUSEG LOU KOl VOL KUVNYHOW TOUG OTOXOUG HOU.

TéNog, odeidw MOANA oToug piloug pou Kat otnv H., yla T OTLYUEG TTOU TIEPACAE KOl
TNV CUPMOPACTOON TOUG 0 EVKOAEG Kol SUOKOAEG KATAOTACELG, OAQL QLUTA TA XPOVLAL.




Master’s Thesis — Petros Chatzopoulos

This Page Intentionally Left Blank




Master’s Thesis — Petros Chatzopoulos

1.

TABLE OF CONTENTS

INTRODUGCTION ....ciitie et ciee et e et e e ste e e sete e e staeesaaeeesaeesabaeesssaeesnseeesnseeessseeesnseeesnseenns 11
1.1 APPlIcations OF SCO2.uii i e s e eeen 12
1.1.1 Power Generation ApplicationS.........ceeevviiiiiiniiieeecriee e 13
1.2 Properties and ChalleNgesS .........coivuiiiiiiiiiiee et 14
13 ThESIS STIUCLUIE .. e e s e e e e enbaeee e s 16
LITERATURE REVIEW .....ueiiieiiieeciiee ettt ettt e e stte e e saee e e aae e saae e eaaeesnseaesnseeennseesssseeennsennnns 18
2.1 Historical Background ..........oouuiiiiiiiiiiieniie et 18
2.2 Properties Of CO2 .uuuiiiiiiiiiie et e e s e e e s aaae e e e s naeee s 19
2.3 Power Generation Cycles Integrated With CSP..........oooveiiiiiiiiciiieeeeee e, 20
2.4 Literature Gap and FULUIrE WOrK........ccccuiiiiieeee e 21
2.5 SUNMMIAIY ttttiiiieie et eeetttireee e e et e tttab e s e e eeeteeataa s sseeeeteeatssaasssseeeseesessnnsnsseeeesenessnnn 22
MODELING OF SCO2 PROPERTIES .....ceiiiiiiieiieeeiieeeiieesiteesiteesiteesveeesneeesneessneessanaeenes 23
3.1 EQUAtioNs Of State....ciiiieiiee e 23
3.2 Development of Calculation TOOIS.......ccccciiieiiiiiie e 25
3.2.1 Berthelot Equation of State ......cccceeeiiiiiiiiccee e 27
3.2.2 Span and Wanger Equation of State......ccccccueeeeviiieii e, 30
3.2.3  COOIPIrOP PACKAEE «.vvveeeeeee ittt ettt e e e e e e e re e e e e e e e e eanes 31
3.3 (G0 D o o] o1=] & A =T 32
3.3.1 Thermodynamic Behavior of Supercritical CO2 .....ccvvvvvveeeieiiciiieeeeee e, 32
3.3.2 Compression Process Around Critical Point ........ccccovvveviiiiiicciiiiieeeee e, 34
34 SUNMMIAIY . ettttiiieee ettt e et ettt e s e e e e e teeata e e e eeeetaestsbasaseeeeeensessansnssseeeseeessnns 35
THEORETICAL BACKGROUND FOR CYCLE CALCULATIONS.....ccuvtiiiieeeiieeeieeesreee e 36
4.1 [0} oo [V 4 oY o S 36
4.2 Mass Energy and Entropy EQUAtions ......ccceeeeeeieiiiiiiiieeeee e, 38
4.2.1 Conservation Of Mass .......cccuuiiiieiiiie it e e 38
4.2.2 Conservation Of ENEIZY......ccouicciiiieieeeeeeieiccirreeeeeeeeeeccnrreeeee e e e eesnrraeeeeeeeens 38
4.2.3 Entropy and the Second Law of Thermodynamics.......c.cccceveeveecicvnveenneeennn. 39
4.3 Components Of @ POWET CYCIE ....uuuiiiieiieee ettt eeerrree e e e e e e e eanes 41
4.3.1 Compressor and TUFDINE ......oociiieeiee e 41
4.3.2 HEat EXCNaNGEIS. ..o ccireeeeeee ettt e eeetree et e e e e s e araee e e e e e e s enanbsaaeeeaeeeeas 44
4.4 SUMMIAIY «eeeeitieee e e e e e e ettt rre e e e e e e eeeat e e aeeeeeeeestannaseseeesenesssnnnnssaeeesnesnnnnn 45
POWER CYCLES INVESTIGATION ..ccuitiiiiieeeiiee ettt siteesite st e sne e e sneeesabeeesanee e e 46
5.1 Classification of Thermodynamic POWer CYCles ........oocvvvveeeeiieeieiiiinireeeeeeeeeeennns 46
5.2 OPEN CYCIE ANAIYSIS .uevvrrieeieeieeieiiiiieeeee e e eeeeeiirreeeeeeeesesirrereeeeeseessssrsreseeesessensnnns 48
5.2.1 PROOSIS COMPONENTS..cciiiiiiieieiieeeeeeiiiieie e e eeeeeetree e e e e e s e e eanaee e e e e e seeassnnnneens 52
5.3 Recuperated Power Cycle ANalySiS......ccccuieerieeeeiiiciirieeeee e eecirirreeeeeeeeeennrreeeees 54
ST T8 RV -1 [ o =1 d o I SRS 57
5.3.2 Studies in Recuperated CyCle.. ...ttt 59




Master’s Thesis — Petros Chatzopoulos

5.3.3 Concentrated Solar Power (CSP) Application ........cccccveeeveeecciieencieecieeeee 60
5.4 Reheated Power Cycle ANAlYSIS ...coiuiieiiiiiiie ettt s e e e saaeee s 64
5.5 Recompression Power Cycle ANalySiS......cuuiiiriiiieiiiieeeeerieee e 66
5.6 Comparison Of POWET CYCIES ..ccouuiiiiiiiiiee ettt e e e e e ieae e 73
5.7 SUMIMAIY e e e e e e e e e e e e e e e 76
6.  OFF-DESIGN ANALYSIS ...ttt ettt e et e e s saa e e s saba e e e s sstaeesennbaaaaeen 77
6.1 MaP SCAlING PrOCESS. ..ciiuiiiie ittt e e e e s st e e s sbaee e e nbaeeeean 77
6.1.1 Map Scaling EXPEerimeNnt ......ccoovciiiiiiiiiieeeeririee e siiee e esiee e e srae e e 79
6.2 Off-DesigN CYCles ANAIYSIS ...vveeieiiuiieeeiiiiieeceiieee e st e e e srire e e e s e e e s saeaeeeenaes 83
6.2.1 SIMPle ClOSEA CYCIE ..uviiiiiiiiie et 83
6.2.2 Recuperated CloSed CYCIe.....ccuviiiiiiiiiiieieiiiiee et e 93
6.3 SUMIMAIY e e e e e e e e e e e e 107
7. SUMMARY AND CONCLUSIONS ......cutiiiiiiieeeeritee e eriteee s e siee e e e s vee e e s ssae e e s ssnnaeeeesnaeeaa s 108
8. BIBLIOGRAPHY ..coiiiiiiiieiiiee sttt ste sttt et e s site e s taeestaeesnbaeesabaeesabeeesasaeesasaeenanes 110
T Y o] o] =1 ] PR OPRPR 113
9.1 EQUAtioNs Of State.....ciiieiiee e e 113
9.1.1 Berthelot Equation of State Analysis ......cccccceeeeeiieiiciiiieeee e, 113
9.2 Typical Experiment from Schematics.........cceoviiieeeeiiiiei e, 118
10, FIGURES. ...ciiitteeitie ettt ettt et e et e et e e st e e s ba e e sba e e esbaeesabeeesabaeesnbaeesaseeesaseeenaseeas 120
0 T 17 2 T TR 123




Master’s Thesis — Petros Chatzopoulos

1. INTRODUCTION

The emissions of greenhouse gases are the major cause of global climate change. Those
gases have the ability to absorb heat that is radiated by the Earth’s surface and trap it
inside the atmosphere. Even though their presence is essential to maintain a normal
average temperature on Earth, around 15°C, human activities have led to increased
emissions of greenhouse gases, which has as a consequence the increment of global
surface temperature. Carbon dioxide (CO;) is considered to be the largest contributor
among greenhouse gas, as depicted in Figure 1, and its annual emissions gradually increase
over the years, according to Figure 2.

F-gases 2%

Methane
16%

Carbon Dioxide
(fossil fuel and industrial

Carbon Dioxide processes)
(forestry and other 65%
land use)

11%

Figure 1. Total U.S. emissions of greenhouse gasses in 2021 [1].

Annual carbon dioxide (CO) emissions worldwide from 1940 to 2023 (in billion metric
tons)

Bl i R S T ST S S L)

Sources Addiional Information
arbon Project; Expents) (F tein el Worldwid

Figure 2. Annual carbon dioxide emissions worldwide [2].
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To reduce those emissions, the utilization of renewable energy sources is highly
promoted. However, conventional energy sources, such as oil, coal and natural gas, still
constitute the lion’s share of the energy production, since they fulfill the 85% of global
energy demand [3]. So far, especially for the case of coal, it is highly competitive with
respect to cleaner energy sources. As a result, coal-burning power plants, for example, are
responsible for nearly 40% of carbon dioxide emissions [4]. If those emissions cannot be
avoided, ways to overcome their impact on the environment must be established.

1.1 Applications of sCO;

A promising method for avoiding emissions is Carbon Capture Use and Sequestration
(CCUS or CCS) which consists of three steps,

1. The capture of carbon dioxide after it is produced by power plants,
2. its transportation and
3. its use or storage in deep underground locations [5].

For this process, CO, must be compressed to high pressures and possibly reach its
supercritical state, in which it behaves as a real gas, but it has the density of a liquid. The
importance of CCS towards the reduction of CO, emissions is illustrated in Figure 3.

(2]
o

[JEnergy efficiency
[IRenewable energy
Elccs

(%2}
(=]
1

e
o
1

N
o

Global COz emissions (G tonfyr)
) 3

0
1990 2000 2010 2020 2030 2040 2050

Figure 3. Strategy to reduce global CO, emissions, as presented in [5].

Apart from CCS, sCO; can be used in Enhanced Oil Recovery [4]. Its use is also possible in
many power generation applications, which is the main interest of the present thesis.
Table 1 summarizes the power generation applications that sCO; can be used, within a
working range for each case. Further explanation will be given for the first three
applications, starting with nuclear power generation.
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1.1.1 Power Generation Applications

In pursuit of more efficient, cost-effective, and safer nuclear power generation, fourth-
generation reactors (IV Generation) are emerging. The Sodium-cooled Fast neutron
Reactor is a leading contender, utilizing molten sodium for improved heat transfer.
However, challenges arise when coupling sodium with traditional steam Rankine Cycles
due to safety concerns. An alternative solution lies in sCO, Brayton power cycles,
leveraging CO;'s lower reactivity with sodium and enhancing safety features. This approach
offers versatility across various energy industries, potentially reducing manufacturing costs
and enhancing competitiveness in both capital and operational expenditures ( [6], [7], [8]).

In addition, sCO; power cycles show potential as replacements for conventional fossil
fuel-based power systems. They offer cost-effective integration for carbon capture and
storage, especially in direct-fired setups. Despite challenges in combustor chamber design
and energy-intensive oxygen production, the Allam cycle provides a promising solution,
currently under assessment in a 50 MW thermal pilot plant. The use of sCO; power cycles
in fossil fuel applications brings added advantages, including higher efficiency at partial
loads and faster dynamics compared to traditional steam Rankine systems. Additionally,
the compact footprint and reduced cooling water requirements make sCO, power systems
a flexible choice ( [7], [8]).

Finally, sCO, power cycles are seen as a key solution to enhance the efficiency of
Concentrated Solar Power (CSP) plants, making them economically competitive with
photovoltaic systems. By using sCO> as a working fluid, these cycles improve efficiency and
reduce capital costs in the power block. The approach eliminates the need for intermediate
heat transfer loops, common in conventional CSP systems with steam Rankine Cycle units
and molten salts. However, challenges arise in designing solar collectors due to the high
pressures of CO,. Moreover, addressing the lack of water sources in economically viable
CSP areas involves ongoing research on CO; mixtures to enable dry cooling even in warmer
climates ( [7], [8]).

Table 1. Potential applications for sCO for power conversion, as presented in [8].

Temperature Pressure
Application Cycle type Motivation Size (MWe) °C) (MPa)
Nuclear Indirect sCO, Efficiency, size, water reduction 10—300 350—700 2035
Fossil fuel (PC, CFB, ...) Indirect sCO, Efficiency, water reduction 300—600 550—900 535
Concentrating solar power Indirect sCO, Efficiency, size, water reduction 10—100 500—1000 35
Shipboard propulsion Indirect sCO, Efficiency, size <10—10 200—300 15—25
Shipboard house power Indirect sCO, Efficiency, size <1-10 230—650 15=39
Waste heat recovery Indirect sCO» Efficiency, size, simple cycles 1 =10 <230—650 1535
Geothermal Indirect sCO» Efficiency 1—-50 100—300 15
Fossil fuel (syngas, natural gas) Direct sCO» Efficiency, water reduction, 300—600 1100—1500 35
CO; cap
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Apart from the higher efficiencies which can be achieved by the alternation of
conventional working fluids to sCO,, supercritical power systems offer some other
solutions in each industry sector, which promote their usage. Those solutions include the
following abilities, which are listed in [8]:

1. Efficiency improvement, as mentioned above,

2. Make that market profitable, given that the heat source and sCO; technology are

sufficiently integrated (CSP, geothermal, fossil fuel with zero emissions),
3. Being innovative as a technology, sets new standards which create a new market,

4. Fill an underutilized market niche (Waste Heat Recovery on intermediate to small-

sized gas turbines, biofuels, and bulk energy storage).

1.2 Properties and Challenges

Carbon dioxide has a relatively low critical point (Figure 4) and is nonflammable and
nontoxic [9]. Those properties, combined with its availability, since it can be obtained
directly from industrial processes, make it a promising working fluid for the
aforementioned applications. Moreover, as a supercritical fluid, it has high solubility and
diffusivity, attributes which make it an excellent solvent and allow its usage in applications
like manufacturing and sterilization.

1000.0

solid

supercritical

100.0 region

dense phase
liquid

004 | _ ]
liquid critical point
. p.=7.39MPa 1,=31.04°C

pressure [MPa]

gas
triple point

200 250 300 350 400
temperature [K]

Figure 4. A state diagram for CO; and its critical point [10].

It needs to be mentioned that working above critical point, comes with some
challenges, which arise from the fluctuations of thermodynamic properties. Nikolai et al.
[9] have excessively studied the properties of CO,, and Figure 5 is a representative example
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of the deviation from ideal gas behavior. This makes clear that real gas equation of state
modeling, is essential to calculate the properties of such working fluid.

Bottcher et al. [11] compare four equations of state for CO; with many measurement
data taken from literature. This comparison showed that complex equations of state are
more accurate than simple ones. Moreover, they examine if the differences in accuracy
have an influence on numerical simulations, which proves that the difference between
ideal gas and real gas behavior is quite large, but the differences among the real gas
equations have no noteworthy influence on the simulation results. However, they
distinguish Span and Wanger equation of state for its accuracy.

Span and Wanger [12] have reviewed an excessive body of experimental data
specifically for CO, and they have fitted to these data their equation of state. It provides
with fully accurate results, even around critical point, and it is considered as the most
accurate reference equation for CO».

(a) (b) F - 7=310.15 K
P=8.274 MPa CO; B =T CO;
10.7 T=315.15K
87
¥
> 6.7
X
= I
=
G ATl T=3332K
. T=3375K
e
2.7

Figure 5. (a) Cp - T diagram for constant pressures; (b) C, - p diagram for constant
temperatures as presented in [9].

The properties that were discussed, set new opportunities and challenges in
turbomachinery design. For instance, the high density of sCO; lowers the volumetric flows
in the turbomachinery, which allows the making of compact components and may lead to a
significant decrease in the size and consequently the cost of the entire plant.

For example, a 1 MW, power cycle could have a single-stage compressor with an
impeller diameter of 10 cm [8]. This also leads to high power density turbomachinery, and,
for low power output below a few MWe, high rotational speed is essential to maintain high
isentropic efficiency [13]. Some results of a study carried out by Musgrove et al., are
presented in Figure 6, which illustrates the range of sizes and speed for sCO; radial
turbomachinery, in a range up to 20 MWe.
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05 20 0.5 20
Compressor conditions: Turbine conditions:
04 Inlet: CO, @ 40°C and 75 bara 0.4 Exit Pressure 75 bara
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Figure 6. Example sizes and speeds for radial sCO, turbomachinery as presented in [14].

From the relative information that was mentioned, designing, analyzing and calculating
systems that involve sCO,, require a comprehensive understanding of its unique
properties. The need for precision arises from the distinct thermodynamic behavior of CO,,
particularly when operating in supercritical conditions. For this reason, accurate
computational tools must be used and developed to ensure the reliability of the numerical
simulations. The present Thesis is the first systematic approach undertaken in the
Laboratory of Thermal Turbomachines with such working fluid, setting as main goals to
examine the accuracy of existing tools and develop new tools, specifically for sCO..

1.3 Thesis Structure

The thesis is structured as follows:

Chapter 2 provides a literature review, which delves into the subject that will be
explored in subsequent sections. Initially, the review provides historical insights, tracing
the development of sCO; power cycles over time. Then, a detailed examination of sCO; and
its properties is presented, with a specific focus on calculating its key characteristics. The
concluding segment of the literature review explores various studies pertaining to power
generation cycles integrated with Concentrated Solar Power (CSP).

Chapter 3 provides insights into the characteristics of sCO;, and the methods used for
their calculation. Initially, the focus is on modeling the properties of sCO; using an
appropriate Equation of State (EoS). The examination involves assessing the capabilities of
various models within the RGTM library from LTT|NTUA to accurately represent the real
gas behavior of sCO,. Once the optimal EoS of RGTM is identified, a comparative analysis
with REFPROP's database is conducted to determine the relative error. The chapter also
includes a concise overview of the EoS employed by REFPROP and introduces the CoolProp
library, which will be employed for subsequent calculations. In the second section of this
chapter, specific properties of sCO, around its critical point are presented to highlight its
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unique characteristics. The chapter concludes by explaining the preference for a
compression process in proximity to the critical point.

Chapter 4 explores the foundational principles of heat transfer, fluid dynamics
relationships, and the equilibrium of energy and entropy. Additionally, it elucidates specific
considerations relevant to sCO,. Commencing with the definition of key terms such as heat
engine, open and closed thermodynamic systems, the chapter proceeds to outline the
essential equations required for describing a thermodynamic cycle. Emphasis is placed on
delineating the components integral to the thermodynamic cycle.

Chapter 5 critically examines various cycle configurations. Following a brief
categorization of power cycles, the initial phase of this investigation involves illustrating
the impact of assuming ideal gases instead of real gases on the efficiency of an open cycle.
Subsequently, the equations introduced in the preceding chapter are applied to
characterize diverse thermodynamic cycles, allowing for a thorough analysis of their
performance and the conduct of various parametric studies. These studies are conducted
using source codes and schematics developed in the PROOSIS environment, and their
reliability is substantiated by referencing data available in the literature. The ultimate
objective of this chapter is to compare distinct layouts and scrutinize the distinctive
characteristics of each configuration.

The preceding chapter exclusively focuses on design point analysis, a valuable approach
for assessing the comprehensive performance of the cycle and determining the optimal
combination of design variables for a specific configuration. It consist of the starting point
for any new design development. Another aspect useful for applications of existing layouts
is the study of operation across a range of conditions. Factors such as fluctuations in power
production requirements, ambient conditions, and various other considerations make it
imperative for the cycle to adapt to varying circumstances. Consequently, off-design
analysis becomes essential, serving the purpose of predicting the cycle's performance
across its entire operating envelope, and this is the goal of Chapter 6.
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2. LITERATURE REVIEW

To begin with, some historical information is included, which refer to the evolution of sCO;
power cycles. Then, sCO; and its properties are discussed with emphasis on the calculation
of its characteristics. The final part of consists of different research into power generation
cycles integrated with CSP.

2.1 Historical Background

Early in 1800's, the experiments of the French physicist Baron Charles Cagniard de la
Tour lead to the discovery of the critical point of a substance, which was first step towards
the exploration of the supercritical state. Half a century later, Andrews examined the
applicability of Boule’s law across a board spectrum of pressures and approached the real
gas behavior of CO. Nevertheless, it was not until the middle of the 20™ century that CO>
gained recognition as a potential working fluid for power generation system, in a
timeframe when researchers directed their efforts towards addressing the constraints
associated with open Joule-Brayton and steam Ranking cycles. The genesis of closed-loop
CO; power cycles is commonly attributed to Sulzer in 1950 [13].

Almost 20 years later, Feher in 1968 [15] and Angelino in 1969 [16] conduct more in-
depth researchers in sCO, power systems. Feher explored a basic recuperated supercritical
cycle and analyzed how the cycle's performance is influenced by operational factors and
component efficiency. The research delved into the issue of heat capacity mismatch
between the hot and cold fluids in the recuperator, introducing an element of
irreversibility to the cycle. Building on this work, Angelino examined both supercritical and
transcritical cycles, exploring various cycle configurations to mitigate the introduced
irreversibility associated with the heat capacity disparity between the hot and cold fluids in
the recuperator.

The PhD Thesis of Dostal in 2004 [6], revitalized the enthusiasm for sCO; cycles, which
had been declined after the publications of Feher and Angelino. His work was focused on
nuclear power applications, while he scrutinized various cycle configurations, introducing
ways to improve the efficiency such intercooling and recompression. The impact of his
work is depicted in Figure 7, which highlights the growing interest in sCO, as a working

fluid in recent years.
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Figure 7. Historical evolution and geographical distribution of intellectual property
outputs in the field of sCO, power systems, as presented in [13].

2.2 Properties of CO2

Carbon dioxide holds significance as a crucial natural substance and finds extensive
applications across various commercial and industrial sectors. In recent years, there has
been a growing enthusiasm for employing CO, due to its favorable thermodynamic and
transport characteristics under supercritical conditions, coupled with its positive
environmental attributes.

Many researchers ( [5], [9], [17]) have mentioned the unique advantages of sCO,, which
distinguish it from other supercritical fluids, starting with its relatively low critical pressure
and temperature. Its distinctive attributes, such as high density and convective heat
transfer coefficient, allow for the downsizing of turbomachines and heat exchangers.
Remarkably, sCO; turbines are about 1/100 of the size of steam turbines, as illustrated in
Figure 8, presenting a considerable cost advantage in constructing sCO; Brayton cycles. The
low viscosity and high mobility of sCO, contribute to reduced flow resistance, enhancing its
efficiency across various applications. Additionally, the low compressibility factor of sCO;
significantly diminishes compression work—approximately 20—-30% of the turbine output
power—leading to a notable improvement in the overall efficiency of thermal cycles. In
essence, sCO2's unique properties position it as a highly advantageous fluid, particularly in
power generation, offering benefits such as size reduction, improved flow characteristics,
and enhanced efficiency in thermal cycles [18].
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Figure 8. Size comparison of steam turbine and sCO; turbine [8].

The unique properties of sCO, come with the real gas behaviour of the fluid, which
requires the suitable EoS and computational tools. Li [5], categorizes the EoSs into general
and specialized EoSs. General EoSs have broader applicability, covering a diverse array of
substances and conditions. These are typically categorized into two subgroups: simple
structure equations and complex structure equations and they are mostly covered in the
RGTM Library of LTT|NTUA [19]. Specialized EoSs are formulations designed to forecast
properties specific to certain elements, compounds, or mixtures within specified
conditions. These equations remain applicable solely within the defined constraints,
exemplified by EoSs developed by Span and Wagner [12], which is characterized as the
most suitable EoS for CO; [11]. Span and Wanger EoS is one EoS among others, which is
incorporated into the available commercial software like NIST'S REFPROP [20] and
CoolProp [21] which are able to calculate thermodynamic and physical properties of
substances at steady-state conditions.

2.3 Power Generation Cycles Integrated With CSP

The previous years, several studies have been carried out examining different cycle
configurations ( [22] [23], [24], [25]). They focus on different applications and investigate
various cycle parameters. Three relevant studies concerning concentrated solar power as
the heat source, are described more in detail.

After reviewing previous modeling studies, concerning sCO, Brayton cycles
configurations and their applications, Neises and Turchi [26], focus on the optimization of
three configurations (simple, recompression, and partial cooling) using an effectiveness
heat exchanger model. For compressor and turbine, a simple isentropic efficiency model is
used and for the pre-cooler, an already developed model. Their main assumptions are
relevant to concentrated solar power applications and have to do with the inlet
temperature of compressor and turbine, upper pressure, and efficiency. Moreover, they
neglect pressure drops in heat exchangers and they optimize pressure ratio for each design
case. Those assumptions lead to the calculation of recuperator conductance and cycle
thermal efficiency, and it is shown, that for the same conductance and up to 15 MW/K,
partial cooling cycle has the best thermal efficiency and recompression cycle circulates the
lowest pre-cooler mass. At first sight, partial cooling cycle seems to qualify for CSP
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applications, since the temperature differential across the primary heat exchanger is larger,
and this lead to lower cost of sensible thermal energy storage systems and more efficient
CO; receivers.

In their work, van der Westhuizen and Dobson [17], set as main objectives to contribute
to the design, optimization, and control of CSP-sCO; systems. Their simulation is based on a
simple recuperated Brayton cycle, where the heater is a solar receiver. A centrifugal
compressor is used, along with a radial inflow turbine, which are not mechanically
connected. The heat sink is modelled as a natural cooled finned tube and the recuperator
is a counter flow printed-circuit type. For every component of the cycle, the corresponding
model is created with certain inputs and outputs. Turbine is modelled first, with a goal of a
specified power output which will determine the mass flow rate and temperatures and
pressures around turbine. Then, comes the compressor, which is responsible to achieve a
pressure at least as high as the pressure at the turbine. Next is the recuperator and finally
heat sink and solar receiver, which must be designed so that for certain mass flow and
conditions in their entrances, achieve compressor and turbine conditions in their exit.
Thermodynamic diagrams are presented as results, in addition to diagrams that concern
optimization and control.

Binotti et al. [27] study three different sCO, power cycles (Recompression, Partial
Cooling and Main Compression Intercooling), in which heat is collected from an elevated
temperature solar tower system. After explaining the components of each cycle and
mentioning certain details and assumptions, they describe the solar plant which is like the
existing Gemasolar plant, and they refer to heat transfer fluid which is KCI-MgCl,. The
performance of each cycle is given as a function of turbine inlet temperature and the
better results are provided with Main Compression Intercooling cycle, which is selected for
a yearly simulation. Further investigation is made on this cycle, to optimize turbomachinery
design and examine if the assumptions that were made affect the results.

2.4 Literature Gap and Future Work

Even though CO; has been investigated as a working medium for over five decades, it’s
been the last years that it has aroused the attention of the researchers. White et al. [14] in
their review of the current state-of-the-art sCO; systems, identifie the future research
trends in different parts of a power cycle, such as the turbomachinery, the heat exchanger
and the control systems. Specifically, the control systems of the cycle, in combination with
the off-design performance prediction and the investigation of similitude models is an
upcoming topic studied recently by different researchers ([29], [30], [31]). The final chapter
of the thesis is a first approach of the author towards relative studies.

The literature research that the author conducted, concludes that there is a solid
background in the modeling of CO, and in the analysis of power cycles. Thus, the goal of
the current thesis is not to produce an innovative output on those topics. It consists of a
preparatory work for future, novel studies.
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2.5 Summary

The previous literature review includes papers and studies that work as a guideline for
the present Thesis. The two main topics that are being covered in this thesis; properties of
sCO2 and power cycles, have been extensively studied in the global literature, and in an
effort to introduce sCO; as a working fluid in the Laboratory of Thermal Turbomachines of
NTUA, similar work has been carried out, starting with modeling the properties of sCO5.
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3. MODELING OF sCO, PROPERTIES

This chapter includes information about the properties of sCO; and their calculations. The
first step is to model properties with the appropriate Equation of State (EoS). For this
reason, it is examined whether the available models offered by the RGTM library from
LTT|NTUA, are able to capture the real gas behavior of sCO,. After it is figured out which is
the best EoS that RGTM offers for sCO,, it is compared with REFPROP’s database to
calculate the relative error. Then, there is a brief description of the EoS that REFPROP
utilizes, and an introduction to CoolProp’s library, which will be used for further
calculations. In the second part of this chapter, the properties of sCO; around critical point
are presented, to depict its particularities. Finally, it is shown why a compression process
near the critical point is preferred.

3.1 Equations of State

To describe the thermodynamic properties of a fluid, an Equation of State (EoS) is
required. It consists of a relationship between state variables, such that specification of
two state variables permits the calculation of the others. State variables may differ from
one scientific field to the other; usually, in fluid dynamics, pressure, temperature, and
density are the main variables since they appear in the equation of motion [26]. For a
certain range of temperatures and pressures, e.g., high temperatures and low pressures,
the properties of a fluid, can be calculated from the EoS for the ideal gases, which can be
written as:

pvm = RyT (3.1

where p is pressure, vy, is molar volume, R, is the universal gas constant with R, =
8.31451 ) mol?, and T is temperature.

However, modern applications, take place in a wide range of temperatures and
pressures, in which the fluid deviates from the ideal behavior. For this reason, many real
gas models and their EoS have been developed through the years. The first attempt to
approach the real gas behavior, was made by van der Waals in his 1873 Ph.D. thesis [27],
who provided the well-known formula:
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R, T a
=9 3.2
p v—>b v? (3.2

Parameters a and b can be either estimated from the critical point and considered
constants for every substance or be a function of temperature. The simplicity of the
equation provided scientist with enough space, to develop more complex EoS and get
better results, depending on the application.

When it comes to CO; as the working fluid, a recent comparison of EoS was made by
Bottcher et al [11]. They included van der Waals-type EoS, like the Peng & Robinson EoS
(PR-E0S, 1976) and Duan-Mgller-Weare (DMW-EoS, 1992) in addition to Span and Wanger
EoS (SW-EoS, 1996) and ideal gas EoS. It was shown that the complexity of the model goes
along with its accuracy, and they declare Span and Wanger as the most accurate EoS. In his
Master’s Thesis [5], Hailong Li utilizes a modified Redlich and Kwong EoS (RK EoS, 1949) to
approach better gaseous CO; and mixtures of CO, and H,0. The original equation for RK
model is given by the formula:

sz‘gT— a (3.3)
v=b y(v+b)T, '

Where T, = T /T,, is the reduced temperature and a and b are the model’s constants
determined by the behavior of a substance at its critical point. These are given by [19]:

R2T? R.T
a = 042747 2% b = 0.08664 -2 (3.4)
PCT' PCT'

The goal of this research is to depict the temperature entropy diagram for CO; near the
critical point (Figure 9), which is presented in Sandia’s Report [28] at page 22. This will
certify that the computational tools that will be used for the calculations of properties are
sufficient. To do so, different EoS will be tested to examine the accuracy of the results that
they provide for sCO,. The first part of the study is to find out if the EoS that the RGTM
library -created by LTT|NTUA- provides with, capture satisfactorily the real gas behavior of
sCO.. If not, the second part of the study will be applied, which is the implementation of
specialized EoS, such as Span and Wanger for the rest of this thesis.
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Figure 9. Temperature entropy diagram for CO; near the critical point [28].

3.2 Development of Calculation Tools

To calculate the real gas behavior, a PROOSIS library named RGTM is used, created, and
provided by LTT|NTUA, which includes eight state models for estimating system fluid and
thermodynamic properties [19]. Moreover, for the saturation curve of CO,, data was taken
from NIST [29], inserted in PROOSIS and interpolated linearly to form the curve. RGTM
library could not calculate the saturation curve for the CO, accurately, so the data taken
from NIST was implemented especially for this study by the author. Among the EoS, which
are previously assessed for CO,, RGTM incorporates van der Waals EoS and Redlich and
Kwong EoS. For those models, a temperature entropy diagram is printed, to examine how
close they are to Sandia’s diagram. The comparison is shown in Figure 10 for van der Waals
EoS and in Figure 11 for RK EoS. A graphical process was used, through which it was
possible to define the specific entropy reference and calibrate the diagrams, since they
were produced from different sources. The reference for this process, was the known
intersection point of saturation curve and isobaric line of 5 MPa, as indicated with red in
Figure 9.
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Figure 10. Temperature entropy diagram for CO; near the critical point (Solid line) and
the diagram produced using van der Waals EoS (Dots).
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Figure 11. Temperature entropy diagram for CO; near the critical point (Solid line) and
the diagram produced using Redlich-Kkwong EoS (Dots).

The comparison reveals better results with the more complex RK EoS, but they are not
satisfactorily. In addition, the accuracy of every other EoS that the RGTM library includes
was examined through the same process, and only Berthelot EoS appeared to be
competitive. For this reason, Berthelot EoS will undergo further investigation.
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3.2.1 Berthelot Equation of State

Twenty-seven years after van der Waals equation was released, an improved version of
the equation was published, by the French scientist Daniel Berthelot, who made the term
a/v? a function of the temperature. His study concludes to the following formula:

RgT a

P=%—b v2T (3:5)

Variables a and b have the same formula as van der Waals equation, and they can be
written as [19]:

27R3T3 R. T
a=—2°<  p=Ic (3.6)
64P., 8P.,

The previous equations are utilized by RGTM library, and Figure 12 can be created. The
results are now much closer to Sandia’s diagram, and for this reason, Berthelot EoS is
qualified to be evaluated in a wider range of temperatures and pressures.
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Figure 12. Temperature entropy diagram for CO2 near the critical point (Solid line) and
the diagram that occurs using Berthelot EoS (Dots).

In their work, Kurz et al. [30] set the limits of pressure range for carbon capture and
sequestration. Specifically, CO, becomes available at low pressures, which can vary near
atmospheric. The ultimate pressure requirements for sequestration, is a function of the
depth of the sequestration site, and for very deep formations it can lead to pressures
above 50 MPa. Moreover, in a recuperated cycle integrated with CSP [17], which will be
the topic for a next section, the highest temperature is around 825K. Even though some
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applications operate in more extreme conditions, the boundaries that were considered are
sufficient for the initial comparison.

Considering those applications, it is reasonable to examine whether Berthelot EoS
provides with satisfactory results in a temperature range from 225 to 850 K and pressure
range from 0.1 to 40 MPa. For this reason, the values of specific entropy and enthalpy
obtained by Berthelot’s EoS were directly compared to those from mini-REFPROP [20],
which is a free sample version of the full REFPROP program provided by NIST. The relative
error, which is the contour in the following figures, is given by the equation:

X - X
RelError% = 100' REFPROP Berthelotl (3.7)

XREFPROP

The representation of specific entropy error is presented in Figure 13.
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Figure 13. Relative error of specific entropy in a T-s diagram and the recuperated cycle of
a CSP application.

A zoomed-in representation is shown in Figure 14, focusing on the area where the error
seems to rise.
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Figure 14. Zoomed-in relative error of specific entropy.

Figure 14 demonstrates the incapability of Berthelot EoS to capture the entropy of CO;
at low temperatures, below critical point. However, in this thesis, we are interested in
supercritical applications of CO,. The accuracy of Berthelot’s EoS in supercritical region, is
considered as sufficient, if we exclude big values of pressure, i.e. above 13 MPa, close to
critical temperature. This would be a problem if we were studying transcritical cycles,
where, for instance, the outlet of the compressor was close to those points.

The same process is conducted for specific enthalpy. After calibrating the enthalpy
reference between RGTM library and REFPROP’s dataset, the relative error is calculated
and represented in Figure 15.
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Figure 15. Relative error of specific enthalpy in a P-h diagram.

In general, it appears that enthalpy has a larger relative inaccuracy than entropy. This
could be a reason why many researchers ( [4], [30] ) suggest Span and Wanger EoS for pure
CO». This model, focuses specifically on CO>, is highly accurate and correlates well with
experimental data. This is also the model used by NIST to reproduce the properties of CO..
For this reason, Span and Wanger EoS is preferred in this thesis for the upcoming
calculations.

3.2.2 Span and Wanger Equation of State

Considering the great interest in the properties of CO, and the need for more accurate
correlations for their calculation, Span and Wanger propose a new equation of state,
specifically for CO,, which is expressed in form of a dimensionless Helmholtz energy ay.
This, consists of the ideal-gas a¥ behavior and a part which considers the residual fluid
behavior ay, namely:

oy (6,7) = ah(8,7) + aX(5,1) (3.8)

Where 6 = p/p,. is the reduced density and T = T, /T is the inverse reduced temperature.

By considering Helmholtz energy as a fundamental equation which is a function of
temperature and density, all the other thermodynamic properties can be obtained as a

II%II
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function of Helmholtz energy and its derivatives, as presented in [12]. To obtain the ideal-
gas term, authors follow an analytical approach, apart from c,, which has been established
by a nonlinear fitting in existing data. They get:

8
a%(8,7) =In(8) + B¢ + Bt + B2 In(7) + Z B In(1 — exp(—767)) (3.9
i=4

where the coefficients fand 6;are coming from the expression of cy.

An analytical approach cannot be applied on the residual part of the equation. For this
reason, they propose a complicated procedure which includes optimization and fitting to
wide variety of experimental results, out of which the following empirical equation is
determined:

7 34 39
@5(6,7) = ) militti+ ) nsdivtien4 + ) mygdintiel-aphails-er=ficyy’]
i=1 i=8 i=35
42
N Z 1, AP §el=Ci(6-1?-Di(x-1)?] (3.10)
i=40

For further explanations, reader should advise [12].

3.2.3 CoolProp Package

CoolProp [21] is an open-source library of thermodynamic properties, which is based on
high accuracy EoS for each one of its working fluids (Span and Wanger EoS for CO;), to
calculate their thermodynamic and transport properties. Many wrappers have been
developed that allow the use of CoolProp with many software and programming
languages, including MATLAB, Python and Excel. Moreover, CoolProp is a cross-platform
and can be used in every operating system. The Laboratory of Thermal Turbomachines,
took advantage of its compatibility and utilized its publicly available static libraries, aiming
for the cooperation with PROOSIS environment. This allows to calculate a property by
calling the following function:

PropsSI(STRING output, STRING Namel, REAL Valuel, STRING Name2, REAL Value2,STRING Ref)
A pair of known thermodynamic properties is required to calculate all the others. The

properties that were calculated in this thesis are mainly Temperature T, Pressure P,
Enthalpy h and Entropy s. They can be calculated from the following equations:
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PropsSI("T", "P", P, "H" h, "CO2") PropsSI("P", "T"T, "H" h, "CO2")
T ={ PropsSI("T", "P",P, "S"s,"C0O2") P =1 PropsSI("T", "T",T, "S" s, "CO2")
PropsSI("T", "H" h, "S" s, "CO2") PropsSI("P", "H"h, "S" s, "CO2")
PropsSI("H", "T",T, "P", P, "CO2") PropsSI('S" "P" P, "T", T, "CO2")
h ={ PropsSI("H", "T",T, "S"'s,"CO2") s = { PropsSI("S" "P" P, "H" h, "CO2")
PropsSI("H", "P", P, "S" s, "CO2") PropsSI("S", "T"T, "H" h, "CO2")

For example, to calculate enthalpy H of CO; at temperature T of 298 K and a pressure P of
101325 Pa, we type:

h = PropsSI("H’; T, 298, P,101325, C02) (3.11)

This allows us to calculate every property directly from PROOSIS, which is what RGTM
library does but for more inaccurate EoS.

3.3 CO: Properties

3.3.1 Thermodynamic Behavior of Supercritical CO:

In an analogous way as Nikolai et al. [9] did, in this section some of the properties
discussed in the previous section are presented, through several diagrams. Those diagrams
aim to visualize the particularities around the region of critical point and point out some of
the reasons why CO; is preferred as working fluid. All data was taken from mini-REFPROP’s
external database, which is based on Span and Wanger EoS, and introduced in Microsoft
Excel to reproduce the following figures.

In Figure 16 and Figure 17, we observe an expected sharp spikes in the specific isochoric
and isobaric heat capacities around critical point, which exemplify the strong real gas
behavior of sCO,. Moreover, the fluid's ability to absorb more energy without raising its
temperature, near the critical point, can be further illustrated by using its specific heat
capacity.

(b)
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TIK]

Figure 16. (a) Cp - T diagram for constant pressures; (b) C;, - P diagram for constant
temperature.
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Figure 17. (a) Cy - p diagram for constant temperatures; (b) C, - T diagram for a constant
density near the critical value.

In addition, there are other physical properties which have an intense change near the
critical point and require attention. More specifically, density presented in Figure 18, which
is highly connected with the machinery, may affect the components or the operating

conditions. Moreover, large variations in density lead to large variation in flow velocity and
Reynolds number.
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Figure 18. p - P diagram for constant temperatures.

Finally, the speed of sound, would be expected to be proportional to the square root of
temperature, as is in the case of the air. However, for carbon dioxide in the critical region,
speed of sound is significantly affected by the operating density as presented in Figure 19.
It should be noted that Mach number is determined by the speed of sound, a fact that
must be taken into consideration for the turbomachinery design.
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Figure 19. w - p diagram for constant temperatures.

3.3.2 Compression Process Around Critical Point

Because of its near-critical thermodynamic properties, using sCO; as the working fluid in
a supercritical power cycle is generally associated with improved cycle performance. The
process which takes place near the critical point is the compression, and for this reason, it
requires bigger attention and deeper analysis.

To study a compression process near critical point, a parametric study was carried out in
PROOSIS environment. The equations that were used for the creation of Figure 20 will be
described later. The inlet temperature varies in a range from 290 to 320 K, for 5 different
pressures, around the critical for case a and for case b, the inlet pressure varies in a range
from 6.5 to 10 MPa, for 4 different temperatures. For every case, the isentropic efficiency
was set to 0.85 and the pressure ratio to 2.5.

In Figure 20, we observe rapid changes in outlet temperature, when the inlet conditions
of the compressor are close to the critical point. Those changes exist due to the rapid
changes in specific heat for slight changes in temperature and pressure, and for this reason
compression work with minimal work input is achieved. The process gets smoother when
working on supercritical region.
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Figure 20. Compression process around critical point.
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The specific work for an isentropic compression is demonstrated in a T-s diagram in
Figure 21. The relative area is prefered. The low work of the compression, can be also
justified from a T-h diagram, where the isobars have a low slope near the critical point. This
practicly means that the energy can be added to the fluid with a little increase in its
temperature.

14—

TiTer[-]

Figure 21. Specific work for an isentropic compression (PR = 2).

3.4 Summary

In summary, the thermodynamic properties of CO; in the supercritical region introduce
certain particularities, which even though they add complexity and make the calculations
harder, they offer a distinct advantage when it comes to compress the fluid near the
critical point, since the compression process requires less work. By utilizing the proper EoS,
the real gas behavior of sCO, can be captured in a sufficient way, without introducing big
errors and deviations to the calculations. It was proven that obsolete and simpler EoS are
not sufficient for the desired calculations (vdW EoS and RK EoS) while other (Berthelot EoS)
could potentially consist of a mediocre solution. As the global literature suggest, the
specialized Span and Wanger EoS is the optimum EoS for relevant calculations, and for this
reason, it was introduced in PROOSIS in a way that it can be used for future calculations of
the thermodynamic properties.
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4. THEORETICAL BACKGROUND FOR CYCLE CALCULATIONS!

This chapter covers fundamental heat transmission, fluid dynamic relationships, and the
balances of energy and entropy. Moreover, it clarifies where should be paid attention in
the case of sCO,. It begins with the explanation of terms such as heat engine, open and
closed thermodynamic system and goes on with the equations that are needed to describe
a thermodynamic cycle, focusing on the components that make it up.

4.1 Introduction

The relationships that will be discussed, are based on the laws of thermodynamics. The
first law states that the energy is conserved, while the second law indicates that heat
engines must reject a portion of the heat received to a lower temperature heat sink. Heat
engines are thermodynamic systems that converts heat to usable energy, and a typical
example is shown in Figure 22. A heat sink is typically an environmental component, such
as the atmosphere. Instead of releasing the heat to the environment, it can also be utilized
in a lower temperature heat engine. Later on Chapter 5, heat sink will be referred to as the
precooler.

Heat Sources

* Solar Energy
* Nuclear Fission Heat Added HEAT Work Produced
*  Fossil Fuels ENG'NE

payalay eaq

| Heat Sink

* River
+ Ocean
« Atmosphere

Figure 22. Example of a thermodynamic heat engine.

1 The structure and the form of equation of this chapter, is based on Chapter 3 of [8].
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The heat engine presented in Figure 22 is considered a closed system, since it does not
allow transfer of matter in or out of the system. On the other hand, turbines and
compressors that will be discussed later on Chapter 5, are examples of open systems since
they allow the passage of fluid through their boundaries. An example of an open
thermodynamic system is shown in Figure 23.

Heat
Source

2

Mass Inlet Mass Outlet

Work
Produced

Figure 23. Example of a thermodynamic open system.

The processes that make up a heat engine cycle include compression, heat addition,
expansion and waste heat rejection. Those processes are represented in Chapter 5 by a
compressor, a heater, a turbine and a precooler, respectively. The simplest configuration
that they can produce, is a closed Brayton cycle, as presented in Figure 24.

Heater

T—15re

Precooler

Figure 24. Closed Brayton cycle, in its simplest version.
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In an effort to increase the effectiveness (the quantity of work generated for a specific
heat input), the cycle might significantly increase in complexity and incorporate several
intermediary steps, as it will be discussed later. However, a heat engine must always
comprise the essential features of a heat supply and heat rejection and the efficiency must
be below that of the ideal Carnot cycle.

4.2 Mass Energy and Entropy Equations

4.2.1 Conservation of Mass
For the open system presented in Figure 23, mass conservation can be described as:

[Inlet Mass Flow rate] — [Outlet Mass Flow rate| = [Mass Variation During Time]

or in a mathematical way:

Zm—znd:‘;—zl (4.1)

out

where m is the mass flow rate and m is the mass of the system. For a given density, fluid
velocity and flow area, mass flow rate can be calculated by:

= pVA (4.2)

4.2.2 Conservation of Energy

As it was previously stated, by the first law of thermodynamics, the total quantity of
energy is conserved. For an open and transient system, this statement can be described as:

, The overall rate
The net heat System's The net rate energy of ener
transfer |—|generated|+ |is introduced the system| = . gj.] .
t ower through mass flow alteration within
rate p g the system

or in a mathematical way:

. dv :
Q—Wshaft—PE+Zrh(h+pe+ke)—Zm(h+pe+ke)=
in

out

= im(u + pe + ke) (4.3)

dt




Master’s Thesis — Petros Chatzopoulos

av . . o .
The term Pd—t is the rate of boundary work, and in combination with the shaft power

Wshare, consist of the power produced by the system. For steady state conditions and for
system that have rigid boundaries, boundary work is zero. The associated energy that the
flow streams carries is:

e=1u+pe+ke (4.4)

Streams entering the system perform flow work on the stream at a rate of mpv ant the
system performs flow work on exiting streams. Substituting the definition of enthalpy
results in the mathematical expression of the first law of thermodynamics.

If we consider a steady state flow, derivatives of time are considered as zero, so there is
no boundary work and energy storage. Eq. (4.3) can be simplified to:

Q—Wshaft=zm(h+pe+ke)—2m(h+pe+ke) (4.5)

out in

And since potential and kinetic energies are considered as negligible at the component
level in a power plant analysis, the previous can be simplified in:

Q—W =4h (4.6)

For this final equation, a single inlet and outlet port is considered, so that the dots can be
eliminated.

To quantify the performance of a component, we can use the first law of efficiency,
which is an energy ratio:

Energy Output
n= E - (4.7)
nergy Supplied
And specifically for heat engines, thermal efficiency can be defined as:
Nep = Whet —1— qrejected (4.8)
Qaddea Qadded

4.2.3 Entropy and the Second Law of Thermodynamics

The second law of thermodynamics implies the irreversibility of certain processes, like
heat moving from high to low temperatures. This principle is reflected in two equivalent
statements: the Kelvin-Plank statement, stating the impossibility of constructing a cyclic
device converting heat from a single thermal reservoir entirely into work, and the Clausius
statement, asserting the impossibility of creating a cycle that only transfers heat from a
low-temperature reservoir to a higher one without affecting the environment. Both
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statements are derived from the principle of increasing entropy, which ensures that the
total entropy change in any process is always greater than or equal to zero.

ASITotal =0 (4.9)

III

The term “total” suggests that entropy in a system can decrease as heat is transferred
out, but the rise in entropy outside the system surpasses the reduction within it. In a
physical sense, entropy quantifies the energy unavailable for work production. Usable work
and mechanical energy lack associated entropy, making any entropy-generating process
irreversible.

Entropy is formally defined as the integral of the added heat divided by the absolute
temperature along any internally reversible path connecting two states as:

5Q
A4S = | — 4.10
E. (410)
And for an isothermal system:
Q
A4S = — 4.11
= (411)
The entropy balance of a system, can be described as:
The net rate at The overall rate
which entropy is Entropy's The net influx rate of entropy
transported + |Generation| + |of entropy through| = alteration
through Rate mass flows within
heat tranfer the system

Or in a mathematical way:

Z ), Z Z ds
%‘l‘ Sgen + ms — ms = Em (4.12)
-4 1 -

i in

out

Where T; is the temperature at the system boundary. For a single port system, at steady
state conditions, the entropy balance can be written as:

q
Sgen = S2 —S1 — (4.13)

T Boundary
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Since the second thermodynamic law states that the entropy increases, the maximum
thermal efficiency is limited by Carnot efficiency:

Tcold

Nearnot = 1 — (4.14)

Thot

4.3 Components of a Power Cycle
4.3.1 Compressor and Turbine

The equations that were discussed previously, will be applied on the components which
a power cycle consists of. To begin with, the energy balance for a compressor presented in
Figure 25, is:

Wic = hy —hy = f(T3,p2) — f(T1,p1) <O (4.15)

It needs to be mentioned that the calculation of enthalpy and every other property, is a
function of two state variables, for example temperature and pressure. This is obligatory,
since sCO, behaves as a real gas in its supercritical region, and a consideration that
enthalpy is solely a function of temperature, as is in ideal gases, will lead to huge
deviations.

Moreover, if we assume that there are no bleeds in between, mass flow rate remains
the same:

Mintet = Moutlet (4-16)

A

h, | m

Compressor

AWork

A

hy, | m

Figure 25. Inlet and outlet of a compressor.
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By considering an efficiency rate for the compression process, we can correlate the inlet
and the outlet value of enthalpy. Isentropic efficiency, which compares the actual work of a
real process with the corresponding work of an isentropic process, allows us to do so. The
difference between those processes, is depicted in Figure 28. The isentropic efficiency is
defined as:

s—h
Neis =~ ——7, = f(Tp) (4.17)

The assumption that isentropic efficiency is a function of temperatures and pressure
ratio is not sufficient when the working fluid behaves as a real gas. For this reason, the
previous definition is used, where the enthalpies are a function of temperature and
pressure, covering the real gas case.

Isentropic
Work:

v

Figure 26. h-s diagram of a compression process. 1-2 is the real process while 1-2is is the
ideal-isentropic process.

In a similar way, for a turbine presented in Figure 27, the energy balance is:
wir = hy —hy = f(Ty,p1) — f(T2,02) > 0 (4.18)
As in case of the compressor, the calculation of enthalpy is a function of two state
variables: temperature and pressure. This is obligatory, since sCO; behaves as a real gas in

its supercritical region, and a consideration that enthalpy is solely a function of
temperature, as is in ideal gases, will lead to huge deviations.

Moreover, if we assume that there are no bleeds in between, mass flow rate remains

the same:
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Mintet = Moutlet (4‘-19)

A

h, | m

Turbine

",\\Wark

h, | m

Figure 27. Inlet and outlet of a turbine.

The isentropic efficiency for the turbine is:

hy —h,
Nris =7————=f(T,p) (4.20)
hl - hzis

The assumption that isentropic efficiency is a function of temperatures and pressure
ratio is not sufficient when the working fluid behaves as a real gas. For this reason, the
previous definition is used, where the enthalpies are a function of temperature and
pressure, covering the real gas case.

And the expansion process is depicted in Figure 28.

A J

Figure 28. h-s diagram of an expansion process. 1-2 is the real process while 1-2is is the

ideal-isentropic process.
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4.3.2 Heat Exchangers

The cycles that will be studied in Chapter 5, require heat exchangers in which the two
streams are either both part of the cycle, i.e., Recuperators of Figure 29 , or the stream of
the cycle is being cooled or heated by an outside source i.e., Precoolers and Heaters of

Figure 30.
Recuperator
han hip
) | [ AT T —
h 1C; mC II', "I II, 'I I, 'I I, 'I I, 'I I, 'I I, 'I I, 'I h 2C, mc
Figure 29. Typical recuperator with hot and cold stream.
(a) Heater (b) Precooler
O-added

h, LI N V1TV L
mo mo mo ‘V ([l V‘ mo

‘ | Qrejected

Figure 30. Typical heater (a) and precooler (b).

To begin with the simplest case, when the temperature of the main flow changes due to an
outside source (Figure 30), the mass flow rate remains the same:

Mintet = Moutlet (4.21)
From energy balance of the heater:
Qaagea = M(hy = h;) <0 (4.22)
While for the precooler:
Qrejected =m(hy —hy) >0 (4.23)
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In such components, there could also be a user-defined a pressure drop.
In case of recuperators, the mass flow rate of the two streams, remains the same:
Mintet,h = Moutlet,h (4.24)
Miniet,c = Moutlet,c (4.25)
And from energy balance assuming that there is no heat loss to the environment:
me(hye — hye) = myp(hyp — hap) (4.26)

In this thesis, except from Section 5.5, and for simplicity reasons, the effectiveness of the
recuperators is defined as:

T,. —T
e =_2¢ "1 (4.27)
Tlh - Tlc

4.4 Summary

The thermodynamic analysis of sCO; systems components and the relationships that are
used to describe the components of a cycle, are based on the fundamental equations of
thermodynamics, as they are for other working fluids. However, ideal gas assumptions
cannot be made since sCO; deviates significantly from the ideal gas behavior. For this
reason, every thermodynamic property is a function of other two state variables. The
components that were analyzed and their relevant equations, will be used in the following
chapter to make up thermodynamic cycles for further investigation.
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5. POWER CYCLES INVESTIGATION

The advantages of sCO, that were previously discussed, classifying it as a promising
working fluid for thermodynamic cycles. In this chapter, different layouts of cycles are
investigated. After a short classification of power cycles, the first step of this research is to
illustrate the difference on the efficiency of an open cycle if ideal gasses assumptions are
made instead of real gasses. Afterwards, the equations that were introduced in the
previous chapter, are used to analyze several thermodynamic cycles, in order to examine
their performance and carry out several parametric studies. Those studies are based on
source codes and schematics that are developed in PROOSIS environment, and their
credibility is certified by using data available from literature. The eventual goal of this
chapter is to compare the different layouts and examine the characteristics of each
configuration.

5.1 Classification of Thermodynamic Power Cycles

Thermodynamic power cycles are categorized here, in a way similar to White et al. [13].
Four basic processes make up a generic thermodynamic power cycle: compression, heat
addition at high pressure (p,), expansion, and heat rejection at low pressure (p;). The cycle
may be classified based on whether phase shift takes place during the cycle. The Joule—
Brayton cycle stays in the vapor zone, while the Rankine cycle experiences phase changes
in the working fluid as a result of the heat addition and heat rejection processes.

Another way to categorize thermodynamic cycles is based on whether the operating
pressures are above or below the working fluid's critical pressure (p.). This permits the
following three classifications: subcritical (p; < ps and p, < p.,-), transcritical (p; < per
and p, > p.) and supercritical (p; > ps and p, > p.,). The previous are summarized in
Figure 31, where four different cycles are depicted in a T-s diagram.

For every case, the highest temperature of the cycle remains the same, as well as some
other cycle parameters shown in Table 2. Those cycles, include recuperation and the set of
equations which describes them is presented in Section 5.3. Moreover, it should be noted
that the intermediate points of the cycles, are illustrated in a graphical way.
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(a)
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Joule-Brayton Cycle
Supercritical Cycle

400 + Supercritical Region

Critical Point

Two-Phase Region
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Figure 31. Classification of Thermodynamic Power Cycles; (a) non-Condensed cycles, (b)
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Table 2. Parameters of the examined cycles.
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For each one of the four cycles, its efficiency was also calculated. Of course, they cannot
be compared directly based on their efficiency, since the efficiency is a function of various

parameters, which are not the same for every case. The results can be found in Table 3.

Table 3. Efficiency of different power cycles.

Power Cycle Type Efficiency [%]
Joule-Brayton 10
Supercritical 25
Transcritical 40
Subcritical (Rankine) 53
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5.2 Open Cycle Analysis

For a single shaft simple turbojet layout, as it is shown in Figure 32, to calculate the
open cycle characteristics, the following data are needed.

TOI Po, Kinf Tic, Nes Kbr Tt4l N Nt Kex

Ty, po refer to ambient conditions. K;;,,, K, and K,, are the pressure loss coefficients for
inlet duct, burner and exit duct respectively. 1. and 7, represent the efficiency ratios for
the compressor and turbine, while 7, is the mechanical efficiency ratio. i, is the pressure
ratio of compressor, and finally, T, is the total inlet temperature of the turbine.

®
ro

®

=
»
b ¢ 0
Inlet_Duct | E xit_Duct
o o<« =]

—

Compressor Turbine

Figure 32. Single shaft turbojet layout.

To begin with the calculations, inlet duct creates a pressure drop, which is described by
its coefficient. Thus:

Tey =Ty =To (5.1)
P2 = Pe1(1 — Kin) = po(1 — Kiy) (5.2)

Compressor

For the compressor, we have assumed its pressure ratio, so:
Pz = P2 (5.3)

To calculate its outlet total temperature, it needs to be defined whether the working gas
characteristics (C , y) are considered as constants or they are calculated through real gas
model equations. In the simple occasion of constant characteristics, the total temperature
is given by:

1 y-1
Tt3 = th [1 + T’_ (T[C y - 1)] (54)
c
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and the specific work of compressor is calculated through:

Wic = Cp3 (Tez — Ttp) (5.5)

When it comes to real gas models, the conditions before and after the compression
process can be defined through the definition of isentropic efficiency. Condition 2 refers to
the entry, of the compressor, where Ty, and p;, are already known, and so are the specific
entropy and enthalpy since:

Stz = f(Te2, Pr2) = St3,is (5.6)
hez; = f (T2, Pe2) (5.7)

The known pressure p.3 and specific entropy s;3 ;s, allow us to calculate the temperature
and the specific enthalpy, if the compression was isentropic, since:

T35 = f(5t3,is» Pt3) hisis = f(Tt3,is' Pt3) (5.8)

Now, h;3 can be calculated from isentropic efficiency definition for compressors:

hiz = hep + Mhtais (5.9)
Nc
Total temperature from:
T3 = f(hes, D) (5.10)
And the specific work of compressor from:
Wic = hiz — hep (5.11)

Burner - Heater

The pressure drop in the burner is calculated by:

Pea = Pe3(1 — Kp) (5.12)

It needs to be mentioned that in this thesis, the working fluid will be sCO,. So, the term
“Burner” of this section refers to a heater in general case.
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Turbine

For the turbine, the similar process is considered, as the compressor. From the pressure
drop of the exit duct, the outlet pressure of the turbine can be calculated and thus, the
pressure ratio of the turbine:

Pte

ptS = 1 _ Kex (5'13)
Pts

For constant gas properties, outlet total temperature of the turbine can be calculated
directly from:

_y-1
Tis = Tta [1 — Nt (1 —nr Y >] (5.15)
and the specific work of turbine from:
wir = Cp, (Tea — Tis) (5.16)

When it comes to real gas models, the conditions before and after the expansion process
can be defined through the definition of efficiency ratio. The condition 4 refers to the
entry, of the turbine, where T;, and p;, are already known, and so are the specific entropy
and enthalpy since:

Sta = [(Teas Pra) = Sts,is (5.17)

hea = f(Ttar Pea) (5.18)

The known pressure p;s and specific entropy s;s ;s, allow us to calculate the temperature
and the specific enthalpy, if the expansion was isentropic, since:

Tisis = f(StS,is'ptS) hes,is = f(TtS,is' ptS) (5.19)
Now, h;s can be calculated from isentropic efficiency definition for turbines:
his = hey — Ut(hm - htS,is) (5.20)

Total temperature from:

Tis = f(hes, Pes) (5.21)
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And the specific work of turbine from:

Wir = hyy — hes (5.22)

If the gas properties are considered as constants and the enthalpy reference is the same,
the specific heat added is given through the following simplified relationship:

q; = Cp,Tta — Cp, T3 (5.23)
Otherwise, it is given directly from the enthalpy difference:
qi = hea — hys (5.24)

Finally, the thermal efficiency is calculated from Eq. 5.25, and printed in Figure 33.

Wi _ N (Wit — Wic)
qi qi

Nen = (5.25)

0.4

=
[}

—8—C0O2_RG_Model
—&— AIR_RG_Model
——C02_Cp_Const
—o— AIR_Cp_Const

Thermal Efficiency [-]
o
(]

=

0 20 40 60 80 100
Pressure Ratio [-]

Figure 33. Thermal Efficiency vs Pressure ratio for CO; and Air

Figure 33 is the first tangible example on how the working fluid affects the efficiency
and the pressure ratios in which a cycle can operate efficiently. While air provides with the
biggest thermal efficiency, its operation is limited to a small range of pressure ratios,
comparing to CO;, which is more “robust”, and the thermal efficiency with such working
fluid is acceptable for a wider range of pressure ratios. Moreover, there is a clear
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difference between real and ideal gas models, with the ideal gas model underestimating

the efficiency of the cycle .

For Figure 33, data on Table 4 and Table 5 are used.

Table 4. Open cycle characteristics.

OPEN CYCLE CHARACTERISTICS

T, [K] 288.15 Ky [-] 0.01
Po [Pa] 101325 T, [K] 1473.15
Ky [] 0.01 Nm [-] 1
. [-] 1.2:100 N [] 0.87
1. [-] 0.85 K, [-] 0.01
Table 5. Constant gas properties for CO2 and Air.
CO. AIR
Cp, [1/keK] 862 Cp, [1/keK] 1005
Cp, [1/keK] 1322 Cp, [1/keK] 1157
Y3 [-] 1.30 Y3 [-] 1.40
Va [] 1.182 Ya -] 1.33

5.2.1 PROOSIS Components

The equations of Section 5.2 were not only written down as a script in an empty
experiment, but also were used to create components and symbols in PROOSIS
environment. Even though the equation for the open and closed cycles are almost the
same, the development of the components is focused on the closed cycles which follow,
since it contains extra equations and components, for example the recuperator.

To begin with, PROOSIS uses ports to achieve connection and communication between
the components. In our case, we are using Fluid (F) and Mech (Me) Ports. Then, abstract
components were created, which are the basis of the actual components, and they
perform certain calculations, mostly for state variables. For compressor and turbine, a
simple model based on their isentropic efficiency is used, and the symbols created are

shown in Figure 34.
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(a)

F in @

@ finfo_in (b) @ finfo_out
| @ finfo_out @ finfo_inj
I O F_out

® F_out F_in @

Me_out @

Figure 34. Symbols created in PROOSIS; (a) for Compressor, (b) for Turbine.

Recuperator is modelled as a simple heat exchanger, which utilizes thermal
effectiveness definition and power equilibrium between cold and hot stream. Ducts can
either add or abduct heat to the cycle, in combination with pressure drop. Their symbols
are presented in Figure 35.

(a) F_inGas I (b)

© Fout F_in o—ﬂ—»o F_out

© F_outGas

Figure 35. Symbols created in PROOSIS; (a) for Recuperator, (b) for Duct.

Finally, components related to the shaft are responsible for mechanical properties, e.g.
inertia, torque and rotational speed. When the component ShaftStart is not used, we need
to set inertia and rotational speed as input data. Their symbols are presented in Figure 36.

E—<—0 o« cmmmm——————< 0 o< =]
ShaftEnd Shaft ShaftStart

Figure 36. Symbols created in PROOSIS for Shaft Components.
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5.3 Recuperated Power Cycle Analysis

In our case, we are interested in closed cycle configurations. For this reason, a
recuperator and a precooler are added to the current open cycle. Moreover a heater duct
has replaced the burner and the inlet and exit ducts have been removed, since their
influence can be embedded in the precooler. The previous, are summarized in Figure 37.
This consists of a typical Brayton cycle layout, in which the fluid is compressed in the
compressor from Point 1 to Point 2. Then, it is preheated in the recuperator by the exhaust
gas from the turbine (Point 2 to Point 3). Then, the fluid passes through the heater and
reaches its highest temperature (Point 3 to Point 4). After the heat addition, there is an
expansion in the turbine (Point 4 to Point 5), and the fluid is used later in the recuperator
for preheating (Point 5 to Point 6). Finally, the heat is rejected in the precooler (Point 6 to
Point 1).

Heater

Recuperator

Compressor @ Turbine

Precooler

Figure 37. Closed cycle layout with Precooler, Recuperator and Heating Duct.

To solve such configurations, we need to know the following data:

Ttll Pt1s Tt4r Nes Nty €ry Ty KR,Ci KR,hr Khl Kpcr m

Starting off from Point 1, by knowing temperature and pressure, we can calculate all the
other properties, since:

Ser = f(Te, pr1) = St2,is (5.26)

hey = f(Te1, Pe1) (5.27)
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Compressor

We can proceed to Point 2, in which we can directly calculate the pressure from:

P2 = Pe1Tic (5.28)

The known pressure p;, and specific entropy s, ;s, allow us to calculate the temperature
and the specific enthalpy, if the compression was isentropic, since:

Tizis = f(Stz,is» Ptz) hizis = f(TtZ,is: Ptz) (5.29)

Now, h;, can be calculated from isentropic efficiency definition for compressors:

hi s —h
hey = hyy +—2—2 (5.30)
Nc
and the total temperature from:
T2 = f(h2, Dr2) (5.31)

By knowing the pressure loss factors in every component, we can calculate the pressure in
each Point:

Pe2 Pe3 Pe1 Pte
_ — = 7t = 5.32
Pt3 Kre Pea K, Pte Kpc Pts Krn ( )
Turbine

For further calculations, we need to know turbine inlet temperature T;,. Similarly with
open cycle, T¢, and p;, are already known, and so are the specific entropy and enthalpy
since:

Sta = [(TearPra) = Sts,is (5.33)
hes = f(Te4r Dea) (5.34)

The known pressure ps and specific entropy ss ;5, allow us to calculate the temperature
and the specific enthalpy, if the expansion was isentropic, since:

Tsis = f(StS,is'ptS) hisis = f(TtS,is' Pts) (5.35)
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Now, h;s can be calculated from isentropic efficiency definition for the turbines:
hes = hey = 7 (Res = Res is) (5.36)

And the total temperature from:

Tis = f(hes, Des) (5.37)

Recuperator

The definition of the effectiveness of recuperator allows us to calculate the inlet
temperature of the heater:

Te3 = eg(Tes — Tez) + Trz (5.38)
and from this, the specific entropy and enthalpy at Point 3:
Stz = [(Tt3,0e3)  hes = [Tz, De3) (5.39)
The energy balance in the recuperator, allows us to calculate h;4:
hee = hes + hey — s (5.40)
and from this, the specific entropy and Temperature at Point 6:

Ste = [(NeesDte)  Tre = f(hier Deo) (5.41)

In this case, ps¢ no longer refers to ambient conditions. We consider a cooling stream with
known inlet enthalpy h. . which abducts heat @, from the main stream and reduces the
temperature from Ty to Ty1. The amount of heat is given by:

Qpc = m(ht6 - htl) (5-42)
And the amount of heat that has been added to the configuration from the heater:
Qn = m(hey — hez) (5.43)

Cycle efficiency can be calculated if we divide the net work with the amount of heat that
has been added. Specifically:

(5.44)
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5.3.1 Validation

Yoonhan et al. [22] have already studied similar layouts. In their work, they propose the
layout of Figure 38.

RCP | 5

NAAAAAA
RVATAATATATAYS
T RVAAAAA
AAAAAAAA 3

IM /G Heater
I

(@)]

m
WY \J

Tu"ﬁ‘ ‘

—

Precooler

Figure 38. The first design layout (Single TAC feature-simple recuperated cycle of
Yoonhan et al [22].

For this design, they set the variables as they are presented in Table 6.

Table 6. The first design variables [22].

Heat, kW 1320 Mass flow rate, kg/s 4.6

Net efficiency, % 25.6 Turbine work, kW 484
Rotating speed, krpm 111 Compressor work, kW 147
Recuperator AT, °C 285.2 Net work, kW 337
Turbine Ns 0.48 Compressor Ns 0.65

With the previous assumptions, they get the following results (Table 7) which indicate the
thermodynamic properties of every position.




Master’s Thesis — Petros Chatzopoulos

Table 7. Section conditions of the first design [22].

No. Section Conditions P (MPa) T(°C) h(ki/kg) s (ki/kg-K)
1 Compressor Inlet 7.78 33.2 329.6 1.42
2 Recuperator CS Inlet 20 74.3 361.2 1.45
3 Heater Inlet 19.9 269.1 688.8 2.23
4 Turbine Inlet 19.8 500 973.5 2.67
5 Recuperator HS Inlet 8.03 401.5 869.0 2.69
6 Precooler Inlet 7.93 116.2 541.4 2.06

The equations of 5.3 were inserted into PROOSIS environment, and the results are
summarized in Figure 39, depicting the goal temperature of each point of the configuration
with the relative error that occurs to the calculation of temperature, using Berthelot and
Span and Wanger equation of state.

800 1
pS e
fo~
RS
! \\
700 f----B--~S-B---Hz---B----g 0 _
E. '\ ! \\ b=
» 600 ) " { -1 Lﬁ
—_ AY / \
fé g ® \ L @® Yoonhan et al.
) ‘ =
£ 500 G ' 2 5 - -3~ - Span & Wanger
(7} \ ="
= \ = - = - Berthelot
\ e
400 | [ %
[ ]
300 @ 1 L 1 . 4
1 2 3 4 5 6

Configuration Points [-]

Figure 39. Goal temperature and relative error for the configuration of Figure 38.

The results of Figure 39 come along with what it was mentioned in 3.2.1, concerning the
accuracy of Berthelot EoS for the CO2 and how it could be an alternative solution is Span
and Wanger EoS was not available. The error that the Berthelot EoS introduces is low, as
indicates Figure 39. However the overall accuracy cannot be compared with Span and

Wanger EoS.
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5.3.2 Studies in Recuperated Cycle

Previously in 5.2 it was depicted how the efficiency and the operating pressure ratios
are affected by the working medium in an open cycle. The same study is reconducted, this
time for a closed recuperated cycle. Using input data from the previous section, the results
are presented Figure 40 for the case of CO, and in Figure 41 for the case of air. In the case
of air, the efficiency is also calculated if the inlet of the compressor is in atmospheric
pressure, and illustrated with dots.
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Figure 40. Cycle efficiency for different pressure ratios and turbine inlet temperature,
working with CO.
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Figure 41. Cycle efficiency for different pressure ratios and turbine inlet temperature,
working with air.




Master’s Thesis — Petros Chatzopoulos

Similarly to the open cycle, working with air provides with a highest cycle efficiency for a
relative low pressure ratio. CO; offers the ability to work on higher pressure ratios and
achieve acceptable efficiencies.

In addition to the investigation of the compression process around the critical point,
which was conducted in 3.3.2, to depict the influence of the compressor’s efficiency on the
total efficiency of the cycle, a parametric study was carried out in which cycle efficiency
was calculated as a function of the compressor’s efficiency and inlet temperature. The
results are presented in Figure 42.
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Figure 42. Cycle efficiency for different compressor efficiencies and inlet temperatures.

5.3.3 Concentrated Solar Power (CSP) Application

Several studies have been carried out concerning integration of CSP with sCO; [ [24],
[17], [25]], since it could contribute to greater efficiencies. The common thread among
those studies is that they examine certain cycle configurations and investigate the
operation of the components that are involved. For a tryout of the aforementioned
equations for the recuperated cycle, the work of van der Westhuizen and Dobson [17] is
selected as a reference, to perform a cycle calculation in a temperature range that is
defined by CSP.

Van der Westhuizen and Dobson set as main objectives to contribute to the design,
optimization, and control of CSP-sCO; systems. Their simulation is based on a simple
recuperated Brayton cycle, presented in Figure 43, where the heater is a solar receiver. A
centrifugal compressor is used, along with a radial inflow turbine, which are not
mechanical connected. The heat sink is modelled as a natural cooled finned tube and the
recuperator is a counter flow printed-circuit type.
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Figure 43. Overview of the simulated CSP-sCO; system [17].

They present their results in the form of diagrams, which are shown in Figure 44.
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Figure 44. Van der Westhuizen and Dobson results in form of: P-v diagram (a); T-s
diagram (b) [17].

The goal is to get similar results with the diagrams of Figure 44, and for this reason, they
were turned into values, using plot digitizer [31], and presented in Table 8.
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Table 8. Van der Westhuizen and Dobson results in form of table.

1 2 3 4 5 6 7 8 9 10
T [K] 335.41 324.88 390.91 430.14 552.63 82536 771.77 698.09 709.57 559.33
P [MPa] 8.54 7.53 15.69 2457 2449 24.01 16.90 7.93 8.74 8.54

As it was mentioned, van der Westhuizen and Dobson utilize a centrifugal compressor
and a radial turbine, and they consider intermediate points in those components. The first
attempt to reproduce their results, neglects those points and assumes that Point 1 and
Point 4 are the inlet and outlet of the compressor, and Point 6 and 9 are the inlet and
outlet of the turbine. The configuration of Figure 45 was used.

Solar Receiver

Recuperator
®

Turbine

Compressor

e+ e

Heat Sink

Figure 45. First configuration to reproduce the results.

By executing the simulation, the values of Table 9 are achieved.

Table 9. Results produced using the configuration of Figure 45.

1 4 5 6 9 10
Tealc [K] 33541 430.10 553.02 825.36 710.74 557.49
Pcalc [MPa] | 8.54 2457 2449 2401 8.74 8.54
Terror [%] | 0.00 0.01 0.07 0.00 -0.16 0.33
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To be more precise, Inducer, Volute, Scroll and Diffuser, were modelled as ducts which
increase and decrease the temperature and the pressure, depending on the case. The
configuration is now being presented in Figure 47 and the results are summarized in Figure
46, depicting the goal temperature of each point of the configuration with the relative
error that occurs to the calculation of temperature, using Berthelot and Span and Wanger

equation of state.
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Figure 46. Goal temperature and relative error for the configuration of Figure 47.
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Figure 47. Final configuration with intermediate points 2,3 and 7,8.

For both Table 9 and Figure 46, the relative error is calculated only for temperature since
the pressure values are identical. The formula for the calculation is:
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T—T
Torror = 100TC““ (5.45)

5.4 Reheated Power Cycle Analysis

The first step towards the improvement of the efficiency of simple recuperated Brayton
cycle, is to add a reheater and a second turbine. Those additions, improve the cycle
efficiency by increasing the equivalent Carnot temperature for the cycle. Equivalent Carnot
cycle is a cycle which achieves the same efficiency as the original thermodynamic cycle
would achieve [6].

Based on Carnot’s cycle theory, to increase the efficiency of the original cycle, either the
average temperature of heat addition needs to be increased, or the average temperature
of head rejection need to be reduced. By adding a reheat stage, the inlet temperature of
the heater increases and consequently, the average temperature of heat additions is
increased. The reheated Brayton cycle configuration is depicted in Figure 48 and a typical
temperature-entropy diagram can be found in Figure 49.
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Figure 48. Reheated Brayton cycle configuration.
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Figure 49. Typical T-s diagram of reheated Brayton cycle.
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The cycle is similar to the simple Brayton cycle with recuperation, which was already
studied in 5.3. CO; undergoes a compression process to reach the maximum pressure of
the cycle, then it is preheated in the recuperator before it enters the main heater and the
high-pressure turbine. The difference is that the expansion process is divided to two
turbines, high and low pressure, and there is an intermediate reheater. After the total
expansion of the fluid, the recuperator takes advantage of the remaining heat, and finally,
precooler rejects the excessive heat to reach the inlet conditions of the compressor.

In terms of modelling such configurations, the equations are the same as simple Brayton
cycle. However, in this case, we need to define characteristics of the second turbine, i.e.
efficiency and inlet temperature, and also the outlet pressure of the first turbine, which we
will see how it affects cycle’s efficiency in the following parametric analysis. The data used
for this analysis is presented in Table 10. In addition, no pressure losses are considered.

Table 10. Data used for parametric analysis of reheated Brayton cycle.

Conditions Values

Turbines Efficiency [-] 0.9
Compressor Efficiency [-] 0.85
Recuperator Effectiveness [-] 0.8
Main Compressor Inlet Temperature [K] 305
Main Compressor Inlet Pressure [MPa] 7.4

Turbine Inlet Temperature [K] 823.15

Pressure Ratio [-] 1.5-35

Figure 50 depicts the results of the parametric analysis. For three different pressure
ratios, the efficiency of the cycle was calculated for different reheater inlet pressures. It
seems that for a certain pressure ratio, the efficiency is not highly affected. However, there
are wide variations of efficiency when the pressure ratio changes. For this reason, a second
parametric analysis is carried out, with the same conditions, but this time pressure ratio is
the main parameter. The results can be found in Figure 51 and indicate the influence of the
pressure ratio in the efficiency of the cycle.




Master’s Thesis — Petros Chatzopoulos

05
— © © —©

04 E/B/'E——H
Q
o
k>
(&7 _
5 ——PR=15
= —8—PR=25
2,03 ¢ —6—PR=135
> .

0.2 L L L

7.4 13 18.6 242

Reheater Inlet Pressure [MPa]

Figure 50. First parametric analysis results for reheated Brayton cycle.
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Figure 51. Second parametric analysis results for reheated Brayton cycle.

5.5 Recompression Power Cycle Analysis

In his PhD Thesis, Dostal [6] indicates that the recompression cycle has the biggest
potential for efficiency improvement among the cycles he examines. The reason behind
the improvement of the efficiency, is the reduction of heat rejection from the cycle by
introducing another compressor before the precooler. In the layout of Figure 52, only a
part of the total fluid flow is used for heat rejection in the precooler. Moreover, there are
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now two recuperators instead of one, which was the case for cycles that were previously
studied.

In this configuration, a fraction of fluid flow is compressed from Point 1 to Point 2, in the
main compressor. In the low temperature recuperator, the fluid is preheated to the
temperature of the recompression (Point 2 to Point 3). Then, the flow is merged in Point 4,
and the total flow is now preheated in high temperature recuperator (Point 4 to Point 5).
From Point 5 to Point 6, there is the heat addition of the cycle, and then, from Point 6 to
Point 7, an expansion occurs. The exhaust fluid of the turbine is used for the preheat of the
fluid in the recuperators (Point 7 to Point 8 and Point 8 to Point 9). Finally, the flow is
splitted in Point 9 and a part of the flow is recompressed (Point 9 to Point 10), while the
other is cooled in the precooler (Point 9 to Point 1).

PRECOOLE 9
. #n,ow
1 SPLIT

RECOMPRESSING
COMPRESSOR

RECUPERATOR

RECUPERATOR

Figure 52. Recompression Brayton cycle layout [6].

To simulate such configurations, some variables need to be defined. Those include the
inlet conditions of the main compressor (T;4, p;1), the efficiencies of the two compressors
(nC,mainrnC,rec) and the turbine (n;), the effectiveness of the two recuperators
(Mirr»NMuTR), the pressure ratio of the two compressors (1), the split ratio (s,-), and the
inlet temperature of the turbine (T,). For our study, we suppose that every point of the
layout, is either in high or low pressure, i.e., there are no pressure drops in heat
exchangers. Moreover, we consider the general case, where the outlet temperature of the
recompression compressor is not the same as the outlet temperature of the cold stream of
low temperature recuperator.

Starting off from Point 1, by knowing temperature and pressure, we can calculate all the

other properties, since:
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Ser = f(Te, pr1) = St2,is (5.46)
hey = f(Te1, Pe1) (5.47)
Compressor

We can proceed to Point 2, in which we can directly calculate the pressure from:

P2 = Pe1Tlc (5.48)

The known pressure p;, and specific entropy s, ;s, allow us to calculate the temperature
and the specific enthalpy, if the compression was isentropic, since:

Ttzis = f(stz,isr Ptz) hiis = f(TtZ,is' Ptz) (5.49)

Now, h;, can be calculated from isentropic efficiency definition for the main compressor:

htZ,is - htl

htZ = htl + (550)

nC,main

and the total temperature from:

Trz = f(ht2, De2) (5.51)

Since there are no pressure drops (ideal case), the pressures in every point are given by:

Pt2 = Pt3 = Peta = Pte = Pes (5.52)
Pt3 = Pt1o = P9 = Pts = Pt7 (5.53)
Turbine

For further calculations, we need to know turbine inlet temperature T;. Similarly with
open cycle, T;¢ and p;e are already known, and so are the specific entropy and enthalpy
since:

Ste = f(Tter Pre) = St7,is (5.54)

hie = f(Tte: Pte) (5.55)
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The known pressure p;; and specific entropy s;7 s, allow us to calculate the temperature
and the specific enthalpy, if the expansion was isentropic, since:

Ti7is = f(st7,i5) Pt7) hi7is = f(Tt7,is' Pt7) (5.56)
Now, h;- can be calculated from isentropic efficiency definition for the turbines:
he7 = heg — UT(hts - ht7,is) (5.57)

And the total temperature from:

Ti7 = f(he7, D7) (5.58)
Recuperators

Up to this point, the equations are the same as in Section 5.3. The remaining equations
consist of the effectiveness and energy balance of recuperators, the efficiency of the
recompression compressor and the energy balance in Point 4. The effectiveness of HTR and
LTR are given as in [23].

For the High Temperature Recuperator:

Tig = SHTR(TM - Tt7) + Tz hes = hey + Ry — Iyg (5-59)

For the Low Temperature Recuperator:

hig — hio
Tio = e rr(Tez — Teg) + Trg hiz = hp + — (5.60)
T
For the recompression compressor:
Rei0ic — D
hth = ht9 + —tlo'ls £ (561)
nC,sec
For the energy balance in Point 4:
hes = Sphes + (1 — 8 ) Ao (5.62)

The previous six equations include seven unknown variables, and the iteration process of
Figure 53 is required.
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Figure 53. Flow chart for recompression cycle layout.

By converging the upper iteration process, every point of the layout is solved, and this
allows us to calculate characteristics of the cycle, including works and efficiencies, with
respect to mass flow rate.

C.Ipc = hig — hyq (5.63)
Gneater = hte — Nts (5-64)
chcle = Wir — SrWiC,main -(1- Sr)WiC,sec (5.65)
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chcle (hee — he7) = sp (Mg — hg) — (1 = 5,) (heqo — heo)
Ncycle = =

. (5.66)
Gheater ht6 - htS

The previous equations complete the modeling of the recompression supercritical CO»
cycle, and the cycle performance can be simulated. The first case which is examined, is an
ideal case, where there are no pressure drops and the efficiencies and effectiveness are
equal to 1. This case validates the equations since the results are compared with the
results of Mohammadi et al. [23]. The data used for this case, can be found in Table 11.

Table 11. Cycle assumptions for the ideal case.

Conditions Values
Turbine Efficiency [-] 1
Compressors Efficiency [-] 1
Recuperators Effectiveness [-] 1

Main Compressor Inlet Temperature [K] 308.15

Main Compressor Inlet Pressure [MPa] 7.4
Turbine Inlet Temperature [K] 823.15
Pressure Ratio [-] 3
Split Ratio [-] 0.703

The results of the ideal case in terms of temperature, the reference value of
temperature as calculated in [23] and the relative error are presented in Table 12.

Table 12. Temperature for each point in recompression sCO; ideal cycle, compared to
bibliography.

1 2 3=4=10 5 6 7 8 9

T [K] 308.15 385.12 491.67 658.77 823.15 679.68 491.71 385.12
Tref [K] 308.15 385.16 491.86 658.8 823.15 679.68 491.86 385.16

Terr [%] 0.00 -0.01 -0.04 0.00 0.00 0.00 -0.01 -0.01

After validating the calculations, we can proceed to further investigation of the
recompression cycle. To study the effect of pressure and split ratios on the cycle
performance some simulation conditions were assumed, as Kim et al. [32] suggest in their
work. They can be found in Table 13.
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Table 13. Simulation conditions for recompression cycle.

Conditions Values
Turbine Efficiency [-] 0.90
Compressors Efficiency [-] 0.85
Recuperators Effectiveness [-] 0.95

Main Compressor Inlet Temperature [K] 305.15

Main Compressor Inlet Pressure [MPa] 7.4
Turbine Inlet Temperature [K] 823.15
Pressure Ratio [-] 1.5-4.5

Split Ratio [-] 0-1

Figure 54 depicts that pressure and split ratios have a serious impact on cycle efficiency,
as previous researchers have stated [6]. Moreover, Figure 54 signifies the potential that
recompression may have, if values of pressure and split ratio are optimized.
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Figure 54. Recompression cycle efficiency for various pressure and split ratios.
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5.6 Comparison of Power Cycles

Previously in this chapter, three of the main sCO, power cycles were examined. In
practice, each cycle may be suitable for a different application, which corresponds to
different heat sources and operating conditions.

In 1969, Angelino [16] proposed several cycle layouts, and later, many researchers
including Dostal [6], examined the different variation of the sCO; cycles, in a similar way as
the author did. For a better understanding of the need to study more complex cycles, four
configurations are compared in terms of their efficiency. The three of those, are examined
previously, and the fourth is a simple closed cycle, consisting of a compressor, a turbine, a
heater and a cooler.

Every layout is shown in Figure 55. The inputs for each model, are summarized in

Table 14 and they are based on typical values of the litterature. In this analysis, pressure
drops across heat exchangers are not considered. Of course, the results will be affected by
the selected opperating conditions. To find out the potential of each cycle in a wider range,
inlet temperature of the turbine is ranges from 823.15K to 1223.15K. Moreover, when it
comes to more complex cycles, other parameters introduced, like split ratio, are not
optimized.

Figure 55. Examined cycles layouts; (a) Simple closed cycle, (b) Recuperated closed cycle,
(c) Reheated-Recuperated closed cycle and (d) Closed cycle with recompression.
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Table 14. Cycle inputs for the comparison.

Conditions Values
Turbine Efficiency [-] 0.90
Compressor Efficiency [-] 0.85
Recuperators Effectiveness [-] 0.80

Main Compressor Inlet Temperature [K] 305.15

Main Compressor Inlet Pressure [MPa] 7.4
Pressure Ratio [-] 4
Split Ratio (Recompression) [-] 0.3

The results of the comparison, are depicted in Figure 56. As expected, the simplest
version of the cycle, has the lowest efficiency with a value from 19.31% to 20.18% and is
slightly influenced by the inlet temperature of the turbine. By adding a recuperator, the
improvement of the efficiency is significant, since it reaches values from 43.91% to 49.39%.
The reheated-recuperated version, is slightly better in lower turbine inlet temperatures
than the simple recuperated and its efficiency varies from 44.90% to 49.24% . Finally,
closed cycle with recompression achieves the highest efficiency (53.44%) for the conditions

that were studied. However, it should be noted that for lower turbine inlet temperatures,
the efficiency of the cycle is relative low.
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Figure 56. Cycle comparison results.
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In an effort to examine how the pressure ratio affects the efficiency of the cycles, it is
setted as the main parameter of the study. The turbine inlet temperature is the lowest and
the highest of the previous study, and the results are depicted in Figure 57 and Figure 58
for the lowest and highest turbine inlet temperature, respectively.

Turbine Inlet Temperature = 823.15 K
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Figure 57. Cycle comparison results with varying pressure ratio, for turbine inlet
temperature = 823.15 K.
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Figure 58. Cycle comparison results with varying pressure ratio, for turbine inlet
temperature = 1223.15 K.
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In the previous figures, especially in Figure 57, bigger fluctuations are observed, as the
pressure ratio increases, compared to Figure 56, which indicates that the pressure ratio
could affect the cycle significantly. For the certain split ratio, the use of closed cycle with
recompression in high pressure ratio is unacceptable since the efficiency decreases. The
simple recuperated cycle and the reheated-recuperated appear to operate well in every
pressure ratio for both temperatures, while the simple closed cycle seems to be more
affected by the pressure ratio that it is by the inlet temperature of the turbine.

5.7 Summary

The configurations that were examined in this chapter consist of the majority of the
layouts that are used with sCO; as a working fluid. Apart from the different calculations
that were carried out for a certain configuration, the importance of the proper EoS was
mentioned by comparing the errors that were introduced. Moreover, a CSP application was
presented, which is a typical heat source to be integrated with sCO; cycles. In addition, the
potential of each layout was exhibited, and it was shown that more complex layouts could
potentially lead to higher efficiencies, as demonstrated in Figure 56. However, adding extra
parameters to a cycle, such as the split ratio, requires further analysis and optimization,
since it can lead to worse efficiencies, as shown in Figure 57. The credibility of the
computational tools that were developed, was certified through different applications
found in global literature by providing similar results. Consequently, they set the basis for
proceeding to the next step, which is the study of some of those cycles under off-design
conditions.
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6. OFF-DESIGN ANALYSIS

Once an engine has been designed and materialized, it is forced to operate within a range
of conditions, since there are alternations in power production requirements, ambient
condition and various other reasons. Off-design analysis is performed, to predict the
performance of the cycle over the complete operating envelop. Off design analysis is useful
already during the detailed design phase, it is essential when the control system has to be
designed, while it is useful for monitoring and optimizing the operation of an installation.
The constitution of off design performance models is discussed in this chapter. A major
problem when producing such models is the constitution of turbo machinery component
performance maps. We start by describing the procedure for obtaining such maps using
scaling methods. The derivation of the performance models follows.

6.1 Map Scaling Process

The off-design performance of a component is typically predicted by a turbomachinery
map, which provides the efficiency and the pressure ratio as a function of flow rate and
rotational speed. Even though there are a lot of studies which evaluate and develop
prediction models for air conditions, it is considered a relative unexplored topic when the
working medium is sCO,. Jeong et al. ([29], [30]) have already conducted relative research,
by evaluating five existing similitude models, to compare their precision accuracy. At first
sight, they distinguish Pham’s model and propose a modification to overcome the
drawback that sCO; arises.

The process that will be followed in this thesis, is based on [33] and its initial point is to
introduce to the compressor and the turbine some suitable, but not necessarily the actual
performance maps, and then use scale factors to scale them. Those factors either multiply
the main parameter, when they contain the letter s, or they are being added when they
contain the letter a, as underneath:

For the case of the compressor:

NcRdes = NcRdesMap * Sycrges;, T Ancraes;, (6.1)
PR = (PRmap — 1) * Smappr,, +1 (6.2)
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PRsurge = (PRsurgeMap — 1) * Spappr,, + 1 (6.3)
eff =effMap * SMapEffin + AmapEffin (6.4)
Wc =WcMap * Spapwe,, + Gmapwe,, (6.5)

Terms that include Map in their name, are data without any correction, as taken from the
existing map. NcRdes is the corrected rotational speed relative to design after all
corrections. It is defined as:

Nmech
NcRdes = ———— (6.6)
VONcDes

where Nmech is the rotational speed, 6 = YRT /VyefRyefTres is practically the non-
dimensional square of speed of sound and NcDes the corrected rotational speed. PR and
PRsurge is the pressure ratio and the surge pressure ratio after the corrections,
respectively. Wc is the corrected mass flow rate, defined as:

We = Wﬁ _ W\/VRT/YreerefTref
6 p/pref

6.7)

where § = p/p;.y is the non-dimensional pressure.

For the turbine Sycrges;, is named as Spyapnc;,, and a ZETA parameter is introduced,

which refers to auxiliary coordinates to accommodate map interpolation. ZETA ranges from
0 to 1 and is defined as:

PRmap — PRmap,,,;
ZETA = P Pmin (6.8)
PRmapq — PRMapyin

If PRmap,in, and PRmap,,,,, are taken from the existing map,

PRmap = (1 — ZETA) x PRmap,,;, + ZETA * PRmap,,qx (6.9)

The rest equations are the same as in case of the compressor. Moreover, for the
compressor, BETA lines are introduced, which are curves that have unique intersections
with the speed lines and their value range from 0 to 1. Typical unscaled maps are depicted
in Figure 59 and Figure 60.
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Iso-efficiency Line

Surgeline

Presass ke

Corrected Mass Flow

Figure 59. Unscaled map for the compressor.

so-efficiency Line

Relative Corrected Speed Line o

1)
-

Dickises * e

Figure 60. Unscaled map for the turbine.

6.1.1 Map Scaling Experiment

In order to examine how the previous equations operate, a new custom partition is
created in PROOSIS, for a compressor and a turbine separately, shown in Figure 61. The
option to transform data into unknown variables is selected. This allows us to calculate the
map scaling factors and the corrected speed at design point which are presented in Figure
62. Only s type factors are included, neglecting the factors that are being added to the

main parameters.
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@ ¥

CompressorBETA TurbineZETA

Figure 61. PROOSIS components with performance maps; (a) Compressor, (b) Turbine.

New unknown variables New unknown variables
Selected: 5 Selected: 5
Name Description Name Description

[ NeDes Corrected rotational speed at design [ NcDes Corrected rotational speed at design
[[] s.mapEff_in Design isentropic efficiency secondary scalar [C] s_mapEff_in Design isentropic efficiency secondary scaler
O 5_mapPR_in Design pressure ratio secondary scalar O s_mapNc_in Design relative comrected rotational speed scalar
[ s_mapWe_in Design corrected mass flow rate secondary scalar [] s_mapPPR_in Design pressure ratio secondary scalar
[ s_McRdes_in Design relative corrected rotational speed scalar ] s_mapWe_in Design corrected mass flow rate secondary scalar

Figure 62. Design variables for compressor and turbine.

The goal of the experiment is to solve for the scaling factors. This is achieved through the
following equations (a type factors are considered as 0):

NcDes = Nm—ech (6.10)
VONcRDes

Smapten = — o (6.11)

SmapPR;, = %;1_1 (6.12)

SmapEffin = eff ;C;;Z(Z);ffm (6.13)

SmapNci, = SNcRdesi, = NCRA(,i Ce; d_esa I\Ijlccf: i (6.14)

For the compressor, the boundary variables which are selected, are presented in Figure
63 with their corresponding value. The same in Figure 64, this time for the turbine. BETA,
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ZETA, PR, eff and NcRdesMap are used to determine the map scaling factors and

NcRdes is used to calculate NcDes.

Mame Value  Units
1 BETA 0.5 -
2 FinPt 101325 Pa
3 FEinTt 28815 K
4 F_inW 30 kals
5 Me_in.Nmech 5000 pm
&  Me_ininertia 0 kg-m*2
7  Me_ininertia_tot 0 kg-m*2
2 Me_in.trg 0 Mom
9 McRdes 1 =
10 MecRdesMap 1 -
11 PR 12 -
12 eff 0.9 -

BETA parameter

Total tressure

Total temperature

Total mass flow

Rotational speed

Inertia
Owerall inertia

Torque

Corrected rotational speed relative to design after all corrections

Comected rotational speed relative to design before any corrections

Pressure ratio

lsentropic efficiency

Figure 63. Values of boundary variables for the component of compressor.

o P —

(%21 (W]

-

8
9
10

12

Mame
F_inPt

F_in.Tt

FinW
Me_in.Mmech
Me_in.inertia
Me_in.inertia_tot
Me_in.trg
MeRdes
MeRdeshbap

PO

11 ZETA

eff

Value  Units
1230000 | Pa
1370 K
70 kgs
12000  rpm
0 kg-m "2
0 kg-m 2
) M-m
1 .
1 .
3.8 -
0.5 -
09 -

Total tressure

Total temperature

Total mass flow
Rotational speed

Inertia

Owerall inertia

Torgue

Relative corrected speed
Relative corrected speed map value
Expansion ratio

Map auxiliary coordinate

lzentropic efficiency

Figure 64. Values of boundary variables for the component of turbine.

If the experiments are simulated in monitor, the results of Table 15 are obtained.
Moreover, the scaled maps for compressor and turbine, are presented in Figure 65 and
Figure 66 respectively.
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Table 15. Values of design variables for the experiments.

Map Scaling Factor Compressor Turbine
NcDes 5078.55 5841.88703
s_mapWoc_in 0.882068031 | 3.79545279
s_mapPR_in 1.50443397 | 1.57459486
s_NcRdes_in /s_mapNc_in 1 1
s_mapEff_in 1.04630631 | 0.989560785

0.78947

073684
4 068421

0.63158

e
7 1.57895
/ 0.5%32
1, / o.47368
0.4205
o 1 03842

% 03157
/ 3631
b.21053
10,1578
A

L 0.10526
05283
0
.05
o 7

7 Z

95

10 15 il 5 0 35
Corrected Mass Flow

Figure 65. Scaled map for the compressor.




Master’s Thesis — Petros Chatzopoulos

=

[IZ=]]

l \ / 0‘163‘{9
25 / / / / /0‘15739
/ 40516
P s

[NcRdes *Wc]

Figure 66. Scaled map for the turbine.

6.2 Off-Design Cycles Analysis

6.2.1 Simple Closed Cycle

The previous scaling process is now performed in closed thermodynamic cycles, starting
with the simplest version, which incorporates a compressor, a heater, a turbine and a
precooler.

The first goal is to scale the maps for compressor and turbine simultaneously, and to do
so, the following procedure is employed. After creating the schematic of a simple closed
cycle, shown in Figure 67, in which the numeration is not based on SAE Standards since no
relative point is considered away from the inlet, a new partition is created in which the
option to transform data into unknown variables is selected. The new unknown variables
are presented in Figure 68, which are the combination of scaling factors for the compressor
and the turbine in total, plus the design inlet flow capacity for the heater and the
precooler.
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The sixteen required boundary conditions with their respective values can be found in

Figure 69.

Precooler

Figure 67. Simple closed cycle for off-design calculations.

New unknown variables

Selected: 12
Mame
[ Crp.McDes

[[] Cmp.s_mapEff_in
[] Crmp.s_mapPF_in
D Cmip.s_mapWe_in
[] Crnp.s_McRdes_in
[[] Heater.WgndDes
[] Precocler WyndDes
] Trb.MecDes

| Trb.s_mapEff_in
[ Trbs_mapMe_in
[] Trb.s_mapPR_in
[ Trb.s_mapWe_in

Description

Corrected rotationzl speed at design

Design isentropic efficiency secondary scalar
Design pressure ratio secendary scalar

Design corrected mass flow rate secondary scalar
Design relative corrected rotationzl speed scalar
Design inlet flow capacity

Design inlet flow capacity

Corrected rotational speed at design

Design isentropic efficiency secondary scalar
Design relative corrected rotationzl speed scalar
Design pressure ratio secondary scalar

Design corrected mass flow rate secondary scalar

Figure 68. Design variables for the simple closed cycle.

W @ N O W b W N e

—
o

1"

Name Value Units
Cmp.BETA 05
Cmp.F_in.W 40 kg/s
Cmp.Me_in.Nmech 50000 rpm
Cmp.NcRdes 1 -
Cmp.NcRdesMap 1 -
Cmp.PR 3 -
Cmp.eff 0.8 S

Cmp.finfo_in.Pt 7.8*1e6 Pa
Cmpfinfo_in.Tt 306.15 K

Heater.dPqP 0.01 -
Precooler.dPqP 0.01 -
Trb.NcRdes 1 =
Trb.NcRdesMap 1

Trb.ZETA 05 2
Trb.eff 09 =
Trb.finfo_in.Tt 823.15 K

BETA parameter

Total mass flow

Rotational speed

Corrected rotational speed relative to design after all corrections
Corrected rotational speed relative to design before any corrections
Pressure ratio

Isentropic efficiency

Total pressure

Total temperature

Fractional pressure loss

Fractional pressure loss

Relative corrected speed

Relative corrected speed map value

Map auxiliary coordinate

Isentropic efficiency

Total temperature

Figure 69. Values of boundary variables for the simple closed cycle.
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The scaling factors and the design inlet flows of Figure 70 are the results of the experiment.

Variable Yalue Units
Cmp.McDes T0357.9834 rpm
Cmp.s_mapEff_in 0.930050056
Cmp.s_mapFF_in 0.273533448
Cmp.s_mapWe_in - 0.0109965513
Cmp.s_McRdes_in 1
Heater.WondDes 026743379
Precooler.WqndDes  0.772965142
Trb.McDes 29065.6633 rpm
Trb.s_mapEff_in 0.989560785
Trb.s_maphc_in 1
Trb.s_mapPR_in 1.081138
Trb.s_mapWe_in 0.096433 1464

Figure 70. Values of design variables for the closed cycle experiment.

After calculating the scaling factors and the design inlet flow capacities for the ducts,
they can be used for further analysis of the cycle. This can be done by entering the values
in the relevant components of the schematic manually, or by using a Restore State
Calculation, which reads the report file of the Scale Factor calculation and adds them on
the cases that follow, which makes the process more automatic.

Now that the maps for the compressor and the turbine are known, the next step is to
declare the inlet conditions T, P¢1, @ constant rotating speed Nmech and the inlet
temperature of the turbine T 3.

The equations for the off-design calculations are presented below and they are based
on Figure 67:

The known inlet conditions allow the calculation of the other thermodynamic properties of
Point 1:

Ser = f(Te, pr1) = St2,is (6.15)

hey = f(Te1, Pe1) (6.16)

The corrected rotational speed relative to design of the compressor can be calculated
through:

Nmech Nmech

VBCmp.NcDes  [F(Tea, Per)
\/ /yreerefTref Cmp. NeDes

Cmp. NcRdes = (6.17)
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and then the corrected rotational speed before all the corrections:

Nmech

f(Tt1, Pe1) /
\/ VrefRrefTres Cmp.NcDes

Cmp- SNcRdesin

Cmp.NcRdesMap = (6.18)

For the compressor, the parameters of the original performance map, before the scaling
process, are a function of Cmp. NcRdesMap and BETA.

Cmp.WcMap = f(Cmp.NcRdesMap, BETA) (6.19)
Cmp.effMap = f(Cmp.NcRdesMap, BETA) (6.20)
Cmp.PRmap = f(Cmp.NcRdesMap, BETA) (6.21)

By selecting the BETA parameter, mass flow rate, efficiency and pressure ratio of the
compressor can be calculated.

Cmp.Wc = Cmp.WcMap * Cmp. Spapwe,, (6.22)
_Cmp.Wcxd Cmp.We » ptl/pref (6.23)
Vo \/f(Ttl'ptl)/ .
Yref RrefTrer
Cmp.eff = Cmp.ef fMap * CMp. Spmaprsf,, (6.24)
Cmp.PR = (Cmp. PRmap — 1) * Cmp. Sypappr,, + 1 (6.25)

The know pressure ratio, allows the calculation of the pressure at the exit of the
compressor:

Pt2 = PR * pyy (6.26)

The known pressure py, and specific entropy s, ;s, allow us to calculate the temperature
and the specific enthalpy, if the compression was isentropic, since:

Teris = f(Stz,is'Ptz) hiis = f(TtZ,is' Ptz) (6.27)

Now, h;, can be calculated from isentropic efficiency definition for compressors:

htZ,is - htl

hiz = hey + CTmp.eff

(6.28)
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and the total temperature from:
Trz = f(he2, Pe2) (6.29)

The inlet flow capacity of the heater and the relevant pressure loss can be calculated,
through the following pressure loss model, by defining an input fractional pressure loss

dPC[PinI
f(thrptZ)/
VreerefTref

Heater.Waqnd =W e (6.30)
/pref

Heater.dPqP = dPqP ( Heater. Wqnd )2 (6.31)

cater-arqs = 674t Heater.WqndDes '

The pressure at the exit of the heater, which is the same as at the inlet of the turbine can
now be evaluated:

pe3s = (1 — Heater.dPqP)p;, (6.32)
In addition, for the inlet of the turbine:
Stz = [ (T3, Pe3) = Sta,is (6.33)

his = f(Tt3, Pe3) (6.34)

Which allows the calculation of § for the turbine:

Dt3
Pre f

Trb.5 =

(6.35)

Moreover, the corrected rotational speed relative to design can also be calculated for the
turbine:

Nmech Nmech

Trb.NcRdes = =
VOTrb.NcDes f(Tt3;pt3)/
yreeref

(6.36)

T Trb.NcDes
ref

and then the corrected rotational speed before all the corrections:
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Trh. NcRdesM Trb.NcRdes (6.37)
rb.NcRdesMap = ——— .
Trb. SNcRdesin

Moreover the variables Trb. PRmap,,;, and Trb. PRmap,,,, which are needed for the
calculation of ZETA, can be found since they are a function of the Trb. NcRdesMap.

Trb. PRmap,,;, = f(NcRdesMap) (6.38)
Trb. PRmap,q, = f (NcRdesMap) (6.39)

By selecting the ZETA parameter, the mass flow rate before any corrections can be
calculated:

Trb.WcMap = f(Trb. NcRdesMap, ZETA) (6.40)

then the mass flow rate of the turbine:

Trb.Wc =Trb.WcMap * Spmapwe,, (4.41)

However, Trb. § can also be calculated from the following function:

f (T3, 0¢3) /
VreerefTref
Trb.Wc

Trb.6 =W

(6.42)

The two different ways of Trb.§ lead to the first residual equation, for the BETA
parameter

\/f(Tt3» pt3)/
w VreerefTref _ Pt3

Trb.Wc pref

errorg = <e (6.43)

The known ZETA parameter, allows us to proceed to the following calculations for the
pressures and the efficiency.

Trb.effMap = f(Trb. NcRdesMap, ZETA) (6.44)

Trb.eff =Trb.effMap * Trb. Smapgsf,, (6.45)

Trb.PRmap = ZETA(Trb. PRmap,,,x — Trb. PRmap,,;,) + Trb. PRmap,,;, (6.46)
Trb.PQ = Trb.Spmappr,, * (Trb. PRmap — 1) + 1 (6.47)
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_ Dt3
Trb.PQ

Pra (6.48)

Precooler.dPqP =1 — Pa (6.49)

Pta

The known pressure p;, and specific entropy s;4 5, allow us to calculate the temperature
and the specific enthalpy, if the expansion was isentropic, since:

Tiais = f(st4,is'pt4) Reais = f(Tt4,is: pt4) (6.50)
Now h;, can be calculated from isentropic efficiency definition for turbines:
hiy = hys — Trb. eff(ht3 - ht4,is) (6.51)
And the total temperature is:

Tea = f(hes pt4)ht4,is = f(Tt4,isrpt4) (6.52)

Finally, the inlet flow capacity of the precooler and the pressure loss fraction can be
calculated from the two following equations:

f (T4, Pea) /
)/reerefTref

Precooler. Wqnd = W Pt4/ (6.53)
pref

p ler.dPaP = dPaP ( Precooler.Wqnd >2 (6.54)

recooter. Abql = &R4%im \ precooler. WaqndDes '

which create the residual equation for the ZETA:
Pt1 Precooler.Wqnd \*

= [1-22_apgp, ( ) < 6.55
errorz Dea Tin\ precooler. WqndDes ¢ (6.55)

If Equations 6.43 and 6.55 are satisfied simultaneously, the previous iteration process is
converged, and every other parameter of the cycle can be calculated. Otherwise, different
values for BETA or ZET A must be selected.

For example, a parametric study can be carried out, for given inlet conditions and
rotational speed, while the inlet temperature of the turbine varies. The design point of this
study is when T3 = 823.15K. The selected conditions are presented in Table 16.




Master’s Thesis — Petros Chatzopoulos

Table 16. Conditions for off-design calculations of the simple closed cycle.

T4 [K] 306.15
D1 [MPa) 7.8
Nmech [RPM] 50000
T,s [K] 723.15:50:1023.15

The following diagrams are obtained, starting with the operation lines on the performance
map for the compressor and the turbine in Figure 71 and Figure 72 respectively.

| 0.78047
10.73654
1068421
{u‘sslse
10.57885
lo.s2532
{0.47355
10.42105
lo.asse
10.31573
lo.26315
Bu521053
71015789
/ lo.10526

Figure 71. Scaled performance map for the compressor in a simple closed cycle.




Master’s Thesis — Petros Chatzopoulos

45
08 1
= o
_____ 1 0.94737
e N R
e T e o Y UV EOS— ods 089474
7 | B s b
R S T e | R 0.84211
I e et
L —— P 0.76947
S e
e i 0.73684
B e bt 068421
L P
063158
-
o =y R (N S R — g 0.57895
P g =t
_ e e 0.52532
Z o e —
Pl o 0.47368
- i)
-
P 71 N___I-—.___‘ 0.42105
” { T
- o { !
P [ H { o3
Pt L—} ¥ /
25 ¥ 7 \L ;’ Joo0.31579
" f / j ; ! ‘
7 ! ——
’ / ! T ,’ - 0.26316
/ J Va A #
v 4 7 / -7 0.21053
/ 4 3 e /
P v ~ P s
-’ Vs e P ' 0.15789
- e o - -
24 o i o - P
-~ - P ! " 0.10525
- - - - =
- o g e -
- o P - e
- L = S =z 0052632
- poe o — -
o e e 105 11 e
- o .
08
15~
T T T T 1
0,2 0,24 0,26 0,3 0,3 0,32 0,34
[NcRdes = wid]

Figure 72. Scaled performance map for the turbine in a simple closed cycle.

In addition, diagrams concerning the efficiency and the power of the turbomachinery
(Figure 73 and Figure 74), the total efficiency of the cycle (Figure 75), the mass flow rate
and the pressure ratio of the compressor (Figure 76), and the fractional pressure loss of the

ducts (Figure 77), are presented below as a function of turbine inlet temperature.

0.95
0.9 ¢
B
2 D
5 085 |
;g —B— Compressor
qr-r_j —6— Turbine
0.8 =8 = = = = §1
0.75 L L
723.15 §823.15 923.15 1023.15

Turbine Inlet Temperature [K]

Figure 73. Efficiency of the turbomachinery in an off-design simple closed cycle.
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—8— Turbine
—&— Compressor
---%--- Extraction
0 } }
¢ © © = & © 5
-2
723.15 §23.15 923.15 1023.15

Turbine Inlet Temperature [K]

Figure 74. Power of the turbomachinery and power extraction in an off-design simple
closed cycle.
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Figure 75. Total efficiency of a simple closed cycle in off-design calculations.
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Figure 76. Mass flow rate and pressure ratio of the compressor in an off-design simple
closed cycle.
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Figure 77. Fractional pressure loss of the heat exchangers in an off-design simple closed
cycle.

6.2.2 Recuperated Closed Cycle

The same process is also performed for the recuperated closed cycle of Figure 78. The
first step is to scale the maps for compressor and turbine simultaneously. A new partition is
created in which the option to transform data into unknown variables is selected. The new
unknown variables are presented in Figure 79, which are the combination of scaling factors
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for the compressor and the turbine in total, plus the design inlet flow capacity for the
heater, the precooler and the two streams of the recuperator.

Precooler

Figure 78. Recuperated closed cycle for off-design calculations.

Mew unknown variables

Selected: 14
Mame
[] Cmp.Mcles

[] €mp.s_mapEff_in
] Crmp.s_mapPR_in
O Cmp.s_mapWc_in
[l Cmp.s_McRdes_in
[ Heater.WgndDes
[ Precocler. WandDes
O Rec.WqndDesG
D Rec.WqndDesR
] TrbMeDes

[] Trir.s_mapEfi_in
[] Trb.s_mapMe_in
| Trb.s_mapPR_in
D Trb.s_mapWc_in

Description

Corrected rotational speed at design

Design isentropic efficiency secondary scalar
Design pressure ratio secondary scalar

Design corrected mass flow rate secondary scalar
Design relative corrected rotational speed scalar
Design inlet flow capacity

Design inlet flow capacity

Design inlet flow capacity fo the secondary stream
Design inlet flow capacity for the main stream
Corrected rotational speed at design

Design isentropic efficiency secondary scalar
Design relative corrected rotational speed scalar
Design pressure ratio secondany scalar

Design corrected mass flow rate secondary scalar

Figure 79. Design variables for the recuperated closed cycle.

The eighteen required boundary conditions with their respective values can be found in

Figure 80.
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Name Value  Units
1 Cmp.BETA 0.5 - BETA parameter
2 Cmp.Me_in.Nmech 50000 rpm Rotational speed
3 Cmp.NcRdes 1 - Corrected rotational speed relative to design after all corrections
4 Cmp.NcRdesMap 1 - Corrected rotational speed relative to design before any corrections
5 CmpPR 3 - Pressure ratio
6 Cmp.eff 0.8 - Isentropic efficiency
7 Cmpfinfo_in.Pt 78" 1eb Pa Total pressure
& Cmpfinfo_in.Tt 30615 K Total temperature
8 Heater.F_in.W 40 kg/s Total mass flow
10 Heater.dPqP 0.01 - Fractional pressure loss
11 Precooler.dPgP 0.01 - Fractional pressure loss
12 Rec.dPqPrr 0.01 - Fractional pressure loss
13 Rec.dPgPrrG 0.01 - Fractional pressure loss of the exhaust gas stream
14 Trb.NcRdes 1 - Relative corrected speed
15 Trb.NcRdesMap 1 - Relative corrected speed map value
16 Trb.ZETA 05 = Map auxiliary coordinate
17 Trb.eff 0.9 - Isentropic efficiency
18 Trbfinfo_in.Tt 82315 K Total temperature

Figure 80. Values of boundary variables for the recuperated closed cycle.

The scaling factors and the design inlet flows of Figure 81 are the results of the experiment.

Variahle Value Units
Cmp.Mcles T0557.9834 pm
Cmp.s_mapEff_in 0930050056
Cmp.s_mapPF_in 0.273533440
Cmp.s_mapWcin 00109965513
Cmp.s_ NcRdes_in i
Heater.WgndDes 0.263118632
Precooler WqndDes  0.449654493
Rec.WondDesG (0.766656394
Rec.WgndDesR 0.26743379
Trb.McDes 290917676 pm
Trb.s_mapEff_in 0.9289560785
Trb.s_mapMc_in 1
Trb.s_mapPR_in 1.05823349
Trb.s_mapWe_in 0.0973231625

Figure 81. Values of design variables for the recuperated cycle experiment.
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After calculating the scaling factors and the design inlet flow capacities for the ducts and
the recuperator, they can be used for further analysis of the cycle. This can be done by
entering the values in the relevant components of the schematic manually, or by using a
Restore State Calculation, which reads the report file of the Scale Factor calculation and
adds them on the cases that follow, which makes the process more automatic.

Now that the maps for the compressor and the turbine are known, the next step is to
declare the inlet conditions Ty, P¢1, @ constant rotating speed Nmech and the inlet
temperature of the turbine T4.

A similar set of equation, as in case of the simple closed cycle, describes the recuperated
configuration. For the sake of simplicity, only the iteration loop will be presented, since the
first equations are the same as before.

By selecting the BETA parameter, mass flow rate, efficiency and pressure ratio of the
compressor can be calculated.

Cmp.Wc = Cmp.WcMap * Cmp. Smapwe,, (6.56)
_Cmp.Wcxd Cmp.We » ptl/pref (6.57)
Vo \/f(Ttl'ptl)/ .
YrefRrefTrer
Cmp.eff = Cmp.ef fMap * Cmp. Spapgsy,, (6.58)
Cmp.PR = (Cmp. PRmap — 1) * Cmp. Spmappr,, + 1 (6.59)

The know pressure ratio, allows the calculation of the pressure at the exit of the
compressor:

Pt2 = PR * pyy (6.60)

The known pressure py, and specific entropy s, ;s, allow us to calculate the temperature
and the specific enthalpy, if the compression was isentropic, since:

Teris = f(Stz,is'Ptz) hiis = f(TtZ,is' Ptz) (6.61)

Now, h:, can be calculated from isentropic efficiency definition for compressors:

htZ,iS - htl

hy, =h —_—
t2 t1t Cmp.eff

(6.62)

and the total temperature from:
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Trz = f(he2, Pe2) (6.63)

The inlet flow capacity of the cold stream of the recuperator and the relevant pressure loss
can be calculated, by defining an input fractional pressure loss dPqP;,:

f(Te2, Pr2) /
VreerefTref

Rec.WqndR =W e (6.64)
/pref

Rec.dPqPrr = dPgPrri, ( Rec WaqndR )2 (6.65)

ec. ararTT = QP4 Tin\ poc WqndDesR '

The pressure at the exit of the cold stream of the recuperator, which is the same as at the
inlet of the heater can now be evaluated:

Pe3s = (1 — Rec. dPqPrT)pss (6.66)

By selecting the p;4 parameter, the following variables can be calculated:

Heater.dPqP =1 — Pea (6.67)
Pt3
For the inlet of the turbine:
Sta = f (Tear Pea) = Stsis (6.68)
hta = f(Ttar Dea) (6.69)

The corrected rotational speed relative to design can also be calculated for the turbine:

Nmech Nmech
Trb.NcRdes = NG = (6.70)
0Trb.NcDes f (T, pt4)/ Trb. NcDes
yreerefTref
and then the corrected rotational speed before all the corrections is:
Trb.NcRdes
Trb.NcRdesMap = —— (6.71)

Trb. SNcRdesin
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Moreover the variables Trb. PRmap,,;, and Trb. PRmap,,,, which are needed for the
calculation of ZETA, can be found since they are a function of the Trb. NcRdesMap.

Trb. PRmap,,;, = f(NcRdesMap) (6.72)
Trb. PRmap,q, = f(NcRdesMap) (6.73)

By selecting the ZET A parameter, the following variables can be calculated:

Trb.WcMap = f(Trb. NcRdesMap, ZETA) (6.74)
Trb.Wc = Trb.WcMap * TTb. Spmapwe,, (6.75)
Jf(Tt4: Pt4)/ BT
Vref refiref

Trb.6 = Vi
rh.6 =W Trb.We (6.76)
Trb.s = Lt 6.77)

pref

This leads to two equations for the calculation of Trb.§, which lead to the first residual
equation for the BET A variable:

' \/f(thp Pt4)/ '
w VreerefTref _ Pea

Trb.Wc Dref

errorg = <e (6.78)

The known ZETA parameter, allows us to proceed to the following calculations for the
pressures and the efficiency.

Trb.effMap = f(Trb. NcRdesMap, ZETA) (6.79)
Trb.eff =Trb.effMap * Trb. Smapgsf,, (6.80)
Trb.PRmap = ZETA(Trb. PRmapyqx — Trb. PRmap,,in) + Trb. PRmap,in  (6.81)
Trb.PQ = Trb.Spmappr,, * (TTb.PRmap — 1) + 1 (6.82)
_ Dta
Pts = 0h pg (6.83)

The known pressure ps and specific entropy s;s ;5, allow us to calculate the temperature
and the specific enthalpy, if the expansion was isentropic, since:

Tisis = f(Sts,is» Pts) hisis = f(TtS,is'ptS) (6.84)
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Now h;s can be calculated from isentropic efficiency definition for turbines:
hes = hey — Trb.ef f(hes — hys i) (6.85)
And the total temperature is:

Tis = f(hes, Des) (6.86)

The inlet temperature of the heater can be calculated from the given effectiveness of the
recuperator:

Tt3 = ReC. eff(Tt5 - th) + th (6.87)

and as a result, the inlet flow capacity of the heater:

\/f(Tt3'pt3)/
VreerefTref
Pt3
/pref

Heater.Waqnd = W (6.88)

Apart from Eq. 6.67, the fractional pressure loss of the heater can be calculated from:

2

Heater.dPqP = dPqP ( Heater. Wqnd ) (6.89)
eater-arql = 484 m \ Yeater. WaqndDes '
which lead to a residual equation for the ZET A variable:
_ |4 Dia IPaP ( Heater.Wqnd >2 (6.90)
errorz = De3 in\Heater.wqndDes ¢ '
Afterwards, the energy balance of the recuperator is utilized:
his = f(Tt3,03)  hes = f(Tes, Des) (6.91)
hee = hez + hys — ez (6.92)

And the inlet flow capacity and fractional pressure loss for the hot stream are calculated:
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\/f(TtS' ps)/
yreerefTref

Rec.WqndG =W Pt5/ (6.93)
pref
Rec.dPqPrrG = dPqPrrG ( Rec. WqndG )2 (6.94)
ec.arqrrTh = arqrTT i\ poc. WqndDesG '
The third residual equation for the p;4 parameter is defined from the precooler:
Pie = Pts(1 — Rec.dPqPrrG) (6.95)
Precooler.dPqP =1 — P (6.96)
Pte
Tee = f(hte Dte) (6.97)
Jf(Tt6rp6)/ R T
14
Precooler. Wqnd = W Do ref ref ref (6.98)
/pref
p ler.dPaP = dPaP ( Precooler.Waqnd )2 (6.99)
recooter-ARqr = A74%in \ precooler. WqndDes '
The two previous equations for the calculation of Precooler.dPqP lead to:
_ |4 Pe1 IPaP ( Precooler.Wagnd )2 < (6.100)
T 0T, = Dee Ui\ precooler.WqndDes ¢ '

If Equations 6.78, 6.90, 6.100 are satisfied simultaneously, the previous iteration process is
converged, and every other parameter of the cycle can be calculated. Otherwise, different
values for BETA, ZETA or p;, must be selected.

For example, a parametric study can be carried out, for given inlet conditions and
rotational speed, while the inlet temperature of the turbine varies. The design point of this
study is when Ty, = 823.15K. The selected conditions are presented in Table 17.
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Table 17. Conditions for off-design calculations of the recuperated cycle.

T4 [K] 306.15
Pe1 [MPal 7.8
Nmech [RPM] 50000
T4 [K] 723.15:50: 1023.15

The following diagrams are obtained, starting with the operation lines on the performance

map for the compressor and the turbine in Figure 82 and Figure 83 respectively.
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Figure 82. Scaled performance map for the compressor in a recuperated closed cycle.
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Figure 83. Scaled performance map for the turbine in a recuperated closed cycle.

In addition, diagrams concerning the efficiency and the power of the turbomachinery
(Figure 84 and Figure 85), the total efficiency of the cycle (Figure 86), the mass flow rate
and the pressure ratio of the compressor (Figure 87), and the fractional pressure loss of the
ducts and the recuperator (Figure 88), are presented below as a function of turbine inlet
temperature.

Between the following diagrams, the impact of the recuperator is illustrated in the
efficiency of the cycle (Figure 86) if it is compared to the efficiency of the cycle without the
recuperator (Figure 73). The efficiency of the turbomachinery, the mass flow rate and the
pressure ratio are almost the same. Moreover, by examining Figure 74 and Figure 85, we
note that the power extraction among the two cycles is comparable. This leads to the
conclusion that the installation of a recuperator reduces the heat that needs to be added
to the cycle. Taking into account the definition of the cycle’s efficiency and the values of
Figure 73 and Figure 86, the recuperator reduces the added heat by almost three times,
demonstrating its significance.
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Figure 84. Efficiency of the turbomachinery in an off-design recuperated closed cycle.
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Figure 85. Power of the turbomachinery and power extraction in an off-design
recuperated closed cycle.
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Figure 86. Total efficiency of a recuperated closed cycle in off-design calculations.
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Figure 87. Mass flow rate and pressure ratio of the compressor in an off-design
recuperated closed cycle.
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Figure 88. Fractional pressure loss of the heat exchangers in an off-design recuperated
closed cycle.

The simple similitude model, which was presented in this chapter, appears to be able to
capture the operation of a recuperated cycle, when the turbine inlet temperature
alternates. This can be helpful in applications when the power source is not stable, such as
solar power. It is also important to examine whether the prediction model is able to
represent the operation of the cycle when the inlet conditions change. The design point of
the study is presented in Table 18, while the inlet pressure of the compressor and the inlet
temperature of turbine vary.

Table 18. Design point for off-design calculations of the recuperated cycle.

T, [K] 306.15

pe1 [MPa] 7.8

Nmech [RPM] | 50000

T4 [K] 823.15

The turbomachinery maps and the operating lines that occur, are presented in Figure 89
for the compressor and in Figure 90 for the turbine. The inlet pressure of the compressor
varies in a range from 6 to 8.5 MPa, with the design point at 7.8 MPa.
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By observing the performance maps, an operating line appears to be out of the
boundaries that the scaling process imposed, already for a small deviation from the design
point. This signifies that a better similitude model needs to be utilized, to predict the
performance of the cycle in different inlet conditions. Such results, indicate a future work
that could be conducted by the Laboratory of Thermal Turbomachines.
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Figure 90. Operating lines of the turbine, for different compressor inlet pressures.
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6.3 Summary

The last chapter of the thesis aims to a more comprehensive look on how off-design
power cycles operate, with CO; as the working medium. A map scaling process is presented
for the turbomachinery of the cycles, by using the appropriate factors and applying the
suitable equations, since CO; should be handled as a real gas fluid. A simple closed loop
and a recuperated loop are being studied, and several key parameters are being calculated
and compared. While the deviation in the inlet temperature of the turbine can be handled
by the current scaling process, there is inadequacy when the inlet pressure alternates. This
indicates the future work that should be conducted to be able to predict the performance
of a recuperated sCO; cycle, in total.
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7. SUMMARY AND CONCLUSIONS

This thesis unfolds with an extensive literature review that serves as a guiding
framework. The central focus encompasses two key domains: the properties of
supercritical carbon dioxide (sCO2) and power cycles. Drawing from global literature, this
exploration becomes particularly pertinent in the attempt to introduce sCO; as a working
fluid within the Laboratory of Thermal Turbomachines at NTUA. The initial phase involves a
detailed modeling of sCO; properties.

The investigation reveals that the thermodynamic properties of CO; in the supercritical
region introduce complexities, yet offer a distinct advantage in compressing the fluid near
the critical point with reduced work requirements. The selection of an appropriate
Equation of State (EoS), such as the specialized Span and Wagner EoS, proves crucial for
accurate calculations, contrasting with the inadequacy of obsolete and simpler EoS like
vdW and RK. The specialized EoS of Span and Wanger is integrated into PROOSIS and sets
the stage for future thermodynamic property calculations. Cycle analysis has been
performed for typical gas turbine cycles and their features have been commented.

Moving forward, the thermodynamic analysis of sCO, systems components necessitates
a variation from ideal gas assumptions, given the significant deviation of sCO, from ideal
gas behavior. Every thermodynamic property becomes a function of two state variables,
forming the basis for subsequent thermodynamic cycle constructions. Components capable
to handle such substances have been developed, in order to allow modelling of
installations using them as working media and the corresponding thermodynamic cycles.

Various cycle configurations associated with sCO; as a working fluid have been modeled
and studied. Calculations for specific configurations underscore the importance of the
chosen EoS, concerning the accuracy of the calculations, while the potential of more
intricate layouts, hints at higher efficiencies. However, caution is warranted when
introducing additional parameters such as the split ratio, as they may impact efficiency
adversely. The reliability of developed computational tools is demonstrated through
comparisons with results from the open literature, providing a solid foundation for
advancing to the study of selected cycles under off-design conditions. The advantage of the
recuperated cycle over the simple one is once again confirmed. Example studies of
operation at varying conditions are performed.

The studies performed in this work have demonstrated that in order to perform
calculations with CO, as a working medium, it is essential to use the computation
framework developed, while behavior that is customary with gas turbines operating with
air as working medium is quite different. Apart from the dependence of properties on two
independent variables, other steps such as the scaling of turbomachinery performance
maps, has to be carefully performed, in order to have a realistic representation of
components behavior. This fact points out to the need for further work, that will allow
more accurate component maps for off-design studies, by following “zooming” approaches
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that produce much more accurate performance characteristics for any set of conditions
that can be encountered during operation, be they close or not to the critical CO;
thermodynamic conditions.
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9. APPENDIX

9.1 Equations of State

9.1.1 Berthelot Equation of State Analysis

For the sake of completeness, the mathematical formulas needed for the Berthelot model
to calculate real gas properties, are presented, based on LLT’s Report [19].

First, partial derivatives of pressure w.r.t. temperature (fr, frr, frv) and specific volume
(£, fovr for) are obtained, by differentiating Eq. 3.5:

dp R, a
fT_(ﬁ)v_u—b-l_usz

9%p 2a
I =\a77) = ~ar

dp 2a R,T
),

vy v3T (u—b)?
_ (9*p\ _ 2R,T 6a
fov =\ 502 . (@=b)@ viT
’p 9% R 2a
for = frvo = g

ovdT _ dTdv  (u—b)2 usT?
For a given condition (T, v), to calculate the specific entropy, enthalpy and internal energy,

the equation for the Helmholtz free energy residual is needed. Its general formula derives
from Gibbs relation and is given by [19]:

*© R, T
a,Q:aH—ang (p—%)dv
v

and specifically for Berthelot EoS:

. v—>b a
ay = —(Rngn |—v |+v_T>

We can now calculate the residual specific entropy (s™), the specific internal energy since
it is related to the Helmholtz free energy residual:
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The term s is the ideal-gas specific entropy, which is equal to:

0
p.

sO = 5T, v) = sper + @°(T) — %(Tyes) — Ry lnﬁ
re

Finally, the real-gas entropy function is obtained by:

s(T,v) = s"(T,v) + s°(T,v)

When it comes to specific internal energy, in an equivalent way as specific entropy, the
residual specific internal energy (u") can be calculated by:

u'=u—u’=al +Ts"
Where the ideal-gas specific internal energy (u?) is given by:
0 _ .0 — 30
u’ =u’(T) = h°(T) — RyT

So, the real-gas internal energy function for Berthelot model is obtained by:

u(T,v) =u"(T,v) +u’(T,v) =

v_b|+a)+T(Rl
v vT g

Then, specific enthalpy is defined as:

= u(T,v) = — (Rngn

a
——= )+ h%(T)—R,T
v| vT2)+ (T) = Ry
h=u+pv
and its residual by:
hm=h—-h"=u"+pv—p°v=u"+pv—R,T

For Berthelot model:

h(T,v) = h"(T,v) + h°(T) =
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v—>b a v—>b a
:>h(T,U) = —(Rngn |T| +ﬁ)+T<Rg In |T| —m)+pv+RgT

Now, we continue with the equations for heat capacity at constant volume. Its definition is:

C_(@u)
v \aT/,

The residual is given by:

Cr=c,—C0= (aur)
v v v aT v

Where the C? is the specific heat capacity at constant volume for the ideal-gas at the same
temperature. It can be calculated as:

Cy=C)(T)—R,

We know that:

<6ur) _ (9ay N T+T<asr>
ar ), ~\ar) *° T /,,

v

For Berthelot model,

C,(T,v) =Cy(T,v) + CX(T) =

2a

= C,(T,v) = )

+C(T) =Ry

The coefficient of thermal expansionis defined as:

#=5 (),
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Its final formula for Berthelot model, is given through the partial derivatives that were

previously calculated:

R a
9 ., _*=
vf, v\ 2a  RGT
v3T  (u— b)?

The isothermal compressibility factor is defined as:
I = 1 (617)
-~ wv\ap/,

Its final formula for Berthelot model, is given through the partial derivatives that were

previously calculated:
1 1
vf, (Za R,T )

V\»3T ~ tw - b)?

Heat capacity at constant pressure (C, ) is given through Mayer’s relation by:

ﬁZ
Cp = Cy+ 70T

In terms of residual quantities, it can be written as:
BZ
_ 0 _
Cg =Cp—Cp = C§+?vT—Rg
For Berthelot model:
Cy(T,v) = C5(T,v) + CJ(T) =

2

2a
:Qﬂwﬁjﬁ+7ﬂ—%+q0)

The Joule-Thompson coefficient is defined as:

_ <6T>
wr = ap .
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Its final formula for Berthelot model, is given through €, and f that were previously
calculated:

rf ey L
v v —b 272
,u]Tz—(ﬁT—l)=— 2 - = gT +1
Co 20 B yr R+ o\ P\ 28—
T2 Tk g 1 V3T~ (u— b)?

The speed of sound is defined as:

()
dp/

Its final formula for Berthelot model, is given through C,, k and 8 that were previously
calculated:

v(,
—_— =
kC, — B*vT

<T2+/fvT R, +c°(r)>

=Sw = >
B2 0 Ry a
T2+va Ry + CI(T) i =tere |,
2a R,T v\l 2a RgT
\ v (U3T C(u-— b)2> v3T  (u—Db)?

The isentropic expansion coefficient is defined as:
-3 (3)
Y=\,

Its final formula for Berthelot model, is given through C,, k and § that were previously
calculated:

ﬁZ

0
. T2+va Ry + Cp(T)
( 2+Bsz R, +C°(T)) Ry a 2
B T k | 1 u—-b T uT
p (2a R, T ) v\ 2a R,T
V\»3T (u—b)? 3T  (u—b)?
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9.2 Typical Experiment from Schematics

After writing the scripts for the components and creating their symbol, as shown in
PROOSIS Components, schematics can be created, and several experiments can be
conducted. A typical example is the following Parametric Study, which examines how the
inlet temperature of the turbine affects a recuperated cycle.

The first step is to create a New Default Partition. The following variables will be used as
Boundary Variables.

Boundary variables
Meaded: &
Pending: 0
MName Description
[] Crmp.eff Isentropic efficiency

[ Crp.finfo_inPt  Total pressure

[] Cmpfinfo_inTt  Total temperature
[] Cmp.PR Pressure ratio

[] Trb.eff Isentropic efficiency
[] Trb.finfo_in. Tt Total temperature
[] TrbMe_ininertia  |nertia

[] TbMe_inMmech Rotational speed

Then, we create a Wizard Experiment, and we add a Standard Case. Under this case, we
add a Steady and a Parametric calculation. Steady Calculation, will calculate the cycle for
the Boundary Values that we enter in Initialize tab.

Marme Value Units
1 Crop.PR 200778 - Pressure ratio
2 Cmp.eff 0.65 - |sentropic efficiency
3 Cmpfinfo_inPt 7.78%1EG Pa Total pressure
4 Cmpfinfo_inTt 306,35 K Total temperature
5 Trb.Me_in.Nmech 111000 rmpm Rotational speed
& Trb.Me_ininertia 1 kg-m®2 Inertia
7 Trb.eff 0.85 - lsentropic efficiency
& Trb.finfo_in. Tt 77315 K Total temperature
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In Parametric Calculation, we add the inlet temperature of the compressor as a Parameter,
by pressing the white-green cross.

Parameters O D% @

Name Type Mode Submode Value Units  Category Description
v Cmpfinfo_in.Tt REAL INTERVAL By Final Value initial=295;final=313;step=20; K BOUNDARY Total temperature

And we select the following range of inlet temperatures.

2+ Interval definition 0 ¢

Interval: By Final Value

Initial value: @ | titial value:

Final value: |315 | Increment: |'.

295

Mumber of steps: | ¥, il | Mumber of steps: | i

Cancel | i

In Initialize tab we enter the previous values, and then we can run our simulation. An
example of results is the following.

1 2 3 4 5 6 7 8 9 10 n 12 3 1 15 16
Name Alias ‘Station 1 2 3 4 5 6 7 e 9 10 n 2 3
#Calculationid - - steady2(#1)-ste.. i i ic1(#2...
#Status - e STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK STEADY_OK
#ES| - - 0 ) 0 0 0 (] ] 0 0 (] 0 0 0
#Case = = case2(=1) case2(*1) case2(*1) case2(1) case2(*1) case2(*1) case2(=1) case2(21) case2(#1) case2(=1) case2(*1) case2(*1) cese2(=1)
#Point -
CopFinTt(K) - = 306.35 295 2% 27 298 29 300 301 302 303 304 305 306
CmpFoutTt(K) -- = 347.409239 396.046288 397.257652 398468797 399.679726 40089044 402100943 403.311236 404.521322 405731202 406.94083 408.150356 409359633
HeaterF inTt (K) -~ - 542.113707 566.023329 566.513932 567.004445 567.494672 567.985211 568.475465 568.965633 569.455718 569.94572 570.435639 570.925477 571415234
77315 15 15 15 a5 mas .15 15 ma5 15 15 315 .15
39.508025 523.83866 524.436905 525.035872 52563556 526.235965 526.837085 527.438915 528041454 520.644698 529.242644 529.853289 530458631
306.35 295 2% 27 298 29 300 301 302 303 304 305 306
- 347.400239 396.046288 397.257652 398.468797 399679726 40089044 402100943 203.311236 404521322 405731202 406.94088 408,150356 409359633
RecuperatorFi.. -- - 674.64364 681.721988 681.721988 681.721988 681.721988 681.721988 681721988 681.721988 681.721988 681.721988 681.721988 681.721988 681.721988
RecuperatorF_.. -- = 542113707 566.023329 566.513932 567.004445 567.494872 567.985211 568.475465 568965633 569455718 569.94572 570435639 570925477 571415234
Recuperator. - 389.508025 523.83866 524.436905 525.035872 52563556 526235965 526.837085 527.438915 528,041454 528.644698 529.248644 529.853289 530458631
Tibfinfo_inTt(K) - - 7.5 15 .15 7315 15 7715 77315 .35 a5 .15 3.5 .15 .15
Tebfinfo_outTe... - - 674.64364 681.721988 681.721988 681.721988 681.721988 681.721988 681.721988 681.721988 681.721988 681.721988 631.721988 681.721988 681.721988
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